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Abstract 

Defective	   brain	   insulin	   signaling	   contributes	   to	   the	   cognitive	   deficits	   in	   Alzheimer's	  

disease	  (AD).	  Oligomeric	  amyloid-β peptides	  (AβOs),	  the	  neurotoxin	  implicated	  in	  AD,	  

induce	   a	   variety	   of	   cellular	   insults,	   including	   dysregulation	   of	   intracellular	   signaling	  

cascades	   and	   disruption	   of	   fast	   axonal	   transport.	   I	   show	   that	   modulation	   of	   insulin	  

signaling	   prevents	   AβO-‐induced	   defects	   of	   brain-‐derived	   neurotrophic	   factor	   (BDNF)	  

transport	   in	   wild	   type	   (tau+/+)	   and	   tau	   knockout	   (tau-‐/-‐)	   primary	   hippocampal	   mouse	  

neurons.	   Tideglusib,	   an	   inhibitor	   of	   glycogen	   synthase	   kinase-‐3β	   (GSK3β),	   an	   insulin	  

signaling	   intermediate	   implicated	   in	   AD,	   rescues	   BDNF	   transport	   in	   tau+/+	   and	   tau-‐/-‐	  

neurons.	  Furthermore,	  Exendin-‐4,	  an	  anti-‐diabetes	  agent,	  activates	  the	  insulin	  signaling	  

pathway	   through	   glucagon	   like	   peptide-‐1	   receptor	   stimulation	   to	   also	   rescue	   BDNF	  

transport	  defects	  similarly	  to	  Tideglusib.	  These	  results	  indicate	  a	  protective	  link	  between	  

insulin	   signaling	   and	   tau-‐independent	   transport	   regulation.	   By	   establishing	   links	  

between	   insulin	   signaling	   and	   AβO	   action,	   my	   results	   allow	   for	   establishing	   novel	  

directions	  for	  AD	  therapeutics.	    

Keywords:  Alzheimer’s disease; axonal transport; diabetes; glycogen synthase 
kinase-3β; amyloid beta oligomers 
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1. Introduction 

1.1. Alzheimer’s disease 

Alzheimer’s disease (AD) is the most prevalent form of dementia that affects 

aging populations. AD’s neurodegenerative processes affect individuals by depriving 

them of important neurological functions, such as, memory, reasoning, judgment, and 

language1. Unfortunately, there is little available by way of therapeutics for this ultimately 

deadly disease. Presently, an estimated 5.3 million people in North America are 

suffering from AD2. One in eight individuals aged 65 years or older are affected by AD, 

yielding an incidence rate of 13% 3. Furthermore, the rate of incidence increases to 33% 

for individuals over the age of 854. A report recently published by the American 

Association of Alzheimer’s disease estimated that there were 36 million people living 

with AD, worldwide, in 2010 (World Alzheimer’s Report, 2012). As life expectancy 

increases, it is estimated that this figure will double to 66 million by year 2030, and to 

115 million by 2050 5, 6. This growing population of AD patients will continue to be a 

heavy burden on not only healthcare, but the economy as well, thus finding a cure has 

never been more paramount. 

In 1906, Dr. Alois Alzheimer reported the first case of AD, describing his patient, 

Auguste D., who presented oscillating states of significant memory loss and lucidity. The 

histopathological post-mortem analysis of Auguste’s brain revealed the presence of 

neuropathological lesions, which lead Dr. Alzheimer to hypothesize that the reason for 

these dramatic personality changes resided in these lesions. After approximately 80 

years of this initial characterization, these neuropathological lesions were identified as 

neurofibrillary tangles7 and amyloid plaques8,9. The neurofibrillary tangles are 

intracellular aggregates, composed of hyperphosphorylated tau protein7. In AD, tau loses 

its physiological function to associate with microtubules and stabilize them, thus forming 

paired helical filaments that aggregate within neuronal cells10. On the other hand, the 

amyloid plaques are extracellular deposits, mainly constituted of aggregates of amyloid-
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β (Aβ) peptide, generated from the cleavage of amyloid precursor protein (APP), through 

the action of enzymes known as β-and γ-secretases11, 12. 

Today, 107 years after the first description of AD, definitive diagnosis of this 

disease can only be made post-mortem by detecting histopathological markers of AD. In 

clinical practice of AD diagnosis, specific neuropsychological test are performed13, which 

aim to exclude other possible causes of dementia, thus pointing to the probable 

diagnosis of AD, but can only be confirmed after the patient’s death. 

1.2. Amyloid beta 

Since the identification of Aβ as the major component of the amyloid plaques8, 9, 

there have been an increasing number of studies supporting a central role for Aβ in 

neuronal dysfunction and the neurodegeneration that affects individual patients 14-17. Aβ 

is formed when APP is misprocessed and undergoes a gain of function. Normally, APP 

undergoes posttranslational processing, involving several different secretases and 

proteases, via two major pathways. In the non-amyloidogenic pathway, APP is cleaved 

by α-secretase followed by γ-secretase. α-cleavage, cuts APP at the 17th amino acid 

inside the Aβ peptide sequence (Fig. 1.1), releases a large secreted extracellular domain 

(sAPP-α) and a membrane-associated C-terminal fragment consisting of 83 amino acids 

(C83). APP C83 is further cleaved by γ-secretase to release a P3 peptide and the APP 

intracellular domain (AICD), both of which are degraded rapidly. In the amyloidogenic 

pathway, APP is primarily processed by β-secretase (Fig. 1.1), shedding sAPP-β and 

generating a C-terminal fragment consisting of 99 amino acids (C99)18. γ-secretase 

further cleaves C99 to release AICD and the amyloidogenic Aβ peptide. In normal aging, 

the peptide remains as soluble Aβ. It is released in the brain and is progressively 

degraded and removed by the proteases neprilysin or insulin-degrading enzyme. These 

regulate steady state levels of Aβ18. Neprilysin, a membrane-anchored zinc 

endopeptidase, degrades the monomeric and oligomeric form of Aβ (AβO) 19. It was 

shown that a reduction in neprilysin caused an accumulation of cerebral Aβ20. Insulin-

degrading enzyme degrades small peptides such as insulin and the monomeric form of 

Aβ21.  Deletion of insulin-degrading enzyme in mice, reduced Aβ degradation by 50%22. 

Additionally, overexpressing insulin degrading enzyme or neprilysin prevented plaque 
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formation23. In AD, Aβ peptide becomes present in large quantities, aggregates forming 

amyloid fibrils that are deposited progressively in the extracellular environment, 

accumulating in the form of amyloid plaques24. 

 
Figure 1.1. Processing of the amyloid precursor protein (APP).  
Nonamyloidogenic and amyloidogenic processing of APP occurs in the plasma membrane. In the nonamyloidogenic 
pathway (left side of figure), cleavage of APP by α-secretase releases a soluble ectodomain (sAPPα) into the 
extracellular space and generates a residual fragment of 83 amino acids C-terminal (C-83) in the membrane. The C-83 
is then cleaved by γ-secretase releasing the peptide p3. In the amyloidogenic pathway (right side of figure) APP is 
cleaved by β-secretase, resulting in the secretion of the slightly truncated molecule sAPPβ and retaining the 99 
residues C-terminal membrane fragment (C-99). The C-99 cleaved by γ-secretase generates the Aβ peptide. Cleavage 
of both fragments, C83 and C99, releases the intracellular fragment AICD. Used with permission from Querfurth and 
LaFarla, 2010. 

Aβ1-40 is the major soluble Aβ species secreted from the cell25. However, the 

major component of AOs and amyloid deposits in the brains of AD patients is the 1- 42 

Aβ peptide9. Although not completely characterized, the shift in production from Aβ1-40 

to Aβ1-42 is driven by mutations, either familial or sporadic, in APP itself and/or the 

secretases that process APP. During the progression of AD, Aβ shifts towards the 

misprocessed Aβ1-42 form. Interestingly, Aβ1-40 can prevent neuronal death induced 

by Aβ1-4226. These findings suggested that the ratio of Aβ1-42/ Aβ1-40 is important as 

Aβ1-40 showed inhibitory effect of fibril formation of Aβ1-42. At the earliest stage of AD 

there most likely is a shift from a ratio favoring Aβ1-40 to Aβ1-42, thus Aβ1-40 losing it’s 

protective effect, exacerbated by the brain’s reduced capacity for Aβ clearance27. 
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Additional evidence for Aβ’s role in neurodegeneration has come from genetic 

studies of familial forms (hereditary) of AD, which represent approximately 5% of AD 

cases28, 29. In such cases, patients are affected by the disease earlier in life, around age 

40 or 50, and have mutations in APP or the enzymes that cleaves APP, accelerating the 

formation of Aβ. However, there is yet to be an identified genetic determinant factor for 

this condition28, 30. Most cases of AD are sporadic, with aging being the largest 

determinant of the disease31. 

The commonality of the accumulation of Aβ in all cases of AD, including sporadic 

and hereditary, led to the amyloid beta hypothesis, which was accepted by most 

scholars in the field, as an explanation of the etiology of the disease 32. Hardy and 

Higgins proposed that the Aβ fibrils found in amyloid plaques that accumulated in the 

diseased brain initiate a cell-signaling cascade that leads to cellular dysfunction and 

subsequently death, resulting in a state of dementia. However, Hardy and Selkoe 

developed a newer version of the proposal, after a decade of additional studies, on the 

impact of small, soluble oligomeric forms of Aβ (AβO) in neuronal synapses 33, 34, not the 

amyloid plaques on their own (Fig. 1.2) 35. 
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Figure 1.2. Updated amyloid cascade hypothesis.  
Hypothetical sequence of events triggered by the Aβ peptide. Note that this is an alternative mechanism of memory 
loss based on the impact of small, soluble AβOs in neuronal synapses. Adapted from Haass and Selkoe, 2007. 

With the help of many studies, evidence has been mounting that oligomeric 

forms of Aβ are neurotoxic and are present in the brain of AD patients17, 36. This new AD 

hypothesis is called the AβO hypothesis of AD37. In fact, studies have identified AβOs in 

concentrations of up to 70 times higher in extracts of AD-affected brains, compared with 

brains of non-demented individuals36, 38. Studies suggest that AβOs bind directly or very 

closely to N-methyl-D-aspartate (NMDA) receptors39. Furthermore, AβOs induce an 

imbalance of physiological functions regulated by activation of NMDARs, including 

deregulation of calcium homeostasis39, 40. Several studies have also shown that AβOs 

reduce levels of surface NMDARs41-44, either by inducing endocytosis or blocking the 

recruitment of the receptor to the plasma membrane. 
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Previous work suggests other possible targets for AβOs, such as cellular prion 

protein (PrP(C)), which has been identified as a possible receptor for binding AβOs45. 

Another possible candidate, is the glutamatergic receptor subtype AMPA (α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionico). Results in cultured hippocampal neurons have 

shown that pharmacological inhibition of AMPA receptors, especially its type 2 subunit 

(GluR2) inhibits the binding of AβO on the dendritic spines46. Furthermore, results 

demonstrate that AβOs interact preferentially with synaptic complexes containing GluR2 

and calciuneurin, a calcium-dependent protein phosphatase. Additionally, GluR2 

regulates the endocytic process responsible for the rapid AMPA receptor internalization 

linked to AβOs46. Furthermore, the interaction of AβOs with the extracellular domain of 

the p75 neurotrophin receptor (p75NTR) seems to be involved in AβO-induced in vitro 

and in vivo neuritic dystrophy47. Other possible receptors that AβOs bind may include 

receptor advanced glycation end products (RAGE) 48 and the protein Frizzled49, which 

induces inhibition of the Wnt/β-catenin signaling pathway. This data reinforces and 

validates the clinical relevance of the use of oligomers of β-amyloid peptide (AβO) as an 

experimental model and also as a therapeutic target for AD (Fig. 1.3). 

 
Figure 1.3. The latest AD hypothesis states that Aβ  oligomers are the 

neurotoxin in AD 
Right side of the picture depicts beta-amyloid oligomerizing to form AβOs, that then bind to and damage neurons. On 
the left beta-amyloid, aggregates into fibrils and then amyloid plaque. but remain less toxic than AβOs. Used with 
permission from the Health and Human Services Progress Report on Alzheimer’s Disease, 2004-05. 
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One finding showed that nanomolar concentrations of AβOs could potentially 

impair synaptic plasticity mechanisms, to inhibit long-term potentiation (LTP), a form of 

synaptic plasticity widely used as an experimental paradigm for studying the processes 

of memory formation in the hippocampus. Furthermore, the oligomers inhibit an initial 

process of synaptic depression that culminates with the elimination of the dendritic spine 
50. A dramatic reduction in the number of dendritic spines was observed after a long 

incubation period with oligomers42, 44, 50. As the spines are specialized protrusions, which 

occur on dendrites of excitatory synapses, the impact of oligomers in the synapses 

suggests a basis for the loss of neuronal connectivity and therefore the cognitive deficits 

observed in patients with AD. These deleterious effects on the synapses are probably a 

result of oligomers’ ability to bind with high specificity to excitatory synaptic sites51, an 

event of particular relevance to the mechanism of memory loss (Fig. 1.4).  

 
Figure 1.4. AβOs binding to various membrane receptors on a dendritic spine 

and inducing toxic signals that ultimately end in synaptic 
dysfunction and memory loss.  

AMPAr = α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic receptor; NMDAr = N-methyl-D-aspartate receptor; IR = 
insulin receptor. 

Recent studies investigated the mechanisms by which oligomers are able to 

impair synaptic plasticity with glutamatergic transmission being considered the basis for 
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the excitatory stimuli associated with learning and memory52. The NMDA receptors and 

AMPA subtypes of glutamate receptors perform a central role in glutamatergic 

transmission. They are required for the induction of LTP and synaptic strength53, 54. 

Additional work showed a massive reduction in the levels of AMPA and NMDA on the 

neuronal plasma membrane42, 50, 55, 56. Significantly, the post-synaptic density 95 (PSD-

95), a protein that forms a fundamental framework for anchoring and stabilizing the 

AMPA and NMDA receptors, is also reduced after treatment with Aβ oligomers55. Among 

the receptors mentioned above, it is important to note that the number of insulin 

receptors, which play a crucial role in neuronal plasticity, is dramatically reduced in the 

neuronal plasma membrane after exposure to oligomers44, 57(Fig. 1.4). 

It is important to emphasize that the pathological loss of dendritic spines and 

accumulation of substantial levels of Aβ oligomers is well described in cases of AD 36, 51, 

58-60 and transgenic mouse models of AD61-65. These Aβ oligomers interfere with 

important synaptic processes by causing aberrant tau phosphorylation characteristically 

found in the brains of AD patients 38, inducing oxidative stress, and triggering neuronal 

influx of excessive calcium through NMDA receptor dysregulation 39. The combination of 

these findings suggests that synapses are the main target of oligomers. AβO binding 

leads to morphological changes in the composition of receptors resulting in synaptic 

dysfunction and could be responsible for the initial cognitive decline affecting individuals 

with AD16. 

1.2.1. Tau 

Neurofibrary tangles (NFT) are one of the hallmarks of AD. NFT are made up of 

hyperphosphorylated tau, a microtubule associated protein (MAP) 66. The tau protein is 

one of several MAPs that regulate the dynamics of microtubules (MTs) 67 and in recent 

years several studies relate their function to transport-related pathologies. Tau protein 

has both physiological and pathological role in the cells. When the phosphorylation state 

of tau is properly coordinated tau exercises control in the regulation of neurite 

outgrowth68, 69, in axonal transport70, 71, and the stability and dynamics of MTs72. 

However, under pathological conditions, a shift towards tau hyperphosphorylation leads 

to a loss of tau association with MTs and formation of NFTs, ultimately contributing to 

cell death 73, 74. 
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Tau knockout mice have been a useful tool to assess the role of tau in AD 

pathogenesis. In tau-knockout mice, the absence of tau was associated with a 2-fold 

increase in the microtubule associated protein 1A (MAP1A) expression in 7-day-old 

mice. It was also shown that a 1.3 fold increase exists in adult tau-knockout mice, 

possibly compensating for the absence of tau75. The tau knockout mouse also presented 

without overt phenotype when young75, 76. Ittner et al., was able to show that the tau 

knockout mice were protected from Aβ-induced premature mortality and memory 

deficits, as the tau knockout mice were less susceptible to excitoxicity77. GSK-3β 

overexpression in the brain of mice resulted in degeneration of the dentate gyrus, but 

when crossed with tau-deficient mice the degeneration was significantly ameliorated78. 

Morris et al., suggests that tau regulates neuronal excitability is required for Aβ and other 

excitotoxins to cause neuronal deficits, aberrant network activity and cognitive decline79. 

1.3. Insulin signaling 

1.3.1. Insulin signaling in peripheral tissue 

A problem faced by all animals is a period of fasting after meals, but energy may 

be required continuously. Mammals solve this problem through the storage of nutrients, 

so that such stock may be used as an energy source during the long periods of fasting. 

An important agent that regulates this process is insulin, a hormone released by β-cells 

of pancreatic islet cells in response to high levels of nutrients in the blood supply, such 

as glucose. By binding to its receptor on responsive tissues, insulin triggers the 

activation of signaling pathways, whose main function in peripheral tissues, is to 

stimulate the transport of nutrients such as glucose, fatty acids, and amino acids from 

the blood into the tissues. In these tissues, insulin promotes the formation of 

macromolecular storage forms such as glycogen, triglycerides, and proteins. 

Furthermore, insulin signaling gives rise to a broad spectrum of mammalian 

physiological effects, such as being able to promote somatic growth 80, 81, or, after birth, 

promoting cell growth and survival of many tissues, including pancreatic β-cells, 

neurons, bone, and the retina82-84. Thus, the action of insulin in peripheral organs is 
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considered to be a major anabolic hormone, being fundamental to the development, 

growth, glucose homeostasis, and metabolism of fatty acids and proteins85. 

On the molecular level, the insulin receptor belongs to the tyrosine kinase 

receptor superfamily, and is a transmembrane receptor with two α- and two β-subunits 
86-88. Insulin binds to the extracellular α-subunits, resulting in the autophosphorylation of 

specific tyrosine residues in the intracellular β-subunits through changes in the receptor 

configuration89. Once activated, insulin receptor substrate proteins, IRS-1 to 4, are 

recruited to the insulin receptor and bind to the trans-phosphorylated receptor at tyrosine 

docking sites 90. In addition to these four IRS proteins, there are at least five more 

intracellular substrates of the IR that are adapter proteins, such as Shc, APS, sh2b, 

Gab1/2 and DOCK1/2 90-92. Although the role of each of these proteins merits attention, 

recent studies suggest that the majority of responses to insulin, especially those 

associated with the growth and metabolism of carbohydrates, are mediated largely 

through two isoforms of the insulin receptor substrate, IRS-1 and IRS-2 (Fig. 1.5) 93. 

Subsequently, the IRS proteins become phosphorylated at multiple tyrosine 

residues, via the activated receptor kinase. The IRS proteins have no intrinsic catalytic 

activity themselves, but the tyrosine phosphorylation provides docking sites for signaling 

molecules with a Src homology 2 (SH2) domain94.  Growth factor receptor-bound protein 

(Grb2) and phosphatidylinositol 3-kinase (PI3K) are SH2 domain- containing signaling 

molecules that interact with tyrosine phosphorylated IRS. Grb2 can bind to the active IR, 

stimulating interaction between two other proteins, SOS and Ras, resulting in the 

induction of GTPase activity of Ras signaling for triggering cell division through the 

mitogen-activated protein kinase (MAPK). 

One of the key players in the IR signaling cascade is PI3K, which plays a central 

role in mitogenic and metabolic actions of insulin95. PI3K is a heterodimeric protein, 

consisting of two subunits: a p85 adaptor subunit and a p110 catalytic subunit, that 

contains two SH2 domains that have to be occupied with phosphotyrosine residues of 

the IRS for PI3K activation96. This interaction leads to the translocation of PI3K to the 

plasma membrane and positions PI3K near its substrate, phosphotidylinositol-

(4,5)bisphosphate (PIP2). PI3K then catalyzes the conversion of PIP2, a plasma 

membrane localized phospholipid, to the second messenger phosphotidylinositol-



 

11 

(3,4,5)triphosphate (PIP3) 97, 98. PIP3 can recruit various serine kinases that contain a 

pleckstrin homology (PH) domain that is needed to interact with the phospholipids within 

the plasma membrane99, 100. These molecules include phosphoinositide-dependant 

kinase (PDK-1), protein kinase B (PKB or also known as AKT) and atypical protein 

kinase C (PKC) ζ and λ. 

PDK-1 is able to phosphorylate and activate other serine kinases, like AKT101. 

AKT becomes important in the transmission of insulin signaling by inhibiting the protein 

glycogen synthase kinase-3 (GSK-3), as well as activating the forkhead transcription 

factors and the cAMP responsive element (cAMP response element-binding protein, 

CREB) 102. Other subsequent effectors of AKT, such as mTOR (mammalian target of 

rapamycin), p70-S6 kinase, as well as the atypical isoforms of PKC lead to increased 

glucose transport, protein synthesis, and glycogen levels103. 

Other cascades that are involved, and through which insulin signaling is 

propagated, include the mitogen-activated protein kinase (MAPK) pathways and the 

Cbl/Cbl-associated protein (CAP). The activation of the MAPK induces cell growth and 

mitotic activity. On the other hand, Cbl and phosphorylated tyrosine residues in the 

kinase activity of the insulin receptor insulin receptor kinase (IRK), mediate the activation 

of glucose transport through activation of TC10 and its interaction with a complex 

leading to exocytosis104, 105. Thus, insulin action covers several signaling pathways, 

which collectively propagate signals of paramount importance for homeostasis (Fig. 1.5) 

93, 106-108. 
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Figure 1.5. The signaling cascade of insulin and insulin growth like factors 1 

and 2 (IGF 1 and 2).  
IRS bind to five different isoforms of cytoplasmic receptor triggering signaling: two isoforms of the insulin receptor, IRa 
and IRb (red), the insulin-like growth factor 1 receptor, IGF1R (blue) and the hybrid forms of receptors, 
IRb::IRa::IGF1R. Receptor activation induces phosphorylation of cellular proteins IRS-1 and IRS-2, however, other 
substrates can be activated, transmitting the insulin signal through different pathways. The phosphorylation in lilac 
represent inhibitory phosphorylations, and those that are in green represent stimulatory phosphorylation. In β-cells, 
GLP-1 stimulates increased glucose, calcium, and cAMP-mediated signaling, as well as inducing increased expression 
of the IRS-2 through CREB and TORC-2. Figure used with Nature Publishing Group’s permission from Taguchi and 
White, 2008. 

1.3.2. Insulin signaling in the central nervous system 

It was long been believed that the central nervous system (CNS) was not 

sensitive to peripheral insulin levels, until the presence of insulin receptors (IR) was 

observed in the CNS109-111, in neuronal and glial cells, cortex and hippocampus112. 

Additional studies demonstrated that the insulin receptors are located in the synapses of 

hippocampal neurons113. The presence of insulin was also detected in the brain114-116. 

IRs have are widely expressed throughout the brain, especially in the olfactory bulb, 

hypothalamus, hippocampus, and cerebral cortex117. 
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Insulin production in the CNS is a question that still remains controversial. Some 

work has demonstrated the expression of the gene encoding insulin in the brain of 

mouse embryos118, suggesting a role for insulin during brain development. Other groups, 

analyzing rabbit brains demonstrate that a single gene synthesized insulin locally, in 

neuronal cells119, 120. Additional evidence has pointed to the synthesis of insulin in 

neuronal cells, and for its release after depolarization of these cells121. However, there is 

evidence to contradict these studies, showing that there were no signs of insulin mRNA 

detected in brain homogenates122. There is also a large body of evidence indicating that 

insulin derived from the brain and peripheral system are transferred through a transport 

system mediated by a receptor present in the blood-brain barrier123, 124. Acute elevations 

of plasma insulin are followed by cerebral spinal fluid insulin increases, suggesting that 

insulin levels in the CNS are linked to the peripheral tissues. It has also been 

demonstrated that insulin may participate in neurodevelopment as insulin can induce 

direction of axonal growth in Drosophila and Caenorhabditis elegans. The authors 

suggest that the insulin receptors present on the neuronal growth cone recognize a 

gradient of insulin and respond by induction of cell proliferation and migration, in addition 

to inducing cell differentiation into functional neurons in the appropriate context125, 126. 

However, the authors were not clear if this insulin gradient is present in the nervous 

system of vertebrates.  

An extensive amount of data has suggested that insulin promote neuronal 

survival127. In slices of rat cerebellum, insulin reduced apoptosis of neurons of the 

external granular layer128. Interestingly, the application of insulin in cultured cortical 

neurons had an anti-apoptotic effect against serum deprivation129. These initial studies, 

that identified the effect of insulin to promote neuronal survival, have been extended with 

studies that investigated the signaling pathways involved. 

The binding of insulin to its receptor in neurons, as well as in peripheral organs, 

can activate two parallel signal transduction cascades, the PI3K/AKT and MAPK 

cascade. Mice that did not express insulin receptors in neurons were treated with insulin, 

resulting in inhibition of PI3K/AKT in cultured neurons, as well as a reduced protection 

against apoptosis induced by potassium chloride130. These findings confirm that the 

action of insulin can inhibit apoptosis, and that this response is completely dependent on 

the presence of the insulin receptor. The brains of these mice did not change in 
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structural development. However, the authors argue that the absence of IR, in vivo, can 

be compensated for by neurotrophic factors130. Additional evidence suggests that AKT is 

fundamental in order to mediate effects on neuron survival. PI3K activates the 

expression of AKT and protected the cells from apoptosis, contrary to what was 

observed when dominant negative, or inactive AKT was expressed131. In vivo data show 

that active AKT protects against hypoxic stress and nitric oxide toxicity132. Once 

activated, AKT protects against toxic stimuli by inhibiting proteins that belong to the 

apoptotic machinery such as the Bad protein, caspase 9, and GSK3 protein kinases and 

further block the transcriptional activity of p53133.  

1.3.3. Insulin and synaptic plasticity 

Currently, a new role for insulin in the CNS and synaptic plasticity is being 

considered as administration of insulin in healthy individuals, with constant glucose 

levels, improved memory formation134, 135. These observations may have been due to a 

direct effect of insulin on the hippocampus, as memory formation increased insulin 

receptor mRNA in the hippocampal area CA1 of rat117. Additionally, memory formation 

also elevated the protein levels of the insulin receptor in the synaptic membrane 

fractions of hippocampal cells117. Furthermore, insulin was able to induce the 

strengthening of synapses112, 136. 

The study by Chiu et al., 2008 confirmed the hypothesis that insulin signaling can 

regulate the number and maintenance of synapses and dendritic plasticity in vivo. The 

authors observed that insulin contributed not only to the processing of sensory 

information, but also to the plasticity of structural cells, which is necessary for the 

functioning of neurons in brain circuits.  

High-frequency stimulus and a large influx of calcium in the synapse induce 

LTP137 (Stanton, 1996). The influx of calcium functions as a second messenger signaling 

pathways involved in modulating the strengthening of the synapse. Insulin signaling has 

been implicated in the mechanisms of LTP and LTD to influence NMDA receptor 

activity138. In addition, AMPA receptors were recruited to the membrane through insulin 

signaling and increased LTP138-140. During the excitatory transmission depression (LTD), 

insulin facilitates the AMPA receptor internalization of the GluR2 subunit. Stimulation of 
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rat hippocampal slices with insulin induced a PI3K-dependant increase in the expression 

of PSD95141. PSD95 is essential for anchoring a number of important proteins and 

receptors of the synapse, and the regulation of its expression could provide an 

explanation of an additional molecular mechanism for the modulation of synaptic 

plasticity by insulin. 

1.4. Alzheimer’s disease and insulin resistance 

The deficiency of the insulin signaling pathway in peripheral tissue and the brain 

has been implicated in AD, diabetes, and aging142-144. Aging is associated with reduced 

levels of insulin and IR in AD patients145, 146. Additionally, AD brains show reduced 

mRNA of IRs, PI3K, AKT and GSK-3β, thus proposing that Alzheimer's might be a new 

form of diabetes, known as Type 3 diabetes147. 

As previously described, AβOs are potent neurotoxins that bind synapses 

triggering a series of events that lead to profound synaptic dysfunction. As IRs are 

present in the synapses and reduced in AD brains, some studies have sought to 

investigate the impact of AβOs on the insulin receptor. A recent study demonstrated that 

in cultured hippocampal neurons short, low dose treatments of AβOs were able to 

induce the redistribution of IRs from the dendrites to the cell body44. Consistent with the 

removal of IRs from dendrites, insulin responsiveness also decreased in cells treated 

with AβOs, as they showed a profound reduction in IR tyrosine kinase activity57. 

Interestingly, another group showed that AβO induced dysfunction of IRs, suggesting 

that this disorder is the main factor in the mechanism leading to the inhibition of LTP148. 

Therefore, the dysfunction of insulin signaling appears to be an important aspect of the 

oligomer-induced toxicity. This suggests that insulin resistance in the brain of AD 

patients occurs in response to the action of these neurotoxins, which can cause a 

specific form of diabetes in the brain. 

The mechanism by which insulin resistance in the brain arises in individuals with 

AD is largely unknown. A possible mechanism was proposed by a study that 

investigated whether insulin could provide a physiological mechanism of protection 

against the toxicity of AβOs. Using mature cultured hippocampal neurons, the study 
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demonstrated that insulin blocked the binding of oligomers to neurons, and that this 

effect was wholly dependent on the tyrosine kinase activity of the insulin receptor44. This 

suggests that insulin leads to internalization of binding sites of AβOs, which results in 

preventing the removal of insulin receptors in the membrane of neurons. Furthermore, 

treatment of neurons with insulin prevented the excessive production of reactive oxygen 

species. Interestingly, the deterioration of synaptic spines induced by oligomers was 

completely prevented by insulin44. In addition, serine phosphorylation of IRS-1 (IRS-

1pSer), which inhibits insulin signaling and is found in both AD and diabetes, was found 

in primary hippocampal neuron cultures following AβO application149. The study also 

showed elevated IRS-1pSer levels in the hippocampi of a transgenic AD model mice and 

cynomolgus monkeys following intracerebroventricular injection of AβOs149. Furthermore, 

human AD affected brains also show elevated levels of IRS-1pSer and activated JNK. 

Bomfim et al., 2012 proposed that AβOs accumulate in the brains of AD patients, 

activate the JNK/TNF-α pathway, which induces IRS-1 phosphorylation at multiple serine 

residues, and inhibits physiological IRS-1pTyr. This inhibition of the insulin signaling 

pathway may add to the deregulation of the downstream effector, GSK-3β, that plays a 

central role in AD.  

The deregulation of GSK-3β accounts for many of the pathological hallmarks of 

AD in both sporadic and familial cases. Studies have found that GSK-3β is closely 

involved in the hyper-phosphorylation of tau, memory impairment, and the increased 

production of Aβ. In addition, GSK-3β is a key mediator of apoptosis and could be 

directly contributing to neuronal loss in AD150 If GSK-3β really is important to AD 

pathogenesis, then one would expect evidence for increased activity of the enzyme in 

AD. However, the evidence is lacking as it is very difficult if not impossible to measure 

enzymatic activity in post-mortem brain tissue. But there have been a few studies that 

show indirect evidence that does support a role of GSK-3β in AD, such as GSK-3β co-

localizing with dystrophic neurites and NFTs151-153. Active GSK-3β appears in neurons 

with pre-tangle changes154and there is an increase in GSK-3β activity in the frontal 

cortex in AD155. Other studies have found that GSK-3β expression is upregulated in the 

hippocampus of AD patients156. Furthermore, Mate et al., reported that a polymorphism 

in the GSK-3β promoter is a risk factor for late onset AD157Collectively, these findings 

suggest that GSK-3β activity might be increased in AD, through changes in its 
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phosphorylation state as well as expression levels, although the direct evidence for this 

is still limited at present and some studies find no change in GSK-3β activity153or 

reduced GSK-3β activity158in AD. As insulin signaling is capable of modulating GSK-3β, 

therefore, insulin treatment may have important therapeutic implications for AD, by 

preventing the aberrant GSK-3β signaling that occurs during AD. Furthermore, drugs 

that increase insulin sensitivity could serve as a powerful tool in the search for new 

therapeutic approaches for AD. 

1.5. Exendin-4 and the glucagon-like peptide-1 receptor 

A complex network of neural and endocrine signals occur in response to meals 

regulating digestion, absorption, and storage of nutrients ingested. Many of these signals 

are generated by physico-chemical properties of the ingested nutrients as they pass 

through the intestine. The importance of these signals was first described by Mcintyre et 

al., 1964, which hypothesized that the absorption of glucose would be higher due to 

elevation of insulin levels and elevation oral administration of glucose, rather than the 

intravenous administration of the same glucose dose in humans. According to the 

author, the increased secretion of insulin was due to the production of hormones in the 

intestine, in response to elevated levels of glucose stimulated by nutrient loading. The 

first such hormone described was glucose-dependent insulinotropic polypeptide (GIP), 

followed a decade later by the glucagon-like peptide 1 (GLP-1) 159. Both are secreted into 

the intestine, GIP by K-cells of the duodenum and GLP-1 by L-cells in the same region. 

GLP-1 results from the post-translational cleavage of the glucagon gene product, 

preproglucagon, by the enzyme PC1/3160. GLP-1 (7-37) is the predominant biologically 

active form found in humans, although small quantities of another active form, GLP-1 (7-

36), have also been detected. The action of GLP-1 has been extensively studied for 

more than two decades, because of its ability to reduce plasma glucose levels and 

increase insulin levels, which is extremely important for patients with type II diabetes. 

Thus, therapeutic strategies for the activation of GLP-1 have been developed. This 

peptide is very rapidly degraded by the enzyme dipeptidyl peptidase. This enzyme, 

present in serum and cell membranes, rapidly cleaves GLP-1 (7-37) at its N-terminal 

portion, producing an inactive fragment of GLP-1, GLP-1 (9-36). Therefore, great efforts 
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have been made to increase the biological half-life of GLP-1, thus improving its 

effectiveness in vivo161. Exendin-4 (Ex-4; also known as exenatide), is an agonist of 

GLP-1, which was initially characterized in the saliva of a Gila monster lizard. It has a 

vastly greater half-life than GLP-1, due to lacking the site of action of dipeptidyl 

peptidase162. Thus, due to its potent and prolonged insulinotropic effect, this peptide has 

recently been approved for the treatment of type 2 diabetes.  

The GLP-1 receptor (GLP-1R) is a transmembrane G protein-coupled receptor  

(GPCR) that was initially cloned from rat pancreatic islets cells and later identified in 

human pancreas. In addition to GLP-1, glucagon can also bind to the GLP-1R, but with a 

thousand-fold lower affinity than GLP-1163-165. Receptor binding of GLP-1 promotes 

activation of adelynate cyclase, increasing the production of cyclic AMP, the main 

mediator of action of GLP-1 stimulated insulin secretion in β cells166. 

Another molecule activated by GLP-1 is PI3-K, an enzyme implicated in multiple 

events of β cells such as growth, survival, and metabolism. Additionally, GLP-1r agonists 

can directly activate IRS-2 and recruit the regulatory subunit of PI3K167. The expression 

of IRS-2 can also be induced by GLP-1 through the activation of the transcription factor 

CREB by cAMP-dependent protein kinase (PKA) 168. As described, there are many paths 

by which GLP-1 can stimulate insulin secretion and glucose homeostasis (Fig. 1.5). 

1.5.1. GLP-1 in the CNS 

The production and secretion of GLP-1 can occur in a small population of 

neurons169. The identification of GLP-1 receptors in different regions of the brain 

prompted various studies to better understand the functions of this peptide. A large body 

of evidence supports the hypothesis that a central role for learning and memory is 

exerted by GLP-1170. Recent data shows that intracerebroventricular infusions of GLP-1 

were able to improve memory and learning in rats171. Although the molecular basis of the 

mechanisms for learning and memory are still the focus of many studies, there are clear 

results that show structural and functional changes in the synapse, due to signaling 

cascades of calcium, cAMP, and the transcription factor CREB.  
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Recent work has demonstrated that the peptide GLP-1 also plays a 

neuroprotective role, as it was able to prevent excitotoxic neuronal death caused by the 

excessive activation of glutamate receptors 172. In addition, this protective effect was also 

observed against excitotoxic brain damage caused by seizures in mouse models 171. 

The potent GLP-1r agonist, exendin-4, was able to prevent oxidative and 

metabolic insults in cell and animal models of ischemia and Parkinson's disease 173. 

Moreover, these agonists of GLP-1r reversed the inhibition of LTP induced by AβOs 174. 

Further evidence for the central role of GLP-1r in synaptic plasticity is supported by data 

that demonstrates that cognitive deficits are present by animals that lack the expression 

of GLP-1 receptors 175. Therefore, these data suggests a promising role for GLP-1, as a 

therapeutic agent for the treatment of various neurodegenerative conditions, including 

AD. 

1.6. Axonal transport 

Due to the polarity of neurons intracellular transport is particularly crucial for 

neurons to maintain their synapses and synaptic function176. A typical neuron is a highly 

polarized cell consisting of a soma with many short, tapered dendrites and a long, thin 

axon of even caliber. Vertebrate axons of the CNS lack the protein synthesis machinery 

necessary to make proteins that are required for the maintenance and function of the 

synaptic terminal. Most proteins localized at the axonal synaptic terminal are 

synthesized in the cell body and then transported along the axon in membranous or 

proteinaceous complexes177. There are several specific mRNAs that are transported to 

the dendrites to support protein synthesis locally, as they contain protein synthesis 

machinery 178. Besides proteins, cellular components such as endosomes, mitochondria, 

synaptic vesicles, and dense core vesicles (DCV) are also transported by active 

cytoskeletal-based transport, as delivery by diffusion would be too slow to maintain cell 

functions. These components are formed in the cell body and then travel long distances 

through the axons and dendrites, until they reach their pre- or post-synaptic sites, where 

they finally release their contents of neuropeptides and proteins179. The distance traveled 

by the vesicles in neurons are longer compared with other cell types, as the axon of a 

human motor neuron can measure over 1 meter long180. 
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Microtubules run along the dendrites and axons181 and serve as rails upon which 

organelles and macromolecules can be transported (Fig. 1.6)182. Microtubules are 

composed of polymers of α- and β-tubulin heterodimers, which when assembled, form 

protofilaments. Protofilaments then associate to form hollow cylinders of approximately 

25 nm in diameter. These microtubules are highly dynamic as they often cycle between 

states of polymerization and depolymerization183. The dynamic assembly and 

disassembly of microtubules is controlled by microtubule-associated proteins (MAP) in 

vivo and in vitro 180. The microtubule end, with β-tubulin exposed, is called the plus-end, 

while the α-tubulin exposed end is known as the minus-end. These features give 

microtubules polarity, which enables motor proteins, such as kinesins and dyneins, to 

“know” directionality as they transform chemical energy into mechanical motion 184.  

Both kinesins and dyneins are ATPases, containing a microtubule binding 

domain and a cargo-binding domain, with kinesins generally moving toward the plus end 

of microtubules, or away from cell body (anterograde). Dyneins, however, generally 

move toward the minus end of the microtubules, or toward the cell body (retrograde). 

Dyneins are comprised of two heavy chains, two light chains and two intermediate light 

chains. It is believed that the dynein-mediated transport is regulated by its interaction 

with the dynactin complex, which consists of several proteins 185. 

The mechanisms of regulation of kinesin and dynein activity, as well as the 

regulation of axonal transport, as a whole, remain largely unknown. Data demonstrates 

that the motility of soluble kinesin-1 in the cell is inhibited, but when cargo binds to the 

motor it becomes active186. Binding partners identified for anterograde and retrograde 

motor proteins seem to be involved with a regulatory mechanism. These partners 

include amyloid precursor protein (APP) 187, c-Jun N-terminal kinase (JNK) and proteins 

that interact with it (JIP1, JIP2, JIP3/Sunday driver) 188. Additional evidence suggests the 

important role of protein phosphorylation in regulating motor function, involving glycogen 

synthase kinase 3β kinases (GSK-3β) and cyclin-dependent kinase 5 (CDK-5) 189. 
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Figure 1.6. Axonal and dendritic transport.  
(A) A typical neuron projecting several dendrites (left) and a single axon from the cell body. (B) Proteins of the kinesin 
superfamily carrying vesicles containing APP, apolipoprotein E, mitochondria and synaptic vesicles in the anterograde 
direction (C) AMPA and NMDA mRNA granules by kinesins transported in dendrites. Used with permission from 
Hirokawa and Takemura, 2005. 

1.6.1. Alzheimer’s disease, axonal transport, and tau 

Studies suggest correlation between aging and the emergence of axonal 

transport defects, as there is a reduction in the quantity of microtubule tracks190, as well 

as changes in the distribution of the microtubule associated proteins, such as tau and 

the neurofilament protein191, 192. Another study observed an apparent accumulation of 

proteins, such as APP, along the axon193. Furthermore, manganese enhanced MRI 

studies in mice supported these observations by demonstrating reductions in axonal 

transport in vivo correlated with age194. The understanding of these age-related changes 

in the structure and function of axons remains unclear, especially since it is unknown 
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whether aging affects all transport proteins or if only a few specific signaling pathways 

are impaired. 

The disruption of neuronal transport is considered an early pathological 

manifestation in multiple neurodegenerative diseases, including Huntington's disease 195, 

amyotrophic lateral sclerosis 189, and AD. In particular, the involvement of defective 

axonal transport was found in the brains of patients with AD 196 and in animal models of 

AD, such as, transgenic mice overexpressing human APP197, 198. In addition, 

overexpressing the superoxide dismutase (SOD) enzyme 199, or induced mutations in 

presenilin-1 200 or protein tau 201, 202 also resulted in defective transport. In addition, 

manganese enhanced MRI studies in mutant APP transgenic mice and APP/PSI/tau 

triple transgenic mice supported these observations by demonstrating reductions in 

axonal transport prior to deposition of neuropathological inclusions in vivo203, 204. 

Collectively, these independent observations provide strong evidence that axonal 

transport deficits represent a common feature among the diverse pathologies associated 

with AD. 

The precise mechanisms underlying axonal transport deficits in AD are largely 

unkown, but multiple pathways are likely involved. For instance, some reports suggested 

that increasing microtubule stability reduces tau-mediated axonal transport deficits205. 

Studies have led to the proposal that tau protein reduces axonal transport by physically 

interfering with the binding of kinesin to microtubules206, 207. However, physical blockade 

of kinesin by tau was not supported by other studies189, 208. Tau also was proposed to 

block microtubule binding of kinesin and to revert cytoplasmic dynein directionality209, but 

other reports contradict this possibility210, 211. Recent studies indicate that AβOs may 

inhibit axonal transport through multiple mechanisms including activation of N-methyl-D-

aspartate receptors and activation of specific kinases (see 1.6.2) 212, 213. While all of 

these are important mechanisms for kinesin regulation, my work focuses on motor 

regulation by protecting or reverting abnormal activation of kinases and phosphatases, a 

major AD hallmark214. 
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1.6.2. Cellular signaling and axonal transport 

Basic neuronal functions depend upon the regulated delivery of cargos to 

specialized axonal compartments. For example, effective delivery of cargoes containing 

sodium channels at the nodes of Ranvier is necessary for saltatory conduction. Similarly, 

in order to have effective neurotransmission there has to be delivery of synaptic vesicle 

precursors to hundreds of “en passant” and terminal synapses in neurons176. This 

argues for the existence of regulatory mechanisms of axonal transport as these local 

cargo delivery systems are highly specific. Multiple mechanisms have been proposed to 

regulate axonal transport in vivo. Some are based on regulation of motor protein 

activities by autoinhibition215, phosphorylation189, 216, calcium-dependent interactions with 

cargo-associated binding partners, or recruitment of specific adaptor proteins217. 

Dysfunction in any or all these regulatory mechanisms may be important to AD 

pathogenesis as aberrant signaling cascades are widely recognized214. 

While mutations in molecular motor subunits are not known in AD patients, 

alterations in regulatory mechanisms for axonal transport might underlie the 

abnormalities in axonal transport characteristic of AD189. Several studies indicate that 

phosphorylation of motor proteins represents a major mechanism for the regulation of 

axonal transport. Several kinases that are abnormally activated in AD that can affect 

axonal transport, are glycogen synthase kinase 3 (GSK-3β), cyclin-dependent kinase 5 

(Cdk5), and casein kinase 2 (CK2) 189. A variety of protein kinases regulate specific 

functional activities of kinesin, e.g. c-Jun amino-terminal kinase 3 (JNK3) was recently 

identified as a mitogen activated protein kinase (MAPK) that phosphorylates serine 176 

within the motor domain of kinesin heavy chain (KHC). This phosphorylation impaired 

the binding of kinesin to microtubules and its translocation along axons in vivo218. The 

protein kinases CK2 and GSK-3β regulate the binding of kinesin to cargoes through a 

mechanism involving phosphorylation of KLCs219, 220. Additionally, the inhibition of Cdk5, 

through an unknown mechanism, increased activation of PP1, activates GSK-3β, and 

phosphorylates of KLCs, among other substrates221, 222. 

Recent work identified a signaling cascade by which pathological forms of tau 

activate axonal PP1. Active PP1 in turn activates GSK-3β via dephosphorylation at 

serine 9, ultimately increasing KLC phosphorylation and dissociation of kinesin-1 (KIF5) 
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from cargoes223. Further studies identified a phosphatase-activating domain (PAD) within 

the N-terminus of tau that, when abnormally exposed, promotes activation of the PP1-

GSK3 signaling cascade, leading to inhibition of kinesin-based anterograde axonal 

transport224. New studies showed that increased PAD exposure represents an early 

molecular event that precedes formation of NFTs in sporadic AD224. Collectively, these 

data suggest that early pathological changes in tau protein lead to increased PAD 

exposure, which induces aberrant activation of a PP1-GSK3 cascade, phosphorylation 

of KLCs and inhibition of conventional kinesin-based anterograde axonal transport224, 225. 

Most of these previous experiments were performed on KIF5 leaving the mechanisms of 

regulation of the primary motor for DCVs, KIF1A, largely unknown. One of my aims of 

this thesis was to understand the signaling that might influence KIF1A motility.  

I hypothesize that the insulin signaling pathway, ultimately via GSK3β 

dysregulation, modulates BDNF axonal transport defects induced by AβOs in primary 

cultured mouse hippocampal neurons independent of tau. The specific objectives of my 

thesis were: 

1.  To investigate the role of tau in insulin receptor stimulation’s 
protective effect in maintaining physiological axonal transport from 
AβOs. 

2.  To elucidate the role of AKT, through an insulin receptor independent 
manner, in the prevention of axonal transport defects in tau +/+ and  
tau -/- neurons. 

3.  To test whether GSK-3β inhibitors and Exendin-4 rescue the impact of 
AβO in axonal transport defects in tau +/+ and tau -/- neurons. 
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2. Methods and Materials 

2.1. Hippocampal cell culture and 
expression of transgenes 

Primary hippocampal neuronal cultures from E16 wild type (tau+/+) and tau 

knockout (tau-/-) mice (The Jackson Laboratory) were prepared as described by Kaech 

and Banker226. Briefly, the neurons were plated onto poly-L-lysine (Sigma-Aldrich) pre-

treated glass coverslips and then the plated coverslips with the neurons facing down 

were placed into a dish containing a monolayer of astrocytes. The neurons with the 

astrocyte layer were kept in Neurobasal/B27 (Invitrogen) or primary neuron growth 

media (PNGM) (Lonza). At 10-12 days in vitro (DIV), cells were co-transfected with 1.0 

µg pmUBa-eBFP, pβ-actin-BDNF-mRFP (received from Gary Banker, Oregon Health 

and Sciences University, Portland, OR), and/or ca-AKT-HA (Addgene Plasmid # 16228) 

using Lipofectamine 2000 (Invitrogen). Prior to transfection 0.5 µM kynurenic acid 

(Sigma-Aldrich) was added to decrease excitotoxic damage. Cells expressed the 

plasmids for 24-36 hours before live imaging.  

2.2. AβO, insulin, and inhibitor treatments 

Aβ1-42 (Bachem Inc., Torrance, CA) was dissolved in 1,1,1,3,3,3 - hexafluoro-2-

propanol (HFIP; Merck, Darmstadt, DE) over ice followed by incubation at room 

temperature for 60 min. The solution was then placed on ice for 5-10 min and aliquoted 

into Eppendorf tubes. The tubes were left open in the laminar flow hood for 12 hours at 

room temperature to allow evaporation of HFIP. The complete elimination of HFIP was 

performed by centrifugation for 10 min with a SpeedVac. Aliquots containing thin films 

and transparent Aβ were stored at -80 °C for later use. AβOs preparations were made 

by dissolving an aliquot of Aβ film in fresh anhydrous DMSO (Sigma) to obtain a 5 mM 

solution. This solution was then diluted to 100 mM in sterile PBS and incubated at 4 °C 
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for 24 hours. After incubation, the preparation was centrifuged at 14,000 g for 10 

minutes at 4 °C. The supernatant was collected after centrifugation, leaving behind 

insoluble aggregates of Aβ, and kept at 4 °C until use. A Bradford assay was done to 

determine the concentration of AβOs. AβOs were applied to cells at a final concentration 

of 500 nM for 18 hours. For the insulin experiment, 1 hour prior to AβO or vehicle 

exposure, cells were incubated with 1.0 µM Insulin (Sigma) or equivalent volumes of 

vehicle (PBS). For the GSK-3β inhibitor VIII, Tideglusib, and Exendin-4 experiments, 18 

hours following AβO or vehicle exposure, cells were incubated with either 0.3 µM 

Exendin-4 (Tocris), 0.5 µM GSK-3β VIII (Calbiochem), or 2.5 µM Tideglusib (Sigma) or 

equivalent volumes of vehicle (DMSO) for 1-5 hours prior to imaging of transport. 

2.3. Live imaging and analysis of BDNF-mRFP transport 

BDNF-mRFP Transport was analyzed using a standard wide-field fluorescence 

microscope equipped with a cooled CCD camera and controlled by MetaMorph, 

according to Kwinter et al., 2009. Briefly, cells were sealed in a heated imaging 

chamber, and streaming recordings were acquired from double transfectants at an 

exposure time of 250ms for 25s. This captured dozens of transport events per cell in 

100-µm segments of the axon. Axons were identified based on morphology by using 

BFP expression to determine the orientation of the cell body relative to the axon, and 

thus to distinguish between anterograde and retrograde transport events. Vesicle flux, 

velocity, and run lengths were obtained through tracing kymographs in MetaMorph. 

Vesicle flux was defined as the total distance traveled by vesicles standardized by the 

lengths and duration of each movie (see below). Kymographs were traced by hand by 

selecting all anterograde (positive slope) and retrograde movements (negative slope) 

separately within each kymograph. The trace information was analyzed using custom 

software that calculated the values of flux, velocity, and run length227. This moving 

fraction analysis method gives us comparable population statistics based on parameters 

reproducible between many independent cultures, as plasmid expression is variable 

between cultures and could affect the number of organelles labeled in any one 

experiment. 
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2.4. Immunocytochemistry  

Neurons were fixed in 4% paraformaldehyde and blocked with 0.5% fish skin 

gelatin227. To confirm AβO binding after 18 hours in culture, cells were stained with an 

Aβ antibody (1:1000; 6E10, Millipore) or an AβO structure specific antibody (1:100; 

11A1, Immuno-Biological Laboratories, Japan). To assess ca-AKT-HA plasmid 

expression, neurons were stained with anti-HA (1:500; Boehringer Mannheim). Neurons 

were subsequently incubated with compatible secondary antibodies conjugated to Cy5 

(1:500; Jackson ImmunoResearch Laboratories) and Alexa 488 (1:500, Invitrogen).  

2.5. Statistical analyses 

All videos were processed using MetaMorph software (Universal Imaging), which 

was used to generate a time-distance graph for each video with the kymograph option. 

Diagonal lines on each kymograph were traced and the information was analyzed by 

custom-made software227 that calculated the values of flux, velocity and run lengths 

based on the calibration that at a magnification of 630X, 1 pixel = 0.160508 µm (vertical 

axis). Vesicle flux was defined as the total distance traveled by vesicles standardized by 

the length and duration of each movie (in micron-minutes): where are the 

individual DCV run lengths, is the length of axon observed and is the duration of the 

observation.  Vesicles traveling less than 2 µm were not included in the analysis as 

distances this short could be accounted for by diffusion based on the formula that root-

mean square displacement is  where D is the diffusion coefficient (D=0.01  

for DCVs)  and t is the duration of the observation (t=50 s) 227. Runs were considered 

terminated if a particle remained in the same position for 4 frames (1s). A one-tailed 

student t-test, using equal or unequal variance based on F-tests, was used to determine 

significance between pair wise comparisons of control and experimental conditions in 

Microsoft Excel. 

Statistical analyses were performed using Excel (Microsoft). Data are presented 

as mean ± SEM. Significant differences between treatments were analyzed by t-tests 
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with equal or unequal variance at a 95% confidence interval.  For live imaging 

experiments, a minimum of 12 cells from 3 independent cultures (n=3) were analyzed. 
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3. Results 

3.1. Insulin prevents AβO-induced DCV transport defects in 
a tau-independent manner 

Insulin signaling plays a critical role in neuronal homeostasis135, 228. Zhao et al., 

2008 has shown that AβOs cause insulin receptor internalization via a non-competitive 

mechanism with respect to insulin that blocks insulin pathway activation. One 

consequence of the internalization of the insulin receptor is the eventual downstream 

hyperactivation of GSK-3β, a well-described characteristic of AD44, 229. De Felice et al., 

2009 was able to protect against AβO-induced insulin receptor internalization with insulin 

pre-treatment. Our lab has shown that applying insulin prior to AβO treatment protects 

against brain-derived neurotrophic factor (BDNF) transport defects in primary 

hippocampal neurons from wild type (tau+/+) mice149. GSK-3β is a tau kinase, which in a 

hyperactive state leads to an increase in p-tau, where the accumulation of p-tau 

potentially disrupts transport due to microtubule destabilization. Yet, GSK-3β may have 

other substrates that affect the transport apparatus, for example, motor proteins. In 

addition, other studies have found that the PAD within the N-terminus of tau, when 

abnormally exposed, promotes activation of the GSK-3β signaling cascade, leading to 

inhibition of kinesin-based anterograde axonal transport224. I sought to determine if 

insulin could protect against transport defects induced by AβOs in a tau-independent 

manner by imaging organelle transport in tau-/- mice (Fig. 3.1). To determine if AβO-

induced transport defects occur in a tau-independent manner, I expressed BDNF-mRFP, 

a DCV cargo, in tau-/- neurons, and imaged after 18 hours of exposure to 500 nM AβOs  

(Fig. 3.1A-D). Retrospective immunocytochemistry was used to confirm AβO binding to 

dendrites (Fig. 3.1B, D). Total axonal flux of AβO treated neurons was significantly 

reduced relative to vehicle control (59% decrease, Fig. 3.2, 3.3A and Table 3.1). 

However, in cells treated with 1.0 µM insulin before the addition of the 500 nM AβOs 

axonal flux was unchanged when compared to vehicle control (Fig. 3.2, 3.3A and Table 
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3.1). Average velocity for total, anterograde, and retrograde transport was significantly 

increased with insulin pre-treatment when compared to the AβO condition (Fig. 3.3B and 

Table 3.1). Furthermore, average run length of retrograde transport was significantly 

longer in the insulin pre-treatment condition comparing to AβO treated cells (Fig. 3.3C 

and Table 3.1).  This result showed that tau is not required for AβO-induced transport 

defects and can be prevented through stimulation of insulin receptors. 
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Figure 3.1. AβO binding retrospectively confirmed with immunocytochemistry 

and an example of kymograph generation. 
Neurons were pre-incubated with 1.0 µM insulin for 30 min and treated for 18 hours with 500nM AβOs. Representative 
images of BDNF-mRFP (A) and soluble BFP (B) expression in tau-/- neurons. (C) AβO binding after 1.0 µM insulin 
treatment followed by 18 hours of 500nM AβO application. (D) Overlay image of soluble BFP and 500nM AβO. (E) A 
series of frames of a recording of BDNF-mRFP transport. Particles can be observed moving in both anterograde 
(green arrow) and retrograde (red arrow) directions. The recording is then transformed into a kymograph (F) with the 
blue highlighted region visualized in the series of frames in E. Arrows indicate the axon; arrowheads indicate dendrites. 
Scale bar = 25 µm 
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Figure 3.2. Insulin prevents DCV transport defects in tau -/- neurons. 
Neurons were pre-incubated with 1.0 µM insulin (or vehicle) for 30 min and then treated for 18 hours with 500 nM 
AβOs (or vehicle). Representative kymographs comparing the effects of AβOs, insulin, and insulin + AβOs on DCV 
transport in tau-/- neurons compared to control vehicle. 
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Figure 3.3. Flux, velocity, and run length comparisons of DCV transport defects 

prevented by insulin. 
Effects of treatments on DCV flux, average velocity, and average run length. Cultures were pre-incubated with 1.0 uM 
insulin (or with vehicle) for 30 min and then treated for 18 hours with 500 nM AβOs (or with vehicle). A) AβO treatment 
decreased bidirectional flux compared to vehicle control; in comparison insulin pre-treatment of AβOs prevented the 
flux decrease and was similar to vehicle control. B) AβO treatment decreased bidirectional average velocity compared 
to vehicle control whereas Ins + AβOs had similar velocity to vehicle.  C) AβO treatment decreased bidirectional and 
retrograde average run length compared to vehicle control, with Ins + AβO having no change compared to vehicle 
control. A minimum of 12 cells from 3 different cultures was analyzed per condition. * p<0.05, ** p<0.01, *** p<0.001, all 
columns relative to vehicle control. + p<0.05, ++ p<0.01, +++ p<0.001, all columns relative to AβO. 
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Table 3.1. Quantitative Analysis: DCV Transport Defects Prevented by Insulin 
 BDNF transport 

 Traffic values % 

 All events Anterograde Retrograde  All events 
Flux (min-1)      

Vehicle 11.41±1.43 6.75±1.18 4.66±0.76  100±12.52 
AβOs 4.73±0.56*** 2.59±0.33** 2.14±0.32**  41.4±4.88*** 
Insulin 14.2±1.04 7.8±0.84 6.4±0.49  124.5±9.08 
Ins + AβOs 11.6±0.81+++ 6.21±0.67+++ 5.39±0.55+++  101.69±7.06+++ 

Run length (µm)      
Vehicle 6.16±0.34 6.4±0.56 5.52±0.32  100±5.53 
AβOs 5.3±0.46 5.31±0.55 4.72±0.34  86.03±7.48 
Insulin 7.41±0.37* 8.18±0.65 6.79±0.31*  120.46±5.87* 
Ins + AβOs 6.2±0.35 6.41±0.39 5.93±0.45+  100.69±5.55 

Velocity (µm/s)      
Vehicle 1.86±0.11 1.85±0.12 1.77±0.14  100.00±5.64 
AβOs 1.6±0.20* 1.64±0.09 1.59±0.12  85.75±10.63* 
Insulin 1.84±0.07 1.93±0.09 1.67±0.14  98.56±3.30 
Ins + AβOs 1.98±0.11++ 1.96±0.12+ 1.94±0.23+  106.22±5.41++ 

vehicle n=12 kymographs (12 cells, 842 vesicles), AβOs n=18 kymographs (18 cells, 587 vesicles),  
insulin n=16 kymographs (16 cells, 952 vesicles), Ins + AβOs n=17 kymographs (17 cells, 1228 vesicles),  
* p<0.05, ** p<0.01, *** p<0.001, relative to vehicle. + p<0.05, ++ p<0.01, +++ p<0.001, relative to AβO. 

3.2. AKT overexpression prevents AβO-induced 
transport defects 

AKT, an insulin signaling intermediate, can inhibit GSK-3β activation by direct 

phosphorylation thus perhaps preventing the blockade of BDNF transport230. To 

determine if active AKT in the presence of AβOs would ameliorate axonal transport 

defects, I transfected neurons with a plasmid containing a constitutively active form of 

AKT (ca-AKT) and BDNF-mRFP (Fig. 3.5). Ca-AKT expression prevented transport 

defects of BDNF, as axonal flux was similar to vehicle control in tau+/+ and tau-/- (Fig. 

3.4,3.6, and 3.7; Table 3.2). Additionally, average velocity for all events and anterograde 

transport significantly increased with AKT overexpression when compared to AβOs in 

tau+/+ neurons (Fig. 3.7B and Table 3.2), while only retrograde velocities in tau-/- were 

found to be significant (Fig. 3.6B and Table 3.2). Furthermore, average run length of 

transport was found to be significantly longer in the AKT + AβOs condition than in AβO 



 

35 

control (Fig. 3.7C, and Table 3.2) in tau-/-. In tau+/+ neurons only the AKT + AβOs 

retrograde average run length was significant longer compared to AβO control (Fig. 3.6C 

and Table 3.2). The reduction in flux, without corresponding changes in velocity and run 

length might be explained by “all-or-none” inhibition of individual transport complexes. If 

there is an inhibition of kinesin or dynein it will lead to in a bidirectional inhibition of 

transport not just a single direction change (see Discussion) 231-234. Overexpression of 

AKT was capable of preventing BDNF transport defects by presumably inhibiting GSK-

3β cascade overactivation in both tau+/+ and tau-/- neurons. However, once transport 

defects are already initiated, could inhibiting the GSK-3β cascade lead to re-establishing 

normal transport physiology? 

 

Figure 3.2. AKT overexpression prevents DCV transport defects. 
Representative kymographs comparing DCV transport effects of AβOs, AKT, and AKT + AβOs in tau+/+ and tau-/- 

neurons. Cultures were co-transfected with CA-AKT plasmid and treated for 18 hours with 500nM AβOs (or vehicle). 
AKT overexpression was able to prevent AβO-induced transport defects. Representative kymographs comparing DCV 
transport effects of AβOs, AKT, and AKT + AβOs in tau+/+ and tau-/- neurons compared to vehicle control. 
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Figure 3.3. AβO binding and CA-AKT expression in tau-/- neurons. 
Neurons were co-transfected with CA-AKT (yellow) and BDNF-mRFP (red), and treated for 18 hours with 500 nM 
AβOs. After live imaging, cells were retrospectively stained by immunocytochemsitry to confirm expression of CA-AKT 
and AβO binding. Representative images of soluble BFP (A), BDNF-mRFP (B), and CA-AKT (D) expression in tau+/+ 
and tau-/- neurons. (C) AβO binding after 18 hours of 500 nM AβO application. Arrows indicate the axon; arrowheads 
indicate dendrites. Scale bar = 25 µm 
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Figure 3.4. Flux, velocity, and run length comparisons of DCV transport defects 
prevented by AKT overexpression in tau+/+ neurons. 

Effects of treatments on DCV flux, velocity, and run length. Neurons were co-transfected with CA-AKT plasmid and 
treated for 18 hours with 500 nM AβOs (or vehicle) in tau+/+ neurons. A) AβO treatment decreased bidirectional flux 
compared to vehicle control; in comparison AKT overexpression prior to application of AβOs prevented the flux 
decrease. B) AKT overexpression with AβOs increased bidirectional and anterograde average velocity compared to 
AβOs. C) AKT + AβO had longer average run length when compared to vehicle and AβO in the retrograde direction. A 
minimum of 12 cells from 3 different cultures were analyzed per condition. * p<0.05, ** p<0.01, ***p<0.001, relative to 
vehicle. + p<0.05, ++ p<0.01, +++ p<0.001, relative to AβO. 
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Figure 3.5. Flux, velocity, and run length comparisons of DCV transport defects 
prevented by AKT overexpression in tau-/- neurons. 

Effects of treatments on DCV flux, velocity, and run length. Cultures were co-transfected with CA-AKT plasmid and 
treated for 18 hours with 500 nM AβOs (or vehicle) in tau-/- neurons. A) AβO treatment decreased bidirectional flux 
compared to vehicle control; in comparison AKT overexpression prior to application of AβOs prevented the flux 
decrease. B) AKT overexpression with and without AβOs increased retrograde average velocity compared to vehicle 
control and AβOs. C) Average run length was significantly greater in the AKT treated condition over vehicle control; 
AKT + AβOs also had greater bidirectional average run length than the AβO control. A minimum of 12 cells from 3 
different cultures were analyzed per condition. * p<0.05, ** p<0.01, ***p<0.001, relative to vehicle. + p<0.05, ++ p<0.01, 
+++ p<0.001, relative to AβO. 
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Table 3.2. Quantitative Analysis: DCV Transport Defects Prevented by AKT 
overexpression 

 BDNF transport 
 Traffic values % 
 All events Anterograde Retrograde  All events 
Flux (min-1)      

tau +/+, vehicle 11.9±0.89 6.42±0.8 5.49±0.57  100±7.43 

tau +/+, AβOs 5.17±0.65*** 2.37±0.46*** 2.81±0.29***  43.42±5.42*** 

tau +/+, AKT 16.1±1.63* 8.66±1.2 8.02±0.78*  135.28±13.69* 

tau +/+, AKT + AβOs 14.06±0.97+++ 6.03±0.62+++ 8.04±0.9+++  118.12±8.09+++ 

tau -/-, vehicle 12.44±1.14 6.72±0.91 5.73±0.70  100±9.14 

tau -/-, AβOs 5.02±0.59### 2.7±0.39### 2.32±0.36###  40.3±4.68### 

tau -/-, AKT 15.02±1.44 6.86±0.9 8.17±1.09  120.72±11.55 

tau -/-, AKT + AβOs 14.29±1.39§§§ 8.28±1.13§§§ 6.02±0.72§§§  114.84±11.14§§§ 

Velocity (µm/s)      

tau +/+, vehicle 1.82±0.08 1.8±0.11 1.78±0.08  100±4.34 

tau +/+, AβOs 1.5±0.12* 1.41±0.12* 1.54±0.13  82.49±6.52* 

tau +/+, AKT 1.96±0.08 1.98±0.12 1.92±0.08  107.87±4.26 

tau +/+, AKT + AβOs 1.86±0.12+ 1.85±0.14+ 1.83±0.11  102.13±6.08+ 

tau -/-, vehicle 1.9±0.08 2.06±0.11 1.66±0.06  100±4.16 

tau -/-, AβOs 1.84±0.1 1.97±0.13 1.59±0.09  97.17±5.27 

tau -/-, AKT 2.12±0.11 2.13±0.12 2.05±0.11##  111.54±5.58 

tau -/-, AKT + AβOs 2.07±0.13 2.06±0.15 2.03±0.11§§  109.13±6.54 

Run length (µm)      

tau +/+, vehicle 6.1±0.44 6.65±0.58 5.46±0.35  100±7.11 

tau +/+, AβOs 5.76±0.42 6.33±0.72 5.45±0.3  94.44±6.84 

tau +/+, AKT 6.52±0.41 6.72±0.49 6.26±0.42  106.93±6.61 

tau +/+, AKT + AβOs 6.82±0.39 6.97±0.61 6.6±0.42+  111.7±6.28 

tau -/-, vehicle 4.96±0.27 5.11±0.34 4.9±0.26  100±5.27 

tau -/-, AβOs 4.85±0.28 4.9±0.36 4.46±0.28  97.81±5.59 

tau -/-, AKT 6.18±0.49# 6.01±0.68 6.16±0.47#  124.74±9.74# 

tau -/-, AKT + AβOs 6.25±0.41§§ 6.34±0.51§ 6.03±0.43§§  126.08±8.2§§ 

tau +/+, vehicle n=15 kymographs (15 cells, 1161 vesicles), tau +/+, AβOs n=13 kymographs (13 cells, 454 
vesicles), tau +/+, AKT n=14 kymographs (14 cells, 1213 vesicles), tau +/+, AKT + AβOs n=18 kymographs 
(18 cells, 1363 vesicles), tau -/-, vehicle n=15 kymographs (15 cells, 1388 vesicles), tau -/-, AβOs n=15 
kymographs (15 cells, 528 vesicles), tau -/-, AKT n=16 kymographs (16 cells, 1235 vesicles), tau -/-, AKT + 
AβOs n=13 kymographs (13 cells, 1125 vesicles).                                                                                                                
* p<0.05, ** p<0.01, *** p<0.001, when compared with tau +/+ vehicle (from each tau +/+ column)                                    
+ p<0.05, ++ p<0.01, +++ p<0.001, when compared with tau +/+ AβOs (from each tau +/+ column)                                    
# p<0.05, ## p<0.01, ### p<0.001, when compared with tau -/- vehicle (from each tau -/- column)                                    
§ p<0.05, §§ p<0.01, §§§ p<0.001, when compared with tau -/- AβOs (from each tau -/- column) 



 

40 

3.3. GSK-3β inhibition rescues AβO induced transport 
defects 

To determine if once axonal transport defects are initiated could the transport 

defects be rescued, I used reversible and irreversible specific GSK-3β inhibitors: GSK-

3β Inhibitor VIII and Tideglusib, respectively. After transfecting soluble BFP and BDNF-

mRFP, I applied 500 nM AβO to induce transport defects. 18 hours after AβO 

application, with transport defects initiated, the GSK-3β inhibitors were added and 

transport was measured. The thiazole-based GSK-3β inhibitor VIII (Calbiochem) 

experiments showed that total axonal flux was restored and significantly increased 

(126% in tau+/+, 159% in tau-/-) when AβO treated cells had 500 nM GSK-3β inhibitor VIII 

applied for 1 hour (Fig. 3.8, 3.9A, 3.10A and Table 3.3).  Additionally, AβOs + GSK-3β 

inhibitor VIII had significantly higher average velocity for anterograde and retrograde 

transport relative to AβO control in tau-/- neurons (Fig. 3.10B and Table 3.3). AβOs in 

tau+/+ neurons induced significant decrease of average velocity in total and anterograde 

transport compared to vehicle control (Fig. 3.9B and Table 3.3), and AβOs + GSK-3β 

inhibitor VIII was similar to vehicle control. In summary, my data show that GSK-3β 

inhibitor VIII application reversed AβOs-induced transport defects in a non-tau 

dependent manner. 

Tideglusib (Sigma), an irreversible thiadiazolidinone GSK-3β inhibitor, 

significantly restored total axonal flux (134% in tau+/+, 129% in tau-/-) when compared to 

AβO treated cells (Fig. 3.11, 3.12A, 3.13A and Table 3.4). Tideglusib may have inhibited 

GSK-3β past a physiological balance, as Tideglusib significantly increased total and 

anterograde flux values over vehicle control (Fig. 3.12A and Table 3.4). Additionally, 

average velocity for total and retrograde transport significantly recovered with Tideglusib 

application when compared to AβOs in tau+/+ neurons (Fig. 3.12B; Table 3.3). Tideglusib 

rescued average velocity in total and anterograde transport of tau-/- neurons (Fig. 3.13B 

and Table 3.4). Tideglusib was able to reverse AβO induced transport defects in both 

tau+/+ and tau-/- neurons further suggesting that GSK-3β signaling to be able to regulate 

transport in the absence of tau. 
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Figure 3.6. GSK-3β Inhibitor VIII rescues DCV transport defects. 
Cultures were transfected with BDNF-mRFP, after several hours treated for 18 hours with 500 nM AβOs (or vehicle), 
then GSK-3β inhibitor VIII (or vehicle) was applied. Representative kymographs comparing DCV transport effects of 
AβOs, GSK-3β inhibitor VIII, and AβOs + GSK-3β inhibitor VIII in tau+/+ and tau-/- neurons compared to vehicle control. 
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Figure 3.7. Flux, velocity, and run length comparisons of DCV transport defects 

rescued by GSK-3β Inhibitor VIII in tau+/+ neurons. 
Effects of treatments on DCV flux, velocity, and run length. Cultures of tau+/+ neurons were transfected with BDNF-
mRFP, after several hours treated for 18 hours with 500 nM AβOs (or vehicle), then GSK-3β Inhibitor VIII (or vehicle) 
was applied. A) AβO treatment decreased bidirectional flux compared to vehicle control; GSK-3β Inhibitor VIII 
application to AβOs treated cells reverted bidirectional flux to control levels. B) AβOs decreased average velocity 
compared to vehicle control. C) Average run length was unaffected by treatments. A minimum of 12 cells from 3 
different cultures were analyzed per condition. * p<0.05, ** p<0.01, ***p<0.001, relative to vehicle. + p<0.05, ++ p<0.01, 
+++ p<0.001, relative to AβO. 
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Figure 3.8. Flux, velocity, and run length comparisons of DCV transport defects 

rescued by GSK-3β Inhibitor VIII in tau-/- neurons. 
Effects of treatments on DCV flux, velocity, and run length. Cultures of tau-/- neurons were transfected with BDNF-
mRFP, after several hours treated for 18 hours with 500 nM AβOs (or vehicle), then GSK-3β inhibitor VIII (or vehicle) 
was applied. A) AβO treatment decreased bidirectional flux compared to vehicle control; GSK-3β inhibitor VIII 
application to AβOs treated cells reverted bidirectional flux to control levels. B) AβOs decreased average velocity 
compared to vehicle control and was reverted back to vehicle control levels with GSK-3β inhibitor VIII application. C) 
Average run length was unaffected by treatments. A minimum of 12 cells from 3 different cultures were analyzed per 
condition. * p<0.05, ** p<0.01, ***p<0.001, relative to vehicle. + p<0.05, ++ p<0.01, +++ p<0.001, relative to AβO. 



 

44 

Table 3.3. Quantitative Analysis: DCV Transport Defects Rescued by GSK-3β 
inhibitor VIII 

 BDNF transport 

 Traffic values % 

 All events Anterograde Retrograde  All events 
Flux (min-1)      

tau +/+, vehicle 19.36±2.00 10.73±1.79 8.64±0.87  100±10.32 

tau +/+, AβOs 8.81±1.14*** 3.61±0.7** 5.20±0.65**  45.49±5.85*** 

tau +/+, GSK inh. 17.67±1.29 9.49±1.01 8.18±0.87  91.24±6.64 

tau +/+, AβOs + GSK inh. 15.04±1.42++ 8.29±0.85+++ 6.76±0.97  77.7±7.31++ 

tau -/-, vehicle 20.44±1.03 11.89±0.94 8.55±0.90  100±5.01 

tau -/-, AβOs 7.72±1.17### 3.89±0.57### 3.83±0.66###  37.75±5.72### 

tau -/-, GSK inh. 19.59±1.66 10.10±1.48 9.49±1.04  95.87±8.08 

tau -/-, AβOs + GSK inh. 19.74±1.18§§§ 12.92±0.98§§§ 6.82±0.73§§§  96.59±5.74§§§ 

Run length (µm)      

tau +/+, vehicle 8.39±0.44 9.18±0.85 7.77±0.37  100±5.15 

tau +/+, AβOs 8.00±0.70 8.67±1.03 7.83±0.85  95.4±8.29 

tau +/+, GSK inh. 8.64±0.52 9.14±0.65 7.95±0.56  102.96±6.13 

tau +/+, AβOs + GSK inh. 7.54±0.40 8.67±0.74 6.34±0.24  89.85±4.69 

tau -/-, vehicle 7.52±0.27 7.38±0.38 7.66±0.39  100±3.58 

tau -/-, AβOs 6.61±0.40 7.21±0.64 6.19±0.55#  87.8±5.24 

tau -/-, GSK inh. 7.13±0.45 7.29±0.59 6.89±0.46  94.82±5.86 

tau -/-, AβOs + GSK inh. 7.66±0.38 8.15±0.51 7.03±0.36  101.86±4.97 

Velocity (µm/s)      

tau +/+, vehicle 1.78±0.11 1.90±0.13 1.67±0.11  100±6.14 

tau +/+, AβOs 1.45±0.09* 1.40±0.10** 1.45±0.10  81.27±4.71* 

tau +/+, GSK inh. 1.78±0.09 1.81±0.11 1.70±0.08  100.06±4.59 

tau +/+, AβOs + GSK inh. 1.63±0.10 1.72±0.13 1.56±0.08  91.68±5.24 

tau -/-, vehicle 2.06±0.08 2.10±0.11 1.93±0.10  100±3.57 

tau -/-, AβOs 1.42±0.08### 1.41±0.09### 1.45±0.10##  68.89±3.78### 

tau -/-, GSK inh. 1.90±0.10 1.94±0.12 1.80±0.10  92.13±4.6 

tau -/-, AβOs + GSK inh. 2.09±0.06§§§ 2.23±0.06§§§ 1.85±0.08§§  101.14±2.84§§§ 

tau +/+, vehicle n=15 kymographs (15 cells, 951 vesicles), tau +/+, AβOs n=13 kymographs (13 cells, 385 
vesicles), tau +/+, GSK inh. n=16 kymographs (16 cells, 1235 vesicles), tau +/+, AβOs + GSK inh. n=13 
kymographs (13 cells, 1227 vesicles), tau -/-, vehicle n=14 kymographs (14 cells, 1201 vesicles), tau -/-, 
AβOs n=13 kymographs (13 cells, 440 vesicles), tau -/-, GSK inh. n=12 kymographs (12 cells, 861 vesicles), 
tau -/-, AβOs + GSK inh. n=13 kymographs (17 cells, 1227 vesicles).   
* p<0.05, ** p<0.01, *** p<0.001, when compared with tau +/+ vehicle (from each tau +/+ column)   
+ p<0.05, ++ p<0.01, +++ p<0.001, when compared with tau +/+ AβOs (from each tau +/+ column)  
# p<0.05, ## p<0.01, ### p<0.001, when compared with tau -/- vehicle (from each tau -/- column)   
§ p<0.05, §§ p<0.01, §§§ p<0.001, when compared with tau -/- AβOs (from each tau -/- column) 
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Figure 3.9. Kymographs of Tideglusib rescues DCV transport defects. 
Cultures were transfected with BDNF-mRFP, after several hours treated for 18 hours with 500 nM AβOs (or vehicle), 
then Tideglusib (or vehicle) was applied. Representative kymographs comparing DCV transport effects of AβOs, 
Tideglusib, and AβOs + Tideglusib in tau+/+ and tau-/- neurons compared to vehicle control. 
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Figure 3.10. Flux, velocity, and run length comparisons of DCV transport defects 

rescued by Tideglusib in tau+/+ neurons. 
Effects of treatments on DCV flux, velocity, and run length. Cultures of tau+/+ neurons were transfected with BDNF-
mRFP, after several hours treated for 18 hours with 500 nM AβOs (or vehicle), then Tideglusib (or vehicle) was 
applied. A) AβO treatment decreased bidirectional flux compared to vehicle control; Tideglusib applied to AβOs treated 
cells reverted bidirectional flux to control levels. Tideglusib also significantly increased total and anterograde flux 
values over vehicle control. B) AβO cells with Tideglusib had greater total and retrograde average velocity compared to 
AβO + vehicle control. A minimum of 12 cells from 3 different cultures were analyzed per condition. * p<0.05, ** 
p<0.01, ***p<0.001, relative to vehicle. + p<0.05, ++ p<0.01, +++ p<0.001, relative to AβO. 
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Figure 3.11. Flux, velocity, and run length comparisons of DCV transport defects 

rescued by Tideglusib in tau-/- neurons. 
Effects of treatments on DCV flux, velocity, and run length. Cultures of tau-/- neurons were transfected with BDNF-
mRFP, after several hours treated for 18 hours with 500 nM AβOs (or vehicle), then Tideglusib (or vehicle) was 
applied. A) AβO treatment decreased bidirectional flux compared to vehicle control; Tideglusib application to AβOs 
treated cells reverted bidirectional flux to control levels. Tideglusib also significantly increased total and anterograde 
flux values over vehicle control. B) AβO cells with Tideglusib had greater average velocity compared to AβO + vehicle 
control. A minimum of 12 cells from 3 different cultures were analyzed per condition. * p<0.05, ** p<0.01, ***p<0.001, 
relative to vehicle. + p<0.05, ++ p<0.01, +++ p<0.001, relative to AβO. 
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Table 3.4. Quantitative Analysis: DCV Transport Defects Rescued by 
Tideglusib 

 BDNF transport 

 Traffic values % 

 All events Anterograde Retrograde  All events 
Flux (min-1)      

tau +/+, vehicle 18.52±1.59 9.62±1.09 8.9±1.11  100±8.55 

tau +/+, AβOs 9.95±0.86*** 4.35±0.72** 5.61±0.51*  53.72±4.61*** 

tau +/+, Tideglusib 26.35±2.34* 15.41±1.82* 10.94±0.86  142.31±12.62* 

tau +/+, AβOs + Tideglusib 23.32±1.5+++ 11.4±1.15+++ 11.93±1.02+++  125.95±8.09 

tau -/-, vehicle 23.64±2.91 14.27±1.98 9.37±1.31  100±12.29 

tau -/-, AβOs 10.73±1.4### 5.01±0.86## 5.73±0.72#  45.39±5.91### 

tau -/-, Tideglusib 25.23±2.52 15.61±1.63 9.62±1.08  106.74±10.66 

tau -/-, AβOs + Tideglusib 24.11±2.24§§§ 12.36±1.47§§§ 11.75±1.3§§  101.97±9.46§§§ 

Velocity (µm/s)      

tau +/+, vehicle 1.52±0.1 1.57±0.11 1.46±0.1  100±6.02 

tau +/+, AβOs 1.36±0.08 1.38±0.09 1.33±0.08  89.53±5.22 

tau +/+, Tideglusib 1.81±0.1 1.86±0.13 1.73±0.08  119.35±6.41 

tau +/+, AβOs + Tideglusib 1.68±0.08+ 1.7±0.13 1.68±0.06++  110.5±5.21+ 

tau -/-, vehicle 1.88±0.08 1.95±0.08 1.8±0.08  100±4.04 

tau -/-, AβOs 1.62±0.09# 1.56±0.09 1.66±0.09  86.21±4.37# 

tau -/-, Tideglusib 2.08±0.13 2.17±0.13 1.95±0.13  110.91±6.53 

tau -/-, AβOs + Tideglusib 1.92±0.07§ 2.04±0.11§§ 1.78±0.05§§  102.38±3.68§ 

Run length (µm)      

tau +/+, vehicle 8.15±0.49 8.83±0.69 7.29±0.47  100±5.93 

tau +/+, AβOs 7.51±0.79 7.18±1.01 7.53±0.67  92.2±9.58 

tau +/+, Tideglusib 8.51±0.67 8.95±0.61 8±0.82  104.41±8.18 

tau +/+, AβOs + Tideglusib 8.5±0.6 9.28±1.12 7.82±0.32  104.31±7.29 

tau -/-, vehicle 7.98±0.48 8.76±0.74 7.17±0.43  100±5.96 

tau -/-, AβOs 7.48±0.65 7.56±0.67 7.43±0.71  93.82±8.14 

tau -/-, Tideglusib 9.04±0.55 9.57±0.74 8.62±0.59  113.3±6.81 

tau -/-, AβOs + Tideglusib 8.57±0.6 8.62±0.79 8.34±0.51  107.5±7.43 

tau +/+, vehicle n=16 kymographs (16 cells, 890 vesicles), tau +/+, AβOs n=12 kymographs (12 cells, 514 
vesicles), tau +/+, Tideglusib n=12 kymographs (12 cells, 1064 vesicles), tau +/+, AβOs + Tideglusib n=16 
kymographs (16 cells, 1310 vesicles), tau -/-, vehicle n=12 kymographs (12 cells, 1061 vesicles), tau -/-, 
AβOs n=12 kymographs (12 cells, 514 vesicles), tau -/-, Tideglusib n=12 kymographs (12 cells, 1035 
vesicles), tau -/-, AβOs + Tideglusib n=13 kymographs (13 cells, 1171 vesicles).  
* p<0.05, ** p<0.01, *** p<0.001, when compared with tau +/+ vehicle (from each tau +/+ column)   
+ p<0.05, ++ p<0.01, +++ p<0.001, when compared with tau +/+ AβOs (from each tau +/+ column)    
# p<0.05, ## p<0.01, ### p<0.001, when compared with tau -/- vehicle (from each tau -/- column)    
§ p<0.05, §§ p<0.01, §§§ p<0.001, when compared with tau -/- AβOs (from each tau -/- column) 
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3.4. GLP-1 receptor stimulation rescues AβO-induced 
transport defects 

Internalization of IRs caused by AβOs prevents direct IR stimulation from being 

most effective in AD progression, thus I wanted to test if the glucagon-like peptide-1 

receptor (GLP-1r) pathway was a sufficient alternate intervention strategy for rescuing 

BDNF transport defects. The GLP-1 agonist, Exendin-4 (Ex-4), stimulates the GLP-1 

pathway and activates the PI3K/AKT pathway, independent of the insulin receptor. This 

activation of AKT could inhibit GSK-3β, thus leading to similar rescuing of BDNF 

transport defects as seen with the GSK-3β Inhibitor VIII and Tideglusib experiments.  

Indeed, the Exendin-4 experiments showed that total axonal flux was significantly 

restored (145% in Tau+/+, 141% in tau-/-) when AβO treated cells had Exendin-4 applied 

for 2-5 hours compared to the AβO + vehicle cells (Fig. 3.14, 3.15A, 3.16A and Table 

3.5). Additionally, average velocity for anterograde and retrograde transport significantly 

increased when Exendin-4 was added to AβO treated cells compared to AβOs + vehicle 

in tau+/+ neurons (Fig. 3.15B and Table 3.5), while there was no significance found in the 

tau-/- neurons (Fig. 3.16B and Table 3.5). Collectively, these results show that the 

insulin-signaling cascade is able to regulate transport through a tau-independent manner 

in the presence of AβOs. 
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Figure 3.12. Kymographs of Exendin-4 rescues DCV transport defects. 
Cultures were transfected with BDNF-mRFP, after several hours treated for 18 hours with 500nM AβOs (or vehicle), 
then Exendin-4 (or vehicle) was applied. Representative kymographs comparing DCV transport effects of AβOs, 
Exendin-4, and AβOs + Exendin-4 in tau+/+ and tau-/- neurons compared to vehicle control. 
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Figure 3.13. Flux, velocity, and run length comparisons of DCV transport defects 

rescued by Exendin-4 in tau+/+ neurons. 
Effects of treatments on DCV flux, velocity, and run length. Cultures of tau+/+ neurons were transfected with BDNF-
mRFP, after several hours treated for 18 hours with 500 nM AβOs (or vehicle), then Exendin-4 (or vehicle) was 
applied. A) AβO treatment decreased bidirectional flux compared to vehicle control; Exendin-4 applied to AβOs treated 
cells reverted bidirectional flux to control levels. B) AβO cells with Exendin-4 had greater total and retrograde average 
velocity compared to AβO + vehicle control. A minimum of 12 cells from 3 different cultures were analyzed per 
condition. * p<0.05, ** p<0.01, ***p<0.001, relative to vehicle. + p<0.05, ++ p<0.01, +++ p<0.001, relative to AβO. 
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Figure 3.14. Flux, velocity, and run length comparisons of DCV transport defects 

rescued by Exendin-4 in tau-/- neurons. 
Effects of treatments on DCV flux, velocity, and run length. Cultures of tau+/+ neurons were transfected with BDNF-
mRFP, after several hours treated for 18 hours with 500nM AβOs (or vehicle), then Exendin-4 (or vehicle) was applied. 
A) AβO treatment decreased bidirectional flux compared to vehicle control; Exendin-4 applied to AβOs treated cells 
reverted bidirectional flux to control levels. No changes in average velocity and run length were found among the 
treatments. A minimum of 12 cells from 3 different cultures were analyzed per condition. * p<0.05, ** p<0.01, 
***p<0.001, relative to vehicle. + p<0.05, ++ p<0.01, +++ p<0.001, relative to AβO. 
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Table 3.5. Quantitative Analysis: DCV Transport Defects Rescued by      
Exendin-4 

 BDNF transport 
 Traffic values % 
 All events Anterograde Retrograde  All events 
Flux (min-1)      

tau +/+, vehicle 16.92±2.01 10.09±1.75 6.83±0.92  100±11.87 

tau +/+, AβOs 7.67±1.14*** 3.15±10*** 4.53±0.82*  45.36±6.74*** 

tau +/+, Exendin-4 18.9±1.78 11.41±1.3 7.50±0.80  111.74±10.49 

tau +/+, AβOs + Exendin-4 18.73±2.15+++ 10.17±1.74++ 8.56±0.76+++  110.72±12.7+++ 

tau -/-, vehicle 21.21±1.86 13.07±1.33 8.14±1.44  100±8.74 

tau -/-, AβOs 8.19±1.66### 4.11±0.81### 4.08±1.04#  38.61±7.8### 

tau -/-, Exendin-4 21.67±1.97 12.81±2.1 8.86±0.84  102.17±9.25 

tau -/-, AβOs + Exendin-4 19.8±1.13§§§ 11.32±1.17§§§ 8.48±0.69§§§  93.35±5.29§§§ 

Velocity (µm/s)      

tau +/+, vehicle 1.48±0.12 1.53±0.14 1.43±0.11  100±7.93 

tau +/+, AβOs 1.31±0.10 1.29±0.13 1.30±0.13  88.55±6.74 

tau +/+, Exendin-4 1.60±0.09 1.73±0.10 1.43±0.07  108.15±5.51 

tau +/+, AβOs + Exendin-4 1.84±0.12+++ 1.87±0.15++ 1.80±0.09++  124.53±7.55+++ 

tau -/-, vehicle 2.10±0.14 2.07±0.14 2.04±0.18  100±6.29 

tau -/-, AβOs 1.76±0.16 1.73±0.17 1.68±0.22  83.8±7.45 

tau -/-, Exendin-4 1.90±0.08 1.92±0.09 1.90±0.11  90.6±3.36 

tau -/-, AβOs + Exendin-4 2.12±0.19 2.23±0.21 1.96±0.18  101±8.94 

Run length (µm)      

tau +/+, vehicle 8.12±0.74 8.93±1.27 7.11±0.45  100±9.07 

tau +/+, AβOs 8.55±1.43 9.49±2.77 7.92±1.37  105.42±17.56 

tau +/+, Exendin-4 8.17±0.47 9.02±0.61 7.16±0.36  100.71±5.79 

tau +/+, AβOs + Exendin-4 7.77±0.55 7.56±0.81 7.81±0.59  95.78±6.67 

tau -/-, vehicle 7.76±0.42 7.87±0.50 7.78±0.60  100±5.35 

tau -/-, AβOs 6.42±0.70 6.81±1.06 6.08±0.70  82.77±8.93 

tau -/-, Exendin-4 7.09±0.58 7.48±0.63 6.72±0.68  91.46±7.38 

tau -/-, AβOs + Exendin-4 8.00±1.18 8.43±1.29 7.36±1.10  103.19±15.11 

tau +/+, vehicle n=14 kymographs (14 cells, 944 vesicles), tau +/+, AβOs n=12 kymographs (12 cells, 419 
vesicles), tau +/+, Ex-4 n=15 kymographs (15 cells, 1017 vesicles), tau +/+, AβOs + Ex-4 n=13 kymographs 
(13 cells, 801 vesicles), tau -/-, vehicle n=12 kymographs (12 cells, 918 vesicles), tau -/-, AβOs n=12 
kymographs (12 cells, 488 vesicles), tau -/-, Ex-4 n=13 kymographs (13 cells, 989 vesicles), tau -/-, AβOs + 
Ex-4 n=15 kymographs (15 cells, 1169 vesicles).    
* p<0.05, ** p<0.01, *** p<0.001, when compared with tau +/+ vehicle (from each tau +/+  column)  
+ p<0.05, ++ p<0.01, +++ p<0.001, when compared with tau +/+ AβOs (from each tau +/+ column)  
# p<0.05, ## p<0.01, ### p<0.001, when compared with tau -/- vehicle (from each tau -/- column)  
§ p<0.05, §§ p<0.01, §§§ p<0.001, when compared with tau -/- AβOs (from each tau -/- column) 
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4. Discussion 

4.1. Summary 

The development, function, and survival of a neuron are dependent on an 

efficient axonal transport system. Several neurodegenerative diseases have transport 

defects, notably, in early stages of AD235. AβOs, the primary neurotoxin implicated in AD, 

induce a variety of cellular insults, among them dysregulation of intracellular signaling 

cascades, tau hyperphosphorylation38, disruption of fast axonal transport212, and 

ultimately neuronal death.	  The mechanisms by which signaling cascades can regulate 

axonal transport in healthy and diseased neurons remain largely unknown.  

Recent studies have increasingly shown brain insulin resistance and associated 

insulin signaling dysfunction to be a common feature of AD236. However, it remains 

largely unknown if the axonal transport defects are signaling dependent, caused by 

abnormal activation of kinases in the early stages of AD progression. I sought to prevent 

GSK3-β overactivation by stimulating the insulin-signaling pathway in hopes that doing 

so would prevent or even perhaps rescue axonal transport disruption caused by AβOs. 

My data show that insulin receptor stimulation prior to AβO application can 

protect axonal transport defects. In addition, AKT activation, an insulin receptor signaling 

intermediate, yielded similar results. Furthermore, once AβO-induced transport defects 

were established, I was able to rescue these defects through the use of two different 

GSK3-β inhibitors and the anti-diabetes drug, Exendin-4. In addition, performing all of 

the experiments in both tau+/+ and tau-/- neurons with similar results, I was able to show 

that tau is not required for inducing transport defects with AβOs. Furthermore, the 

insulin-signaling cascade’s ability to prevent and rescue transport defects were via a tau-

independent mechanism. My thesis further elucidates the importance of maintaining 

insulin signaling for the physiology of healthy neurons. 
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Figure 4.1. Graphical summary and proposed mechanism for insulin signaling 
preventing and rescuing AβO-induced axonal transport defect. 

AβOs bind to various membrane receptors causing signaling dysregulation ending in activation of GSK-3β. Aims 1-4 
were performed in order to modulate transport by presumably inactivating GSK-3β, thus preventing motor protein 
phosphorylation. GSK-3β may exert direct motor regulation through phosphorylation (1)  and/or disrupt the attachment 
of cargoes to their motors (2), and impede BDNF transport in the presence of AβOs. 

4.2. Insulin prevents AβO-induced DCV transport defects in 
a tau-independent manner 

Previous work suggested that tau has a phosphatase activating domain (PAD) 

within the N-terminus that when exposed it activates an aberrant GSK3-β cascade, 

phosphorylating of kinesin light chain (KLC), and inhibiting kinesin-1 based anterograde 

axonal transport224, 225. In addition, AβOs induce kinase activity changes that have been 

reported to have an affect on axonal transport, but whether this mechanism is tau-

dependent is largely unknown237, 238. My data demonstrate that insulin pre-treatment 

prevents AβO-induced axonal transport defects in tau-/- neurons. There are several AβO 

binding sites on the membrane, e.g. NMDA receptors, that trigger changes that lead to 

signaling dysregulation44. These results imply that insulin receptor stimulation is 

sufficient to protect against the negative effects resulting from AβO binding (Fig. 3.2-3.4 

and Table 3.1). Furthermore, these results support the hypothesis that the signaling 

mechanism could be tau-independent for early stage AD transport disruption because 
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the absence of tau eliminates the possibility that tau hyperphosphorylation would be the 

sole cause for the aberrant signaling propagation224, 239. 

My results demonstrate that AβOs impair bidirectional BDNF transport, and that 

GSK-3β inhibition prevents reductions in anterograde and retrograde flux. It is possible 

that GSK-3β largely governs anterograde transport; however, several recent studies 

have elucidated regulatory mechanisms that are coordinated through opposing motors, 

whereby disrupting one motor impairs bidirectional transport231-234 This bidirectional 

impairment could be through inhibition of either motor, thus describing a mechanism 

whereby flux, but not other measures are reduced. Indeed, past studies have show that 

these bidirectional transport disruptions exist in Alzheimer’s disease models, such as 

mitochondria240, 241, amyloid precursor protein242, and organelles contained in squid 

axoplasm243 and primary hippocampal neurons244.  

The role of tau in transport disruption is contentious, yet may be resolved when 

considering the specifics of motor regulation and experimental paradigms. Recently, 

AβO-induced transport defects of mitochondria and the nerve growth factor receptor, 

TrkA241, were prevented by tau reduction. As I observed tau-independent transport 

defects of BDNF my results may be different because of the various mechanisms by 

which motor proteins can be regulated. Primarily, KIF1A is the motor protein for BDNF 

and other DCV cargoes245. However, mitochondria and TrkA is transported by KIF5. 

Additionally, another important difference between the studies was that they imaged in 

the first hour after AβO treatment. It could be possible that tau plays a significant role in 

transport disruption within that time frame as opposed to the 18 hour point in my 

experiments. Furthermore, I used nanomolar concentrations of AβOs versus previous 

experiments reporting micromolar amounts.  Their higher amounts of AβOs may induce 

a strong tau hyperphosphorylation response, initiate tau’s detachment from 

microtubules, or expose a phosphatase activating domain that induced GSK-3β 

activation, thereby disrupting transport224. The AβO concentration used in my thesis may 

allow observation of GSK-3β mediated transport disruption, with little contribution from 

pathogenic forms of tau.  
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4.3. Regulation of transport by kinase activity 

To further explore mechanisms of insulin signaling protection I sought to 

modulate the insulin cascade downstream of the receptor as the insulin pre-treatment 

prevented AβO-induced IR internalization that could serve as a possible protective 

mechanism44. In AD progression, presumably once AβOs cause IR internalization, 

insulin can no longer activate the IR to induce a protective response. In order to better 

understand the signaling mechanisms that regulate transport, I transfected ca-AKT, an 

intermediate of the insulin pathway, in the presence of AβOs. Even with AβOs binding to 

the IR, the insulin-signaling pathway was able to overcome the negative signaling 

cascades caused by AβOs, thereby preventing axonal transport defects. There was no 

difference between the prevention of transport defects in tau-/- and tau+/+ neurons (Fig. 

3.4-3.7 and Table 3.2), further evidencing that tau may not be required in AβO action or 

for modulating transport via insulin signaling. There have been conflicting reports on the 

level of AKT overactivation in AD brains due to the results reflecting perimortem 

oxidative stress246. Some work has shown AβOs in cell culture have increased AKT-

pser473 phosphorylation thereby desensitizing the insulin signaling pathway through 

feedback inhibition similar to diabetes247, however AKT can inhibit GSK-3β activation by 

direct phosphorylation230.  

There are several mechanisms by which AβOs may disrupt axonal BDNF 

transport independently of tau. Generally, transport regulation is thought to occur via 

direct motor regulation and/or disrupting the attachment of cargoes to their motors. Both 

of these mechanisms are likely controlled through phosphorylation events. One way that 

motor protein activity could be inhibited is through GSK-3β-dependent phosphorylation 

of motor proteins. GSK-3β is implicated in many aspects of AD pathogenesis, with 

studies showing that active GSK-3β disrupted amyloid precursor protein (APP) axonal 

transport in Drosophila242. The study concluded that one of the ways APP transport 

could be regulated is by reducing the number of kinesin-1 (KIF5) motors that are bound 

to the microtubule. Another mechanism could be the disruption of the binding domain of 

motor proteins that attach cargoes. Vagnoni et al. showed that phosphorylation of KLC1 

at ser460 would influence the ability of KIF5 to bind calsyntenin-1, a membrane protein 

that mediates APP transport 212. KLC1 can also be phosphorylated by GSK-3β signaling 
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and casein kinase 2 (CK2) thus causing KIF5 to dissociate from cargoes in squid 

axoplasm248, 249. Thus, it is possible that the activation of the insulin signaling cascade 

could prevent these GSK-3β mediated impairments by inhibiting GSK-3β overactivation. 

To further explore this hypothesis I used specific inhibitors of GSK-3β to induce changes 

that might provide protection from transport defects. If these cell-signaling mechanisms 

are truly responsible for the changes in transport, it should be possible to reverse the 

transport defects. I successfully used the reversible GSK-3β inhibitor, Inhibitor VIII, and 

the irreversible inhibitor, Tideglusib, to rescue FAT (Fig. 3.8-3.10, Table 3.3; and Fig. 

3.11-3.13, Table 3.4, respectively). My work with both GSK-3β Inhibitor VIII and 

Tideglusib in tau+/+ and tau-/-, further supports the hypothesis that signaling cascades 

have the ability to modulate GSK-3β cascades (i.e. through the insulin signaling 

pathway) that may have a central role in the early stages of AD pathology. 

4.4. Alternatives to the IR stimulated transport protection 

In search of an insulin receptor-independent therapeutic approach to activating 

the insulin signaling pathway, I investigated an approved drug for the treatment of type-2 

diabetes, Exendin-4 (Ex-4). This peptide is a selective long-lasting glucagon-like 

peptide-1 receptor agonist that stimulates the insulin signaling pathway. Ex-4’s 

insulinotropic properties have been well characterized in peripheral tissues250. In the 

central nervous system, stimulation of the GLP-1 receptor is thought to play a role in 

processes of synaptic plasticity and neuronal survival175. Ex-4 has the ability to readily 

cross the blood-brain barrier, and demonstrates a neuro-protective effect in animal 

models for Parkinson's disease and Huntington’s disease251, 252. Ex-4 was also able to 

prevent the inhibition of IRS-1 that was caused by AβOs149. Furthermore, neuronal 

binding of AβOs was not inhibited by treatment with Ex-4, suggesting that protection by 

Ex-4 involves intracellular signaling pathways that block cell damage caused by AβOs, 

such as insulin signaling cascade stimulation. Axonal transport defects, caused by 

AβOs, were rescued with Ex-4 application in both tau+/+ and tau-/- neurons (Fig. 3.14-

3.16 and Table 3.5). The rescue was presumably occurred via GLP-1 pathway 

stimulation, activating the PI3K/AKT pathway, which would inhibit GSK-3β activity by 

phosphorylating Ser 9, thus relieving the phosphorylation on motor protein and allowing 

the motor to resume physiological transport. 
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4.5. Conclusions and Future Perspectives 

My body of work further establishes intracellular links between insulin signaling 

and AβO action, by better understanding that insulin signaling can closely regulate 

BDNF transport. Not only was insulin signaling able to prevent AβOs from inducing 

axonal transport defects, but once the defects were present, insulin signaling 

intermediates were able to return transport to normal physiological levels. 

Future experiments should focus on elucidating the mechanisms for direct 

regulation of KIF1A by GSK-3β in order to better understand the mechanisms involved in 

AD, and axonal transport more generally. There has been no study that has elucidated 

the mechanism by which KIF1A is regulated in DCV transport. Understanding the 

mechanism of motor protein regulation could offer insight into designing new therapies 

for AD to stave off further cellular insults that result from transport disruption. 

Additionally, future experiments should measure the kinase activity of only the axonal 

compartment, rather than whole-cell lysates117, to better understand the regulation 

mechanism of axonal transport. Understanding the direct signaling environment that 

regulates transport not only furthers the understanding of how motor proteins function, 

but how the insults of different neurodegenerative diseases affect axonal transport. The 

exciting possibility thus emerges that restoring neuroprotective function of CNS insulin 

signaling as well as reverting axonal transport defects from AβO-induced cellular insults 

may allow for the development of novel therapies for AD. 

  



 

60 

References 

1. Walsh, D. M. & Selkoe, D. J. Deciphering the molecular basis of memory failure in 
Alzheimer's disease. Neuron 44, 181-193 (2004). 

2. Morris, J. C. Dementia update 2003. Alzheimer Dis. Assoc. Disord. 17, 245-258 
(2003). 

3. Plassman, B. L. et al. Prevalence of dementia in the United States: the aging, 
demographics, and memory study. Neuroepidemiology 29, 125-132 (2007). 

4. Seshadri, S. et al. The lifetime risk of stroke: estimates from the Framingham Study. 
Stroke 37, 345-350 (2006). 

5. Brookmeyer, R., Johnson, E., Ziegler-Graham, K. & Arrighi, H. M. Forecasting the 
global burden of Alzheimer's disease. Alzheimers Dement. 3, 186-191 (2007). 

6. Kalaria, R. N. et al. Alzheimer's disease and vascular dementia in developing 
countries: prevalence, management, and risk factors. Lancet Neurol. 7, 812-826 (2008). 

7. Grundke-Iqbal, I. et al. Microtubule-associated protein tau. A component of Alzheimer 
paired helical filaments. J. Biol. Chem. 261, 6084-6089 (1986). 

8. Masters, C. L. et al. Neuronal origin of a cerebral amyloid: neurofibrillary tangles of 
Alzheimer's disease contain the same protein as the amyloid of plaque cores and blood 
vessels. EMBO J. 4, 2757-2763 (1985). 

9. Glenner, G. G. & Wong, C. W. Alzheimer's disease: initial report of the purification 
and characterization of a novel cerebrovascular amyloid protein. Biochem. Biophys. Res. 
Commun. 120, 885-890 (1984). 

10. Avila, J. et al. Assembly in vitro of tau protein and its implications in Alzheimer's 
disease. Curr. Alzheimer Res. 1, 97-101 (2004). 

11. Selkoe, D. J. et al. The role of APP processing and trafficking pathways in the 
formation of amyloid beta-protein. Ann. N. Y. Acad. Sci. 777, 57-64 (1996). 

12. Gralle, M. & Ferreira, S. T. Structure and functions of the human amyloid precursor 
protein: the whole is more than the sum of its parts. Prog. Neurobiol. 82, 11-32 (2007). 

13. Langbart, C. Diagnosing and treating Alzheimer's disease: a practitioner's overview. 
J. Am. Acad. Nurse Pract. 14, 103-9; quiz 110-2 (2002). 



 

61 

14. Geula, C. et al. Aging renders the brain vulnerable to amyloid beta-protein 
neurotoxicity. Nat. Med. 4, 827-831 (1998). 

15. Wang, Q., Rowan, M. J. & Anwyl, R. Beta-amyloid-mediated inhibition of NMDA 
receptor-dependent long-term potentiation induction involves activation of microglia and 
stimulation of inducible nitric oxide synthase and superoxide. J. Neurosci. 24, 6049-6056 
(2004). 

16. Klein, W. L. Synaptic targeting by A beta oligomers (ADDLS) as a basis for memory 
loss in early Alzheimer's disease. Alzheimers Dement. 2, 43-55 (2006). 

17. Ferreira, S. T., Vieira, M. N. & De Felice, F. G. Soluble protein oligomers as 
emerging toxins in Alzheimer's and other amyloid diseases. IUBMB Life 59, 332-345 
(2007). 

18. Walsh, D. M. & Selkoe, D. J. A beta oligomers - a decade of discovery. J. 
Neurochem. 101, 1172-1184 (2007). 

19. Kanemitsu, H., Tomiyama, T. & Mori, H. Human neprilysin is capable of degrading 
amyloid beta peptide not only in the monomeric form but also the pathological 
oligomeric form. Neurosci. Lett. 350, 113-116 (2003). 

20. Iwata, N. et al. Metabolic regulation of brain Abeta by neprilysin. Science 292, 1550-
1552 (2001). 

21. Qiu, Z., Naten, D. L., Liston, J. C., Yess, J. & Rebeck, G. W. A novel approach for 
studying endogenous abeta processing using cultured primary neurons isolated from APP 
transgenic mice. Exp. Neurol. 170, 186-194 (2001). 

22. Farris, W. et al. Insulin-degrading enzyme regulates the levels of insulin, amyloid 
beta-protein, and the beta-amyloid precursor protein intracellular domain in vivo. Proc. 
Natl. Acad. Sci. U. S. A. 100, 4162-4167 (2003). 

23. Leissring, M. A. et al. Enhanced proteolysis of beta-amyloid in APP transgenic mice 
prevents plaque formation, secondary pathology, and premature death. Neuron 40, 1087-
1093 (2003). 

24. Stromer, T. & Serpell, L. C. Structure and morphology of the Alzheimer's amyloid 
fibril. Microsc. Res. Tech. 67, 210-217 (2005). 

25. Hock, C. et al. Cerebrospinal fluid levels of amyloid precursor protein and amyloid 
beta-peptide in Alzheimer's disease and major depression - inverse correlation with 
dementia severity. Eur. Neurol. 39, 111-118 (1998). 



 

62 

26. Zou, K. et al. Amyloid beta-protein (Abeta)1-40 protects neurons from damage 
induced by Abeta1-42 in culture and in rat brain. J. Neurochem. 87, 609-619 (2003). 

27. De-Paula, V. J., Radanovic, M., Diniz, B. S. & Forlenza, O. V. Alzheimer's disease. 
Subcell. Biochem. 65, 329-352 (2012). 

28. Selkoe, D. J., American College of Physicians & American Physiological Society. 
Alzheimer disease: mechanistic understanding predicts novel therapies. Ann. Intern. Med. 
140, 627-638 (2004). 

29. Bertram, L. & Tanzi, R. E. The genetic epidemiology of neurodegenerative disease. J. 
Clin. Invest. 115, 1449-1457 (2005). 

30. Roberson, E. D. & Mucke, L. 100 years and counting: prospects for defeating 
Alzheimer's disease. Science 314, 781-784 (2006). 

31. Weinreb, H. J. Dermatoglyphic patterns in Alzheimer's disease. J. Neurogenet. 3, 
233-246 (1986). 

32. Hardy, J. A. & Higgins, G. A. Alzheimer's disease: the amyloid cascade hypothesis. 
Science 256, 184-185 (1992). 

33. Klein, W. L., Krafft, G. A. & Finch, C. E. Targeting small Abeta oligomers: the 
solution to an Alzheimer's disease conundrum? Trends Neurosci. 24, 219-224 (2001). 

34. Haass, C. & Selkoe, D. J. Soluble protein oligomers in neurodegeneration: lessons 
from the Alzheimer's amyloid beta-peptide. Nat. Rev. Mol. Cell Biol. 8, 101-112 (2007). 

35. Hardy, J. & Selkoe, D. J. The amyloid hypothesis of Alzheimer's disease: progress 
and problems on the road to therapeutics. Science 297, 353-356 (2002). 

36. Gong, Y. et al. Alzheimer's disease-affected brain: presence of oligomeric A beta 
ligands (ADDLs) suggests a molecular basis for reversible memory loss. Proc. Natl. 
Acad. Sci. U. S. A. 100, 10417-10422 (2003). 

37. Ferreira, S. T. & Klein, W. L. The Abeta oligomer hypothesis for synapse failure and 
memory loss in Alzheimer's disease. Neurobiol. Learn. Mem. 96, 529-543 (2011). 

38. De Felice, F. G. et al. Alzheimer's disease-type neuronal tau hyperphosphorylation 
induced by A beta oligomers. Neurobiol. Aging 29, 1334-1347 (2008). 

39. De Felice, F. G. et al. Abeta oligomers induce neuronal oxidative stress through an N-
methyl-D-aspartate receptor-dependent mechanism that is blocked by the Alzheimer drug 
memantine. J. Biol. Chem. 282, 11590-11601 (2007). 



 

63 

40. Kelly, B. L. & Ferreira, A. beta-Amyloid-induced dynamin 1 degradation is mediated 
by N-methyl-D-aspartate receptors in hippocampal neurons. J. Biol. Chem. 281, 28079-
28089 (2006). 

41. Snyder, E. M. et al. Regulation of NMDA receptor trafficking by amyloid-beta. Nat. 
Neurosci. 8, 1051-1058 (2005). 

42. Lacor, P. N. et al. Abeta oligomer-induced aberrations in synapse composition, shape, 
and density provide a molecular basis for loss of connectivity in Alzheimer's disease. J. 
Neurosci. 27, 796-807 (2007). 

43. Shankar, G. M. et al. Natural oligomers of the Alzheimer amyloid-beta protein induce 
reversible synapse loss by modulating an NMDA-type glutamate receptor-dependent 
signaling pathway. J. Neurosci. 27, 2866-2875 (2007). 

44. De Felice, F. G. et al. Protection of synapses against Alzheimer's-linked toxins: 
insulin signaling prevents the pathogenic binding of Abeta oligomers. Proc. Natl. Acad. 
Sci. U. S. A. 106, 1971-1976 (2009). 

45. Lauren, J., Gimbel, D. A., Nygaard, H. B., Gilbert, J. W. & Strittmatter, S. M. 
Cellular prion protein mediates impairment of synaptic plasticity by amyloid-beta 
oligomers. Nature 457, 1128-1132 (2009). 

46. Zhao, W. Q. et al. Inhibition of calcineurin-mediated endocytosis and alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors prevents amyloid beta 
oligomer-induced synaptic disruption. J. Biol. Chem. 285, 7619-7632 (2010). 

47. Knowles, J. K. et al. The p75 neurotrophin receptor promotes amyloid-beta(1-42)-
induced neuritic dystrophy in vitro and in vivo. J. Neurosci. 29, 10627-10637 (2009). 

48. Sturchler, E., Galichet, A., Weibel, M., Leclerc, E. & Heizmann, C. W. Site-specific 
blockade of RAGE-Vd prevents amyloid-beta oligomer neurotoxicity. J. Neurosci. 28, 
5149-5158 (2008). 

49. Magdesian, M. H. et al. Amyloid-beta binds to the extracellular cysteine-rich domain 
of Frizzled and inhibits Wnt/beta-catenin signaling. J. Biol. Chem. 283, 9359-9368 
(2008). 

50. Hsieh, H. et al. AMPAR removal underlies Abeta-induced synaptic depression and 
dendritic spine loss. Neuron 52, 831-843 (2006). 

51. Lacor, P. N. et al. Synaptic targeting by Alzheimer's-related amyloid beta oligomers. 
J. Neurosci. 24, 10191-10200 (2004). 



 

64 

52. Bennett, M. R. The concept of long term potentiation of transmission at synapses. 
Prog. Neurobiol. 60, 109-137 (2000). 

53. Derkach, V. A., Oh, M. C., Guire, E. S. & Soderling, T. R. Regulatory mechanisms of 
AMPA receptors in synaptic plasticity. Nat. Rev. Neurosci. 8, 101-113 (2007). 

54. Lau, C. G. & Zukin, R. S. NMDA receptor trafficking in synaptic plasticity and 
neuropsychiatric disorders. Nat. Rev. Neurosci. 8, 413-426 (2007). 

55. Roselli, F. et al. Soluble beta-amyloid1-40 induces NMDA-dependent degradation of 
postsynaptic density-95 at glutamatergic synapses. J. Neurosci. 25, 11061-11070 (2005). 

56. Goto, Y., Niidome, T., Akaike, A., Kihara, T. & Sugimoto, H. Amyloid beta-peptide 
preconditioning reduces glutamate-induced neurotoxicity by promoting endocytosis of 
NMDA receptor. Biochem. Biophys. Res. Commun. 351, 259-265 (2006). 

57. Zhao, W. Q. et al. Amyloid beta oligomers induce impairment of neuronal insulin 
receptors. FASEB J. 22, 246-260 (2008). 

58. Scheibel, M. E., Lindsay, R. D., Tomiyasu, U. & Scheibel, A. B. Progressive 
dendritic changes in aging human cortex. Exp. Neurol. 47, 392-403 (1975). 

59. Shim, K. S. & Lubec, G. Drebrin, a dendritic spine protein, is manifold decreased in 
brains of patients with Alzheimer's disease and Down syndrome. Neurosci. Lett. 324, 
209-212 (2002). 

60. Scheff, S. W. & Price, D. A. Synaptic pathology in Alzheimer's disease: a review of 
ultrastructural studies. Neurobiol. Aging 24, 1029-1046 (2003). 

61. Lanz, T. A., Carter, D. B. & Merchant, K. M. Dendritic spine loss in the hippocampus 
of young PDAPP and Tg2576 mice and its prevention by the ApoE2 genotype. 
Neurobiol. Dis. 13, 246-253 (2003). 

62. Calon, F. et al. Docosahexaenoic acid protects from dendritic pathology in an 
Alzheimer's disease mouse model. Neuron 43, 633-645 (2004). 

63. Moolman, D. L., Vitolo, O. V., Vonsattel, J. P. & Shelanski, M. L. Dendrite and 
dendritic spine alterations in Alzheimer models. J. Neurocytol. 33, 377-387 (2004). 

64. Spires, T. L. et al. Dendritic spine abnormalities in amyloid precursor protein 
transgenic mice demonstrated by gene transfer and intravital multiphoton microscopy. J. 
Neurosci. 25, 7278-7287 (2005). 

65. Jacobsen, J. S. et al. Early-onset behavioral and synaptic deficits in a mouse model of 
Alzheimer's disease. Proc. Natl. Acad. Sci. U. S. A. 103, 5161-5166 (2006). 



 

65 

66. Querfurth, H. W. & LaFerla, F. M. Alzheimer's disease. N. Engl. J. Med. 362, 329-
344 (2010). 

67. Wang, J. Z. & Liu, F. Microtubule-associated protein tau in development, 
degeneration and protection of neurons. Prog. Neurobiol. 85, 148-175 (2008). 

68. Biernat, J. & Mandelkow, E. M. The development of cell processes induced by tau 
protein requires phosphorylation of serine 262 and 356 in the repeat domain and is 
inhibited by phosphorylation in the proline-rich domains. Mol. Biol. Cell 10, 727-740 
(1999). 

69. Biernat, J. et al. Protein kinase MARK/PAR-1 is required for neurite outgrowth and 
establishment of neuronal polarity. Mol. Biol. Cell 13, 4013-4028 (2002). 

70. Spittaels, K. et al. Glycogen synthase kinase-3beta phosphorylates protein tau and 
rescues the axonopathy in the central nervous system of human four-repeat tau transgenic 
mice. J. Biol. Chem. 275, 41340-41349 (2000). 

71. Tatebayashi, Y., Haque, N., Tung, Y. C., Iqbal, K. & Grundke-Iqbal, I. Role of tau 
phosphorylation by glycogen synthase kinase-3beta in the regulation of organelle 
transport. J. Cell. Sci. 117, 1653-1663 (2004). 

72. Cho, J. H. & Johnson, G. V. Primed phosphorylation of tau at Thr231 by glycogen 
synthase kinase 3beta (GSK3beta) plays a critical role in regulating tau's ability to bind 
and stabilize microtubules. J. Neurochem. 88, 349-358 (2004). 

73. Lu, Q. & Wood, J. G. Functional studies of Alzheimer's disease tau protein. J. 
Neurosci. 13, 508-515 (1993). 

74. Fath, T., Eidenmuller, J. & Brandt, R. Tau-mediated cytotoxicity in a 
pseudohyperphosphorylation model of Alzheimer's disease. J. Neurosci. 22, 9733-9741 
(2002). 

75. Harada, A. et al. Altered microtubule organization in small-calibre axons of mice 
lacking tau protein. Nature 369, 488-491 (1994). 

76. Fujio, K. et al. 14-3-3 Proteins and Protein Phosphatases are Not Reduced in Tau-
Deficient Mice. Neuroreport 18, 1049-1052 (2007). 

77. Ittner, L. M. et al. Dendritic function of tau mediates amyloid-beta toxicity in 
Alzheimer's disease mouse models. Cell 142, 387-397 (2010). 

78. de Barreda, E. G., Dawson, H. N., Vitek, M. P. & Avila, J. Tau deficiency leads to the 
upregulation of BAF-57, a protein involved in neuron-specific gene repression. FEBS 
Lett. 584, 2265-2270 (2010). 



 

66 

79. Morris, M., Koyama, A., Masliah, E. & Mucke, L. Tau reduction does not prevent 
motor deficits in two mouse models of Parkinson's disease. PLoS One 6, e29257 (2011). 

80. Baker, J., Liu, J. P., Robertson, E. J. & Efstratiadis, A. Role of insulin-like growth 
factors in embryonic and postnatal growth. Cell 75, 73-82 (1993). 

81. Liu, J. P., Baker, J., Perkins, A. S., Robertson, E. J. & Efstratiadis, A. Mice carrying 
null mutations of the genes encoding insulin-like growth factor I (Igf-1) and type 1 IGF 
receptor (Igf1r). Cell 75, 59-72 (1993). 

82. Dudek, H. et al. Regulation of neuronal survival by the serine-threonine protein 
kinase Akt. Science 275, 661-665 (1997). 

83. Hellstrom, A. et al. Low IGF-I suppresses VEGF-survival signaling in retinal 
endothelial cells: direct correlation with clinical retinopathy of prematurity. Proc. Natl. 
Acad. Sci. U. S. A. 98, 5804-5808 (2001). 

84. Pete, G. et al. Postnatal growth responses to insulin-like growth factor I in insulin 
receptor substrate-1-deficient mice. Endocrinology 140, 5478-5487 (1999). 

85. Zick, Y. Insulin resistance: a phosphorylation-based uncoupling of insulin signaling. 
Trends Cell Biol. 11, 437-441 (2001). 

86. Patti, M. E. & Kahn, C. R. The insulin receptor--a critical link in glucose homeostasis 
and insulin action. J. Basic Clin. Physiol. Pharmacol. 9, 89-109 (1998). 

87. Ullrich, A. et al. Human insulin receptor and its relationship to the tyrosine kinase 
family of oncogenes. Nature 313, 756-761 (1985). 

88. Ebina, Y. et al. The human insulin receptor cDNA: the structural basis for hormone-
activated transmembrane signalling. Cell 40, 747-758 (1985). 

89. Le Roith, D. & Zick, Y. Recent advances in our understanding of insulin action and 
insulin resistance. Diabetes Care 24, 588-597 (2001). 

90. White, M. F. & Yenush, L. The IRS-signaling system: a network of docking proteins 
that mediate insulin and cytokine action. Curr. Top. Microbiol. Immunol. 228, 179-208 
(1998). 

91. Baumann, C. A. et al. CAP defines a second signalling pathway required for insulin-
stimulated glucose transport. Nature 407, 202-207 (2000). 

92. Pawson, T. & Scott, J. D. Signaling through scaffold, anchoring, and adaptor proteins. 
Science 278, 2075-2080 (1997). 



 

67 

93. White, M. F. Insulin signaling in health and disease. Science 302, 1710-1711 (2003). 

94. White, R., Sjoberg, M., Kalkhoven, E. & Parker, M. G. Ligand-independent 
activation of the oestrogen receptor by mutation of a conserved tyrosine. EMBO J. 16, 
1427-1435 (1997). 

95. Shepherd, P. R., Nave, B. T. & Siddle, K. Insulin stimulation of glycogen synthesis 
and glycogen synthase activity is blocked by wortmannin and rapamycin in 3T3-L1 
adipocytes: evidence for the involvement of phosphoinositide 3-kinase and p70 ribosomal 
protein-S6 kinase. Biochem. J. 305 ( Pt 1), 25-28 (1995). 

96. Myers, M. G.,Jr et al. IRS-1 activates phosphatidylinositol 3'-kinase by associating 
with src homology 2 domains of p85. Proc. Natl. Acad. Sci. U. S. A. 89, 10350-10354 
(1992). 

97. Newgard, C. B. & McGarry, J. D. Metabolic coupling factors in pancreatic beta-cell 
signal transduction. Annu. Rev. Biochem. 64, 689-719 (1995). 

98. Prentki, M., Tornheim, K. & Corkey, B. E. Signal transduction mechanisms in 
nutrient-induced insulin secretion. Diabetologia 40 Suppl 2, S32-41 (1997). 

99. Harlan, J. E., Hajduk, P. J., Yoon, H. S. & Fesik, S. W. Pleckstrin homology domains 
bind to phosphatidylinositol-4,5-bisphosphate. Nature 371, 168-170 (1994). 

100. Frech, M. et al. High affinity binding of inositol phosphates and phosphoinositides 
to the pleckstrin homology domain of RAC/protein kinase B and their influence on 
kinase activity. J. Biol. Chem. 272, 8474-8481 (1997). 

101. Alessi, D. R. et al. Characterization of a 3-phosphoinositide-dependent protein 
kinase which phosphorylates and activates protein kinase Balpha. Curr. Biol. 7, 261-269 
(1997). 

102. Nakae, J., Park, B. C. & Accili, D. Insulin stimulates phosphorylation of the 
forkhead transcription factor FKHR on serine 253 through a Wortmannin-sensitive 
pathway. J. Biol. Chem. 274, 15982-15985 (1999). 

103. Cantley, L. C. The phosphoinositide 3-kinase pathway. Science 296, 1655-1657 
(2002). 

104. Inoue, M., Chang, L., Hwang, J., Chiang, S. H. & Saltiel, A. R. The exocyst 
complex is required for targeting of Glut4 to the plasma membrane by insulin. Nature 
422, 629-633 (2003). 

105. Chiang, S. H. et al. Insulin-stimulated GLUT4 translocation requires the CAP-
dependent activation of TC10. Nature 410, 944-948 (2001). 



 

68 

106. Saltiel, A. R. & Kahn, C. R. Insulin signalling and the regulation of glucose and 
lipid metabolism. Nature 414, 799-806 (2001). 

107. Pirola, L., Johnston, A. M. & Van Obberghen, E. Modulation of insulin action. 
Diabetologia 47, 170-184 (2004). 

108. Lizcano, J. M. & Alessi, D. R. The insulin signalling pathway. Curr. Biol. 12, R236-
8 (2002). 

109. Havrankova, J., Schmechel, D., Roth, J. & Brownstein, M. Identification of insulin 
in rat brain. Proc. Natl. Acad. Sci. U. S. A. 75, 5737-5741 (1978). 

110. Havrankova, J., Roth, J. & Brownstein, M. J. Insulin receptors in brain. Adv. Metab. 
Disord. 10, 259-268 (1983). 

111. Plum, L., Schubert, M. & Bruning, J. C. The role of insulin receptor signaling in the 
brain. Trends Endocrinol. Metab. 16, 59-65 (2005). 

112. van der Heide, L. P., Ramakers, G. M. & Smidt, M. P. Insulin signaling in the 
central nervous system: learning to survive. Prog. Neurobiol. 79, 205-221 (2006). 

113. Abbott, M. A., Wells, D. G. & Fallon, J. R. The insulin receptor tyrosine kinase 
substrate p58/53 and the insulin receptor are components of CNS synapses. J. Neurosci. 
19, 7300-7308 (1999). 

114. Baskin, D. G., Porte, D.,Jr, Guest, K. & Dorsa, D. M. Regional concentrations of 
insulin in the rat brain. Endocrinology 112, 898-903 (1983). 

115. Baskin, D. G. et al. Immunocytochemical detection of insulin in rat hypothalamus 
and its possible uptake from cerebrospinal fluid. Endocrinology 113, 1818-1825 (1983). 

116. Baskin, D. G., Figlewicz, D. P., Woods, S. C., Porte, D.,Jr & Dorsa, D. M. Insulin in 
the brain. Annu. Rev. Physiol. 49, 335-347 (1987). 

117. Zhao, W. et al. Brain insulin receptors and spatial memory. Correlated changes in 
gene expression, tyrosine phosphorylation, and signaling molecules in the hippocampus 
of water maze trained rats. J. Biol. Chem. 274, 34893-34902 (1999). 

118. Deltour, L., Montagutelli, X., Guenet, J. L., Jami, J. & Paldi, A. Tissue- and 
developmental stage-specific imprinting of the mouse proinsulin gene, Ins2. Dev. Biol. 
168, 686-688 (1995). 

119. Schechter, R. et al. Immunohistochemical and in situ hybridization study of an 
insulin-like substance in fetal neuron cell cultures. Brain Res. 636, 9-27 (1994). 



 

69 

120. Devaskar, S. U. et al. Insulin gene expression and insulin synthesis in mammalian 
neuronal cells. J. Biol. Chem. 269, 8445-8454 (1994). 

121. Clarke, D. W., Mudd, L., Boyd, F. T.,Jr, Fields, M. & Raizada, M. K. Insulin is 
released from rat brain neuronal cells in culture. J. Neurochem. 47, 831-836 (1986). 

122. Giddings, S. J., Chirgwin, J. M. & Permutt, M. A. Glucose regulated insulin 
biosynthesis in isolated rat pancreatic islets is accompanied by changes in proinsulin 
mRNA. Diabetes Res. 2, 71-75 (1985). 

123. Woods, S. C., Seeley, R. J., Baskin, D. G. & Schwartz, M. W. Insulin and the blood-
brain barrier. Curr. Pharm. Des. 9, 795-800 (2003). 

124. Banks, W. A. The source of cerebral insulin. Eur. J. Pharmacol. 490, 5-12 (2004). 

125. Song, J., Wu, L., Chen, Z., Kohanski, R. A. & Pick, L. Axons guided by insulin 
receptor in Drosophila visual system. Science 300, 502-505 (2003). 

126. Dickson, B. J. Development. Wiring the brain with insulin. Science 300, 440-441 
(2003). 

127. Valenciano, A. I., Corrochano, S., de Pablo, F., de la Villa, P. & de la Rosa, E. J. 
Proinsulin/insulin is synthesized locally and prevents caspase- and cathepsin-mediated 
cell death in the embryonic mouse retina. J. Neurochem. 99, 524-536 (2006). 

128. Tanaka, M., Sawada, M., Yoshida, S., Hanaoka, F. & Marunouchi, T. Insulin 
prevents apoptosis of external granular layer neurons in rat cerebellar slice cultures. 
Neurosci. Lett. 199, 37-40 (1995). 

129. Ryu, B. R., Ko, H. W., Jou, I., Noh, J. S. & Gwag, B. J. Phosphatidylinositol 3-
kinase-mediated regulation of neuronal apoptosis and necrosis by insulin and IGF-I. J. 
Neurobiol. 39, 536-546 (1999). 

130. Schubert, M. et al. Role for neuronal insulin resistance in neurodegenerative 
diseases. Proc. Natl. Acad. Sci. U. S. A. 101, 3100-3105 (2004). 

131. Rodgers, E. E. & Theibert, A. B. Functions of PI 3-kinase in development of the 
nervous system. Int. J. Dev. Neurosci. 20, 187-197 (2002). 

132. Yamaguchi, A. et al. Akt activation protects hippocampal neurons from apoptosis by 
inhibiting transcriptional activity of p53. J. Biol. Chem. 276, 5256-5264 (2001). 

133. Brunet, A., Datta, S. R. & Greenberg, M. E. Transcription-dependent and -
independent control of neuronal survival by the PI3K-Akt signaling pathway. Curr. Opin. 
Neurobiol. 11, 297-305 (2001). 



 

70 

134. Craft, S. et al. Enhancement of memory in Alzheimer disease with insulin and 
somatostatin, but not glucose. Arch. Gen. Psychiatry 56, 1135-1140 (1999). 

135. Craft, S. et al. Insulin dose-response effects on memory and plasma amyloid 
precursor protein in Alzheimer's disease: interactions with apolipoprotein E genotype. 
Psychoneuroendocrinology 28, 809-822 (2003). 

136. Huang, C. C., Lee, C. C. & Hsu, K. S. An investigation into signal transduction 
mechanisms involved in insulin-induced long-term depression in the CA1 region of the 
hippocampus. J. Neurochem. 89, 217-231 (2004). 

137. Stanton, P. K. LTD, LTP, and the sliding threshold for long-term synaptic plasticity. 
Hippocampus 6, 35-42 (1996). 

138. Wang, Y. T. & Salter, M. W. Regulation of NMDA receptors by tyrosine kinases 
and phosphatases. Nature 369, 233-235 (1994). 

139. Wan, Q. et al. Recruitment of functional GABA(A) receptors to postsynaptic 
domains by insulin. Nature 388, 686-690 (1997). 

140. Malenka, R. C. Synaptic plasticity and AMPA receptor trafficking. Ann. N. Y. Acad. 
Sci. 1003, 1-11 (2003). 

141. Lee, C. C., Huang, C. C., Wu, M. Y. & Hsu, K. S. Insulin stimulates postsynaptic 
density-95 protein translation via the phosphoinositide 3-kinase-Akt-mammalian target of 
rapamycin signaling pathway. J. Biol. Chem. 280, 18543-18550 (2005). 

142. Craft, S. et al. Cerebrospinal fluid and plasma insulin levels in Alzheimer's disease: 
relationship to severity of dementia and apolipoprotein E genotype. Neurology 50, 164-
168 (1998). 

143. Craft, S. & Watson, G. S. Insulin and neurodegenerative disease: shared and specific 
mechanisms. Lancet Neurol. 3, 169-178 (2004). 

144. Biessels, G. J., van der Heide, L. P., Kamal, A., Bleys, R. L. & Gispen, W. H. 
Ageing and diabetes: implications for brain function. Eur. J. Pharmacol. 441, 1-14 
(2002). 

145. Stolk, R. P. et al. Insulin and cognitive function in an elderly population. The 
Rotterdam Study. Diabetes Care 20, 792-795 (1997). 

146. Frolich, L. et al. Brain insulin and insulin receptors in aging and sporadic 
Alzheimer's disease. J. Neural Transm. 105, 423-438 (1998). 



 

71 

147. Steen, E. et al. Impaired insulin and insulin-like growth factor expression and 
signaling mechanisms in Alzheimer's disease--is this type 3 diabetes? J. Alzheimers Dis. 
7, 63-80 (2005). 

148. Townsend, M., Mehta, T. & Selkoe, D. J. Soluble Abeta inhibits specific signal 
transduction cascades common to the insulin receptor pathway. J. Biol. Chem. 282, 
33305-33312 (2007). 

149. Bomfim, T. R. et al. An anti-diabetes agent protects the mouse brain from defective 
insulin signaling caused by Alzheimer's disease- associated Abeta oligomers. J. Clin. 
Invest. 122, 1339-1353 (2012). 

150. Turenne, G. A. & Price, B. D. Glycogen synthase kinase3 beta phosphorylates serine 
33 of p53 and activates p53's transcriptional activity. BMC Cell Biol. 2, 12 (2001). 

151. Yamaguchi, H. et al. Preferential labeling of Alzheimer neurofibrillary tangles with 
antisera for tau protein kinase (TPK) I/glycogen synthase kinase-3 beta and cyclin-
dependent kinase 5, a component of TPK II. Acta Neuropathol. 92, 232-241 (1996). 

152. Imahori, K. & Uchida, T. Physiology and pathology of tau protein kinases in 
relation to Alzheimer's disease. J. Biochem. 121, 179-188 (1997). 

153. Pei, J. J. et al. Distribution, levels, and activity of glycogen synthase kinase-3 in the 
Alzheimer disease brain. J. Neuropathol. Exp. Neurol. 56, 70-78 (1997). 

154. Pei, J. J. et al. Distribution of active glycogen synthase kinase 3beta (GSK-3beta) in 
brains staged for Alzheimer disease neurofibrillary changes. J. Neuropathol. Exp. Neurol. 
58, 1010-1019 (1999). 

155. Leroy, K., Yilmaz, Z. & Brion, J. P. Increased level of active GSK-3beta in 
Alzheimer's disease and accumulation in argyrophilic grains and in neurones at different 
stages of neurofibrillary degeneration. Neuropathol. Appl. Neurobiol. 33, 43-55 (2007). 

156. Blalock, E. M. et al. Incipient Alzheimer's disease: microarray correlation analyses 
reveal major transcriptional and tumor suppressor responses. Proc. Natl. Acad. Sci. U. S. 
A. 101, 2173-2178 (2004). 

157. Mateo, I. et al. Association between glycogen synthase kinase-3beta genetic 
polymorphism and late-onset Alzheimer's disease. Dement. Geriatr. Cogn. Disord. 21, 
228-232 (2006). 

158. Swatton, J. E. et al. Increased MAP kinase activity in Alzheimer's and Down 
syndrome but not in schizophrenia human brain. Eur. J. Neurosci. 19, 2711-2719 (2004). 



 

72 

159. Kreymann, B., Williams, G., Ghatei, M. A. & Bloom, S. R. Glucagon-like peptide-1 
7-36: a physiological incretin in man. Lancet 2, 1300-1304 (1987). 

160. Dhanvantari, S., Izzo, A., Jansen, E. & Brubaker, P. L. Coregulation of glucagon-
like peptide-1 synthesis with proglucagon and prohormone convertase 1 gene expression 
in enteroendocrine GLUTag cells. Endocrinology 142, 37-42 (2001). 

161. Deacon, C. F. et al. Both subcutaneously and intravenously administered glucagon-
like peptide I are rapidly degraded from the NH2-terminus in type II diabetic patients and 
in healthy subjects. Diabetes 44, 1126-1131 (1995). 

162. Knudsen, L. B. Glucagon-like peptide-1: the basis of a new class of treatment for 
type 2 diabetes. J. Med. Chem. 47, 4128-4134 (2004). 

163. Thorens, B. Expression cloning of the pancreatic beta cell receptor for the gluco-
incretin hormone glucagon-like peptide 1. Proc. Natl. Acad. Sci. U. S. A. 89, 8641-8645 
(1992). 

164. Dillon, J. S. et al. Cloning and functional expression of the human glucagon-like 
peptide-1 (GLP-1) receptor. Endocrinology 133, 1907-1910 (1993). 

165. Fehmann, H. C. et al. Ligand-specificity of the rat GLP-I receptor recombinantly 
expressed in Chinese hamster ovary (CHO-) cells. Z. Gastroenterol. 32, 203-207 (1994). 

166. Hay, C. W. et al. Glucagon-like peptide-1 stimulates human insulin promoter 
activity in part through cAMP-responsive elements that lie upstream and downstream of 
the transcription start site. J. Endocrinol. 186, 353-365 (2005). 

167. Trumper, K. et al. Integrative mitogenic role of protein kinase B/Akt in beta-cells. 
Ann. N. Y. Acad. Sci. 921, 242-250 (2000). 

168. Jhala, U. S. et al. cAMP promotes pancreatic beta-cell survival via CREB-mediated 
induction of IRS2. Genes Dev. 17, 1575-1580 (2003). 

169. Vrang, N., Hansen, M., Larsen, P. J. & Tang-Christensen, M. Characterization of 
brainstem preproglucagon projections to the paraventricular and dorsomedial 
hypothalamic nuclei. Brain Res. 1149, 118-126 (2007). 

170. Mattson, M. P., Perry, T. & Greig, N. H. Learning from the gut. Nat. Med. 9, 1113-
1115 (2003). 

171. During, M. J. et al. Glucagon-like peptide-1 receptor is involved in learning and 
neuroprotection. Nat. Med. 9, 1173-1179 (2003). 



 

73 

172. Perry, T., Haughey, N. J., Mattson, M. P., Egan, J. M. & Greig, N. H. Protection and 
reversal of excitotoxic neuronal damage by glucagon-like peptide-1 and exendin-4. J. 
Pharmacol. Exp. Ther. 302, 881-888 (2002). 

173. Li, Y. et al. GLP-1 receptor stimulation preserves primary cortical and dopaminergic 
neurons in cellular and rodent models of stroke and Parkinsonism. Proc. Natl. Acad. Sci. 
U. S. A. 106, 1285-1290 (2009). 

174. Gault, V. A. & Holscher, C. GLP-1 agonists facilitate hippocampal LTP and reverse 
the impairment of LTP induced by beta-amyloid. Eur. J. Pharmacol. 587, 112-117 
(2008). 

175. Abbas, T., Faivre, E. & Holscher, C. Impairment of synaptic plasticity and memory 
formation in GLP-1 receptor KO mice: Interaction between type 2 diabetes and 
Alzheimer's disease. Behav. Brain Res. 205, 265-271 (2009). 

176. Morfini, G., Szebenyi, G., Richards, B. & Brady, S. T. Regulation of kinesin: 
implications for neuronal development. Dev. Neurosci. 23, 364-376 (2001). 

177. Grafstein, B. & Forman, D. S. Intracellular transport in neurons. Physiol. Rev. 60, 
1167-1283 (1980). 

178. Job, C. & Eberwine, J. Localization and translation of mRNA in dendrites and 
axons. Nat. Rev. Neurosci. 2, 889-898 (2001). 

179. Wong, M. Y. et al. Neuropeptide delivery to synapses by long-range vesicle 
circulation and sporadic capture. Cell 148, 1029-1038 (2012). 

180. Stokin, G. B. & Goldstein, L. S. Axonal transport and Alzheimer's disease. Annu. 
Rev. Biochem. 75, 607-627 (2006). 

181. Hirokawa, N. Cross-linker system between neurofilaments, microtubules, and 
membranous organelles in frog axons revealed by the quick-freeze, deep-etching method. 
J. Cell Biol. 94, 129-142 (1982). 

182. Hirokawa, N. Kinesin and dynein superfamily proteins and the mechanism of 
organelle transport. Science 279, 519-526 (1998). 

183. Desai, A. & Mitchison, T. J. Microtubule polymerization dynamics. Annu. Rev. Cell 
Dev. Biol. 13, 83-117 (1997). 

184. Lawrence, C. J. et al. A standardized kinesin nomenclature. J. Cell Biol. 167, 19-22 
(2004). 

185. Schroer, T. A. Dynactin. Annu. Rev. Cell Dev. Biol. 20, 759-779 (2004). 



 

74 

186. Friedman, D. S. & Vale, R. D. Single-molecule analysis of kinesin motility reveals 
regulation by the cargo-binding tail domain. Nat. Cell Biol. 1, 293-297 (1999). 

187. Kamal, A., Stokin, G. B., Yang, Z., Xia, C. H. & Goldstein, L. S. Axonal transport 
of amyloid precursor protein is mediated by direct binding to the kinesin light chain 
subunit of kinesin-I. Neuron 28, 449-459 (2000). 

188. Cavalli, V., Kujala, P., Klumperman, J. & Goldstein, L. S. Sunday Driver links 
axonal transport to damage signaling. J. Cell Biol. 168, 775-787 (2005). 

189. Morfini, G. A. et al. Axonal transport defects in neurodegenerative diseases. J. 
Neurosci. 29, 12776-12786 (2009). 

190. Cash, A. D. et al. Microtubule reduction in Alzheimer's disease and aging is 
independent of tau filament formation. Am. J. Pathol. 162, 1623-1627 (2003). 

191. Niewiadomska, G. & Baksalerska-Pazera, M. Age-dependent changes in axonal 
transport and cellular distribution of Tau 1 in the rat basal forebrain neurons. Neuroreport 
14, 1701-1706 (2003). 

192. Uchida, A. et al. Morphological and biochemical changes of neurofilaments in aged 
rat sciatic nerve axons. J. Neurochem. 88, 735-745 (2004). 

193. Kawarabayashi, T. et al. Amyloid beta protein precursor accumulates in swollen 
neurites throughout rat brain with aging. Neurosci. Lett. 153, 73-76 (1993). 

194. Cross, D. J., Flexman, J. A., Anzai, Y., Maravilla, K. R. & Minoshima, S. Age-
related decrease in axonal transport measured by MR imaging in vivo. Neuroimage 39, 
915-926 (2008). 

195. Trushina, E. et al. Mutant huntingtin impairs axonal trafficking in mammalian 
neurons in vivo and in vitro. Mol. Cell. Biol. 24, 8195-8209 (2004). 

196. Muresan, V. & Muresan, Z. Is abnormal axonal transport a cause, a contributing 
factor or a consequence of the neuronal pathology in Alzheimer's disease? Future Neurol. 
4, 761-773 (2009). 

197. Stokin, G. B. et al. Axonopathy and transport deficits early in the pathogenesis of 
Alzheimer's disease. Science 307, 1282-1288 (2005). 

198. Salehi, A. et al. Increased App expression in a mouse model of Down's syndrome 
disrupts NGF transport and causes cholinergic neuron degeneration. Neuron 51, 29-42 
(2006). 



 

75 

199. Massaad, C. A. et al. Mitochondrial superoxide contributes to blood flow and axonal 
transport deficits in the Tg2576 mouse model of Alzheimer's disease. PLoS One 5, 
e10561 (2010). 

200. Lazarov, O. et al. Impairments in fast axonal transport and motor neuron deficits in 
transgenic mice expressing familial Alzheimer's disease-linked mutant presenilin 1. J. 
Neurosci. 27, 7011-7020 (2007). 

201. Ishihara, T. et al. Age-dependent emergence and progression of a tauopathy in 
transgenic mice overexpressing the shortest human tau isoform. Neuron 24, 751-762 
(1999). 

202. Zhang, B. et al. Microtubule-binding drugs offset tau sequestration by stabilizing 
microtubules and reversing fast axonal transport deficits in a tauopathy model. Proc. 
Natl. Acad. Sci. U. S. A. 102, 227-231 (2005). 

203. Smith, K. D., Kallhoff, V., Zheng, H. & Pautler, R. G. In vivo axonal transport rates 
decrease in a mouse model of Alzheimer's disease. Neuroimage 35, 1401-1408 (2007). 

204. Kim, J., Choi, I. Y., Michaelis, M. L. & Lee, P. Quantitative in vivo measurement of 
early axonal transport deficits in a triple transgenic mouse model of Alzheimer's disease 
using manganese-enhanced MRI. Neuroimage 56, 1286-1292 (2011). 

205. Zhang, B. et al. The microtubule-stabilizing agent, epothilone D, reduces axonal 
dysfunction, neurotoxicity, cognitive deficits, and Alzheimer-like pathology in an 
interventional study with aged tau transgenic mice. J. Neurosci. 32, 3601-3611 (2012). 

206. Ebneth, A. et al. Overexpression of tau protein inhibits kinesin-dependent 
trafficking of vesicles, mitochondria, and endoplasmic reticulum: implications for 
Alzheimer's disease. J. Cell Biol. 143, 777-794 (1998). 

207. Mandelkow, E. M., Stamer, K., Vogel, R., Thies, E. & Mandelkow, E. Clogging of 
axons by tau, inhibition of axonal traffic and starvation of synapses. Neurobiol. Aging 24, 
1079-1085 (2003). 

208. Morfini, G., Pigino, G., Mizuno, N., Kikkawa, M. & Brady, S. T. Tau binding to 
microtubules does not directly affect microtubule-based vesicle motility. J. Neurosci. 
Res. 85, 2620-2630 (2007). 

209. Dixit, R., Ross, J. L., Goldman, Y. E. & Holzbaur, E. L. Differential regulation of 
dynein and kinesin motor proteins by tau. Science 319, 1086-1089 (2008). 

210. LaPointe, N. E. et al. The amino terminus of tau inhibits kinesin-dependent axonal 
transport: implications for filament toxicity. J. Neurosci. Res. 87, 440-451 (2009). 



 

76 

211. McVicker, D. P., Chrin, L. R. & Berger, C. L. The nucleotide-binding state of 
microtubules modulates kinesin processivity and the ability of Tau to inhibit kinesin-
mediated transport. J. Biol. Chem. 286, 42873-42880 (2011). 

212. Decker, H., Lo, K. Y., Unger, S. M., Ferreira, S. T. & Silverman, M. A. Amyloid-
beta peptide oligomers disrupt axonal transport through an NMDA receptor-dependent 
mechanism that is mediated by glycogen synthase kinase 3beta in primary cultured 
hippocampal neurons. J. Neurosci. 30, 9166-9171 (2010). 

213. Tang, Y. et al. Early and selective impairments in axonal transport kinetics of 
synaptic cargoes induced by soluble amyloid beta-protein oligomers. Traffic 13, 681-693 
(2012). 

214. Chung, C. Y., Koprich, J. B., Siddiqi, H. & Isacson, O. Dynamic changes in 
presynaptic and axonal transport proteins combined with striatal neuroinflammation 
precede dopaminergic neuronal loss in a rat model of AAV alpha-synucleinopathy. J. 
Neurosci. 29, 3365-3373 (2009). 

215. Hammond, J. W. et al. Mammalian Kinesin-3 motors are dimeric in vivo and move 
by processive motility upon release of autoinhibition. PLoS Biol. 7, e72 (2009). 

216. Dillman, J. F.,3rd & Pfister, K. K. Differential phosphorylation in vivo of 
cytoplasmic dynein associated with anterogradely moving organelles. J. Cell Biol. 127, 
1671-1681 (1994). 

217. Kardon, J. R. & Vale, R. D. Regulators of the cytoplasmic dynein motor. Nat. Rev. 
Mol. Cell Biol. 10, 854-865 (2009). 

218. Morfini, G. A. et al. Axonal transport defects in neurodegenerative diseases. J. 
Neurosci. 29, 12776-12786 (2009). 

219. Morfini, G., Pigino, G., Beffert, U., Busciglio, J. & Brady, S. T. Fast axonal 
transport misregulation and Alzheimer's disease. Neuromolecular Med. 2, 89-99 (2002). 

220. Pigino, G. et al. Alzheimer's presenilin 1 mutations impair kinesin-based axonal 
transport. J. Neurosci. 23, 4499-4508 (2003). 

221. Morfini, G. et al. A novel CDK5-dependent pathway for regulating GSK3 activity 
and kinesin-driven motility in neurons. EMBO J. 23, 2235-2245 (2004). 

222. Plattner, F., Angelo, M. & Giese, K. P. The roles of cyclin-dependent kinase 5 and 
glycogen synthase kinase 3 in tau hyperphosphorylation. J. Biol. Chem. 281, 25457-
25465 (2006). 



 

77 

223. LaPointe, N. E. et al. The amino terminus of tau inhibits kinesin-dependent axonal 
transport: implications for filament toxicity. J. Neurosci. Res. 87, 440-451 (2009). 

224. Kanaan, N. M. et al. Pathogenic forms of tau inhibit kinesin-dependent axonal 
transport through a mechanism involving activation of axonal phosphotransferases. J. 
Neurosci. 31, 9858-9868 (2011). 

225. Kanaan, N. M. et al. Phosphorylation in the amino terminus of tau prevents 
inhibition of anterograde axonal transport. Neurobiol. Aging 33, 826.e15-826.e30 (2012). 

226. Kaech, S. & Banker, G. Culturing hippocampal neurons. Nat. Protoc. 1, 2406-2415 
(2006). 

227. Kwinter, D. M., Lo, K., Mafi, P. & Silverman, M. A. Dynactin regulates 
bidirectional transport of dense-core vesicles in the axon and dendrites of cultured 
hippocampal neurons. Neuroscience 162, 1001-1010 (2009). 

228. Chiu, S. L., Chen, C. M. & Cline, H. T. Insulin receptor signaling regulates synapse 
number, dendritic plasticity, and circuit function in vivo. Neuron 58, 708-719 (2008). 

229. Hooper, C., Killick, R. & Lovestone, S. The GSK3 hypothesis of Alzheimer's 
disease. J. Neurochem. 104, 1433-1439 (2008). 

230. Cross, D. A., Alessi, D. R., Cohen, P., Andjelkovich, M. & Hemmings, B. A. 
Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B. Nature 
378, 785-789 (1995). 

231. Ally, S., Larson, A. G., Barlan, K., Rice, S. E. & Gelfand, V. I. Opposite-polarity 
motors activate one another to trigger cargo transport in live cells. J. Cell Biol. 187, 
1071-1082 (2009). 

232. Uchida, A., Alami, N. H. & Brown, A. Tight functional coupling of kinesin-1A and 
dynein motors in the bidirectional transport of neurofilaments. Mol. Biol. Cell 20, 4997-
5006 (2009). 

233. Welte, M. A. Fat on the move: intracellular motion of lipid droplets. Biochem. Soc. 
Trans. 37, 991-996 (2009). 

234. Jolly, A. L. & Gelfand, V. I. Bidirectional intracellular transport: utility and 
mechanism. Biochem. Soc. Trans. 39, 1126-1130 (2011). 

235. De Vos, K. J., Grierson, A. J., Ackerley, S. & Miller, C. C. Role of axonal transport 
in neurodegenerative diseases. Annu. Rev. Neurosci. 31, 151-173 (2008). 



 

78 

236. Talbot, K. et al. Demonstrated brain insulin resistance in Alzheimer's disease 
patients is associated with IGF-1 resistance, IRS-1 dysregulation, and cognitive decline. 
J. Clin. Invest. 122, 1316-1338 (2012). 

237. Pei, J. J. et al. Localization of active forms of C-jun kinase (JNK) and p38 kinase in 
Alzheimer's disease brains at different stages of neurofibrillary degeneration. J. 
Alzheimers Dis. 3, 41-48 (2001). 

238. Zhu, X. et al. Activation and redistribution of c-jun N-terminal kinase/stress 
activated protein kinase in degenerating neurons in Alzheimer's disease. J. Neurochem. 
76, 435-441 (2001). 

239. Park, S. Y. & Ferreira, A. The generation of a 17 kDa neurotoxic fragment: an 
alternative mechanism by which tau mediates beta-amyloid-induced neurodegeneration. 
J. Neurosci. 25, 5365-5375 (2005). 

240. Rui, Y., Tiwari, P., Xie, Z. & Zheng, J. Q. Acute impairment of mitochondrial 
trafficking by beta-amyloid peptides in hippocampal neurons. J. Neurosci. 26, 10480-
10487 (2006). 

241. Vossel, K. A. et al. Tau reduction prevents Abeta-induced defects in axonal 
transport. Science 330, 198 (2010). 

242. Weaver, C. et al. Endogenous GSK-3/shaggy regulates bidirectional axonal 
transport of the amyloid precursor protein. Traffic 14, 295-308 (2013). 

243. Pigino, G. et al. Disruption of fast axonal transport is a pathogenic mechanism for 
intraneuronal amyloid beta. Proc. Natl. Acad. Sci. U. S. A. 106, 5907-5912 (2009). 

244. Hiruma, H., Katakura, T., Takahashi, S., Ichikawa, T. & Kawakami, T. Glutamate 
and amyloid beta-protein rapidly inhibit fast axonal transport in cultured rat hippocampal 
neurons by different mechanisms. J. Neurosci. 23, 8967-8977 (2003). 

245. Lo, K. Y., Kuzmin, A., Unger, S. M., Petersen, J. D. & Silverman, M. A. KIF1A is 
the primary anterograde motor protein required for the axonal transport of dense-core 
vesicles in cultured hippocampal neurons. Neurosci. Lett. 491, 168-173 (2011). 

246. Pei, J. J. et al. Role of protein kinase B in Alzheimer's neurofibrillary pathology. 
Acta Neuropathol. 105, 381-392 (2003). 

247. Zhao, Y. et al. Insulin rescues ES cell-derived neural progenitor cells from apoptosis 
by differential regulation of Akt and ERK pathways. Neurosci. Lett. 429, 49-54 (2007). 



 

79 

248. Morfini, G., Szebenyi, G., Elluru, R., Ratner, N. & Brady, S. T. Glycogen synthase 
kinase 3 phosphorylates kinesin light chains and negatively regulates kinesin-based 
motility. EMBO J. 21, 281-293 (2002). 

249. Pigino, G. et al. Disruption of fast axonal transport is a pathogenic mechanism for 
intraneuronal amyloid beta. Proc. Natl. Acad. Sci. U. S. A. 106, 5907-5912 (2009). 

250. Wheeler, M. B. et al. Functional expression of the rat pancreatic islet glucose-
dependent insulinotropic polypeptide receptor: ligand binding and intracellular signaling 
properties. Endocrinology 136, 4629-4639 (1995). 

251. Martin, B. et al. Exendin-4 improves glycemic control, ameliorates brain and 
pancreatic pathologies, and extends survival in a mouse model of Huntington's disease. 
Diabetes 58, 318-328 (2009). 

252. Li, Y. et al. GLP-1 receptor stimulation preserves primary cortical and dopaminergic 
neurons in cellular and rodent models of stroke and Parkinsonism. Proc. Natl. Acad. Sci. 
U. S. A. 106, 1285-1290 (2009). 

 


	EthicsStatement_2012_noPnumber.pdf
	Ethics Statement


