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Abstract 

Neurons rely on microtubule-based, fast axonal transport of proteins and organelles for 

development, communication and survival.  FAT impairment precedes overt cellular 

toxicity in multiple neurodegenerative diseases, including Alzheimer’s disease (AD).  

Intracellular Ca2+ dysregulation is also widely implicated in early AD pathogenesis; 

however, its role in transport impairment is unknown.  Our lab was first to demonstrate 

that soluble amyloid-β oligomers (AβOs), proximal neurotoxins in AD, impair vesicular 

transport of axonal brain-derived neurotrophic factor (BDNF).  Contrary to a central 

paradigm, I show that BDNF transport is blocked independent of the microtubule-

associated protein, tau, microtubule destabilization, and acute cell death.  Significantly, 

BDNF transport is impaired by non-excitotoxic activation of calcineurin (CaN), a Ca2+-

dependent phosphatase.  Based on these findings, I investigated Ca2+-dependent 

mechanisms that underlie the spatiotemporal progression of AβO-induced transport 

defects and dysregulate KIF1A, the primary kinesin motor required for BDNF transport.  

Because CaN and its effectors, protein phosphatase-1 (PP1) and glycogen synthase 

kinase 3β (GSK3β), are present in both dendrites and axons, I investigated if 

postsynaptic AβO binding impairs dendritic transport prior to FAT disruption.  AβOs 

induce dendritic and axonal BDNF transport defects simultaneously; however, maximal 

dendritic transport defects are observed prior to maximal impairment of FAT.  I 

correlated the spatiotemporal progression of transport defects with Ca2+ elevation and 

CaN activation in dendrites and subsequently in axons.  Postsynaptic CaN activation 

converges on axonal Ca2+ dysregulation to impair FAT.  Specifically, AβOs colocalize 

with axonal VGCCs, and blocking VGCCs prevents FAT defects.  Finally, BDNF 

transport defects are prevented by dantrolene, a compound that reduces Ca2+-induced- 

Ca2+ release through ryanodine receptors in axonal and dendritic ER membranes.  

Together, these mechanisms activate CaN-PP1-GSK3β signaling and lead to inhibitory 

phosphorylation of KIF1A at a highly conserved consensus site within its dimerization 

domain.  Collectively, this thesis establishes novel roles for Ca2+ dysregulation in BDNF 

transport disruption and tau-independent toxicity during early AD pathogenesis. 

Keywords:  Alzheimer’s disease; amyloid-β oligomers; axonal transport; intracellular 
Ca2+ dysregulation; KIF1A inhibition; tau-independent toxicity 
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Chapter 1. General Introduction 

1.1. Microtubule-based transport in neuronal physiology 

1.1.1. Neuronal structure and chemical neurotransmission 

Thought, perception, memory, and behaviour are dependent upon the function of 

the nervous system.  Polarized nerve cells, or neurons, comprise the nervous system 

and typically consist of a cell body with branched, tapered dendrites and a long, thin 

axon of even calibre.  The cell body contains the nucleus, endoplasmic reticulum, and 

Golgi apparatus and thus serves as the principal site for protein synthesis and post-

translational modification (Craig and Banker, 1994).  Dendrites receive and decode 

electrical signals at small, dynamic protrusions, termed spines.  The axon can transmit 

electrical signals over distances ranging from 0.1 mm to 2 m.  These electrical signals, 

termed action potentials, are initiated at a specialized region near the origin of the axon 

called the initial segment.  Action potentials propagate rapidly along the axon in a 

unidirectional manner, without failure or distortion, and are regenerated at regular 

intervals along the axon.  Near its end, the axon divides into fine branches that contact 

other neurons at specialized zones of communication, known as synapses.  Upon arrival 

of an action potential at the axon terminal and localized Ca2+ influx through voltage-

sensitive channels, vesicular neurotransmitters and signaling peptides are released from 

the presynaptic membrane and diffuse across the synaptic cleft.  Subsequently, they 

bind and activate receptors within the postsynaptic membrane of dendritic spines.  

These receptors cause ion channels to open by direct and indirect mechanisms, thereby 

changing the membrane conductance and electrical potential of the postsynaptic cell.  

Ionotropic receptors gate ion channels directly; upon neurotransmitter binding, the 

receptor undergoes a conformational change that opens the channel.  In contrast, 

activation of metabotropic receptors stimulates the production of second messengers, 

which activate downstream protein kinases that indirectly modulate channel activity 
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(Kandel et al., 2013).  Collectively, these actions can alter the excitability of neurons and 

the strength of the synaptic connections within neural circuits.  This process is crucial for 

reinforcing neural pathways that underlie learning and memory (Bliss and Collingridge, 

1993). 

1.1.2. Axonal transport in development, communication, and 
survival 

Microtubule-based intracellular transport is required by all eukaryotic cells for 

proper spatiotemporal delivery of proteins and organelles (Figure 1.1).  Intracellular 

transport is particularly critical for neurons due to their extreme morphological 

dimensions, polarity, and need for efficient communication between the cell body and 

distal neurites.  Cytosolic proteins and cytoskeletal proteins, such as neurofilament 

subunits and tubulin, are moved from the cell body by slow axonal transport, ranging 

from 0.2 to 2.5 mm per day.  In contrast, large membranous organelles are moved to 

and from the axon terminals by fast axonal transport (FAT), which can exceed 400 mm 

per day.  Because the axon is largely devoid of biosynthetic machinery, it relies on FAT 

to supply axon terminals with neurotrophic factors, lipids and mitochondria, and to 

prevent accumulation of toxic aggregates by clearing recycled or misfolded proteins 

(Hinckelmann et al., 2013; Millecamps and Julien, 2013).  Bidirectional FAT is driven by 

kinesin and cytoplasmic dynein (called dynein hereafter) motor proteins that use ATP 

hydrolysis to transport cargoes anterogradely towards the synapse or retrogradely 

towards the cell body, respectively.  Additionally, protein complexes, termed adaptors, 

are associated with molecular motors and regulate specific cargo interactions by 

integrating extracellular and intracellular signals (Fu and Holzbaur, 2014).  During 

neuronal development, c-Jun N-terminal protein kinase-interacting protein (JIP1) links 

Rab10 GTPase to conventional kinesin-1.  JIP1 thereby mediates anterograde transport 

of Rab10-positive vesicles that contain lipids and membrane proteins for axonal 

elongation and polarity (Deng et al., 2014).  Furthermore, FAT delivers preassembled 

vesicles to prospective sites of presynaptic terminal formation.  Fasciculation and 

elongation protein zeta-1(FEZ1) functions as a kinesin-1 adaptor for transport of 

syntaxin-1 and Munc18, two proteins required for neurotransmitter vesicle exocytosis at 

the presynaptic plasma membrane.  Loading and unloading of these cargoes is 
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regulated by protein kinases (Chua et al., 2012).  Finally, FAT is crucial for protecting 

axons from damage inflicted by reactive oxygen species generation and oxygen-glucose 

deprivation. Following both insults, expression of nicotinamide mononucleotide 

adenyltransferase rescues bidirectional transport of mitochondria and vesicles 

containing axonal membrane proteins (Fang et al., 2014).  These studies illustrate 

essential roles of FAT in neuronal development, communication and survival.   

 

Figure 1.1 Axonal and dendritic transport 

(A) A typical pyramidal neuron extends several branched dendrites and a single axon.  (B) 
Kinesin motor proteins bind a variety of axonal cargoes, including APP, mitochondria, and 
synaptic vesicle precursors, and transport them anterogradely towards the synapse.  (C) In 
dendrites, kinesins transport postsynaptic cargoes, such as NMDARs, AMPARs, and RNA-
containing granules.  Reproduced with permission from Hirokawa and Takemura, 2005. 

1.1.3. Structures, functions, and regulation of conventional 
kinesin-1 (KIF5) and kinesin-3 (KIF1A) 

The human and mouse genomes contain more than 40 kinesin genes, which are 

categorized into 14 subfamilies based on phylogenetically conserved similarities in their 
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motor domains and in other parts of the proteins (Miki et al., 2001; Lawrence et al., 

2004; Hirokawa et al., 2010).  Much of the current knowledge on structures, 

mechanochemical cycles, and regulation of kinesin motors is based on studies of 

conventional kinesin (kinesin-1, KIF5), the founding member of the kinesin superfamily 

(Figure 1.2).  KIF5 is abundantly expressed in neurons, where it transports diverse 

membranous and non-membranous cargoes.  Kinesin-1 is a heterotetramer that consists 

of two heavy chains (KHCs) and two light chains (KLCs) (Bloom et al., 1988). Mammals 

contain three KHC isoforms (KIF5A, B, and C) that form homo- or heterodimers.  KIF5A 

and 5C are specific to the nervous system (Niclas et al., 1994; Kanai et al., 2000). Each 

KHC contains a globular head motor domain that binds to microtubules and hydrolyzes 

ATP, a neck linker, a stalk that is involved in dimerization, and a tail that inhibits the 

ATPase activity of the head and also binds to microtubules (Dietrich et al., 2008; Wong 

and Rice, 2010; Kaan et al., 2011). In mammals, four KLC isoforms (KLC 1-4) promote 

activation of kinesin-1 for cargo transport by simultaneously suppressing tail-head and 

tail-microtubule interactions (Gyoeva et al., 2004; Wong and Rice, 2010).  In the 

absence of cargo, KLC1 maintains kinesin-1 in a soluble, autoinhibited state.  Upon 

cargo binding to KLC1, autoinhibition is relieved, and the motor-cargo complex 

translocates along microtubules.  KLCs are also critical for selective cargo binding.  They 

consist of two major domains: a coiled-coil domain, which interacts with the stalk domain 

of KHC to form the tetramer (Diefenbach et al., 1998), and a series of 6 tandem repeats, 

termed tetratricopeptide repeats (TPRs), which mediate protein-protein interactions 

(Stenoien and Brady, 1997; Gindhart et al., 1998; Verhey et al., 2001; Pernigo et al., 

2013).  Downstream of the TPR domain is the C-terminal domain, which varies in both 

size and sequence.  It is postulated that variation in the C-terminal sequences and 3’-

untranslated regions is vital for targeting kinesin-1 to different cellular structures (McCart 

et al., 2003).  Variant B preferentially binds to mitochondria (Khodjakov et al., 1998), 

whereas D and E associate with rough ER (Wozniak and Allan, 2006) and Golgi 

membranes (Gyoeva et al., 2000).  To date, 19 variants of KLC1 have been identified in 

humans, with the calculated potential to produce 285,919 spliceforms (McCart et al., 

2003).  Expression levels, functions, and regulatory mechanisms of many neuronal KLC 

variants have yet to be discovered in healthy and disease states. 
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Other kinesins possess evolutionary adaptations in their cargo-binding and motor 

domains that generate diversity in cargo selection, motor processivity, regulation, 

subcellular localization, and physiological roles.  Of particular relevance to this work, 

kinesin-3 family members are characterized by high sequence conservation within their 

motor domains, a forkhead-associated domain, and a C-terminal cargo-binding domain 

such as a pleckstrin homology, Phox homology, or liprin-binding domain (Shin et al., 

2003; Miki et al., 2005) (Figure 1.2).   UNC-104, the founding member of the kinesin-3 

family, was identified in C. elegans and implicated in transport of synaptic vesicle 

precursors to the axon terminal (Hall and Hedgecock, 1991; Otsuka et al., 1991).  

KIF1A, the mammalian homologue of UNC-104, associates with membranous 

organelles containing synaptic vesicle proteins, such as synaptotagmin, synaptophysin, 

and Rab3A (Okada et al., 1995).  KIF1A is also required for FAT of large dense core 

vesicles (DCVs) (Yonekawa et al., 1998; Barkus et al., 2008; Lo et al., 2011).  Unlike 

synaptic vesicles, DCVs are formed and filled with secretory neuropeptides, including 

brain-derived neurotrophic factor (BDNF; see Section 1.6), in the cell body and must be 

transported over long distances to presynaptic and postsynaptic sites of release.  KIF1A 

is well suited for DCV transport because it is highly processive, implying that it is fast 

and remains bound to microtubules for long durations, and, like KIF5A, exhibits varied 

mechanisms for binding to different cargoes (Klopfenstein and Vale, 2004; Hirokawa and 

Noda, 2008).  The precise mechanism for KIF1A binding to DCVs is unknown. 

In the absence of cargo, kinesin motors are kept inactive to prevent futile ATP 

hydrolysis and motility.  Studies on mechanisms of KIF1A motor regulation have yielded 

conflicting results (Verhey et al., 2011).  Some models contend that KIF1A is monomeric 

in the inactive state, and that activation results from concentration-driven dimerization 

prior to cargo binding or on the cargo surface (Klopfenstein et al., 2002; Tomishige et al., 

2002).  Other findings show that KIF1A is dimeric in the inactive state and is therefore 

not activated by cargo-induced dimerization (Hammond et al., 2009); rather, KIF1A 

motors are autoinhibited by two distinct mechanisms, and dimeric KIF1A motors are 

activated by cargo binding (Soppina et al., 2014).  Furthermore, although both KIF1A 

monomers and dimers can diffuse along the microtubule surface, only dimeric motors 

undergo ATP-dependent, superprocessive motility.  This property is intrinsic to the 

KIF1A motor domain, rendering it ideal for driving long-distance transport in neurons.  
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Intriguingly, KIF1A processivity is modulated by the p150 subunit of the dynactin 

complex (Culver-Hanlon et al., 2006; Berezuk and Schroer, 2007), which associates 

directly with dynein and participates in the coordination of bidirectional DCV transport 

(Kwinter et al., 2009).  This may be accomplished by switching a particular motor “on” or 

“off” depending on the direction of travel, or by facilitating cargo binding of one motor 

protein class over the other (Welte, 2004).  Irrespective of the mechanism, dynactin is 

postulated to serve as a platform for motor-cargo binding and coordination (Schroer, 

2004).  Notably, disrupting an interaction between dynactin and carboxypeptidase-E 

perturbs bidirectional transport of vesicular BDNF (Park et al., 2008).  Recent work has 

shown that bidirectional transport, mediated by KIF1A and dynein/dynactin, is crucial for 

driving the continuous circulation of axonal DCVs in Drosophila motor neurons and relies 

on a switch in the driving motor at opposite ends of the circuit (Moughamian and 

Holzbaur, 2012; Wong et al., 2012).  Ultimately, this mechanism yields an equal 

distribution of DCVs among synapses, despite sporadic and inefficient capture of 

vesicles at synaptic release sites, and ensures robust neurotransmission.  Indeed, 

mutations in KIF1A perturb synaptic vesicle distribution and lead to neurodegeneration in 

mammalian neurons (Riviere et al., 2011; Klebe et al., 2012). 

 

Figure 1.2 Structures of KIF5 and KIF1A 

KIF5 is a heterotetramer that consists of two heavy chains (KHCs) and two light chains (KLCs).  
Each KHC contains a globular head motor domain, a neck linker, a stalk that is involved in 
dimerization, and a tail that inhibits the ATPase activity and binds microtubules.  KLC isoforms 
promote activation of kinesin-1 for cargo transport.  KIF1A contains a motor domain, a forkhead 
associated domain, and a cargo-binding domain such as a pleckstrin homology (PH) domain. 
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1.1.4. Structure, functions, and regulation of cytoplasmic dynein 

Dynein performs a wide variety of basic cellular functions, such as transport of 

organelles, vesicles, proteins, and mRNA, maintenance of the Golgi apparatus, 

endosome recycling, and the positioning of the mitotic spindle (Yadav and Linstedt, 

2011; Lipka et al., 2013; McNally, 2013).  In neurons, it is required for migration, 

polarized trafficking into dendrites, and retrograde axonal transport (Vallee et al., 2009; 

Kapitein and Hoogenraad, 2011).  The dynein molecule is a large (1.6 MDa) complex 

that contains two identical copies of heavy chains (HC), intermediate chains (IC), light 

intermediate chains (LIC), and light chains (LC8, LC7, TCTex).  The HCs comprise the 

motor subunit, and together with six adjacent modules at the C-terminus, are responsible 

for ATP hydrolysis, microtubule binding, and generation of motile force (Cho and Vale, 

2012).  Five other subunits associate with the N-terminal region of the motor subunit to 

form a tail that binds to cargoes.  Besides this core complex, other proteins regulate 

dynein function and localization (Kardon and Vale, 2009).  Dynactin, purified as an 

activator of dynein, interacts with dynein ICs through its p150Glued subunit.  p150Glued 

regulates dynein-cargo interactions, coordinates bidirectional transport, and facilitates 

dynein processivity by providing additional microtubule binding (Gill et al., 1991; Culver-

Hanlon et al., 2006; Berezuk and Schroer, 2007).  Recent studies contend that the 

dynein-dynactin complex is stabilized by the coiled-coil adaptor, Bicaudal 2 (BICD2), 

which significantly increases the speed and run length of the motor complex along 

microtubules and prevents futile ATP hydrolysis (McKenney et al., 2014; Schlager et al., 

2014).  Formation of this tripartite complex is postulated to improve coordination 

between the motor heads and/or increase the rigidity of the complex, which could 

increase processivity and enhance force production (Allan, 2014).  Mutations in dynein 

HC, p150Glued and BICD2 are directly linked to neurodegenerative diseases such as 

Charcot-Marie-Tooth disease, amyotrophic lateral sclerosis, and congenital spinal 

muscular atrophy (Lipka et al., 2013).  Moreover, expression of dynein IC is reduced in 

the frontal cortex of Alzheimer’s disease patients (Morel et al., 2012).  Due to the size 

and complexity of dynein, the existence of multiple isoforms for all subunits, and the lack 

of specific antibodies, mechanisms that regulate dynein-mediated transport, particularly 

of DCVs in healthy and disease states, are poorly understood relative to kinesin-based 

transport. 
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1.2. Transport defects in Alzheimer’s disease 

Due to their extreme morphological dimensions, polarity, and need for efficient 

communication between the cell body and distal neurites, neurons are particularly 

susceptible to FAT impairment.  Substantial evidence implicates defective FAT in 

neurodegenerative diseases, and “transport-opathies” such as amyotrophic lateral 

sclerosis, Huntington’s disease, and Alzheimer’s disease (AD) have been reviewed 

extensively (Goldstein, 2012; Hinckelmann et al., 2013; Millecamps and Julien, 2013).  

Damage to axonal transport in these diseases typically involves disruption of motor-

cargo binding or motor-microtubule interactions.  Early neuropathology studies reported 

microtubule destabilization, synapse loss, and dystrophic neurites that exhibited 

morphological features of impaired transport (Terry, 1998).  These changes were initially 

attributed to sporadic mutations or environmental insults that induced aggregation of 

toxic proteins and disrupted cellular metabolism and homeostasis (Goldstein, 2012; 

Hinckelmann et al., 2013).  However, recent discoveries that genetic mutations in 

kinesins, dynein, adaptors, and microtubule-related proteins lead to neurodegeneration 

suggest a causal role for FAT in disease progression (Dumanchin et al., 1998; Lazarov 

et al., 2007; Farrer et al., 2009; Twelvetrees et al., 2010; Hinckelmann et al., 2013). 

1.2.1. Amyloid-β generation and accumulation 

Alzheimer’s disease (AD) is the most prevalent cause of age-related dementia.  

Early-onset, familial AD (FAD) accounts for <5% of all cases, while late-onset, sporadic 

AD (SAD) comprises >95% and is not clearly linked to dominant or recessive mutations 

(Avramopoulos, 2009).  Symptoms common to both forms of AD include deficits in 

spatial learning and memory, which are associated with degeneration in cognitive areas 

of the brain, such as the hippocampus and cortex.  Two lesions represent hallmark 

diagnostic features of AD: extracellular amyloid-β (Aβ) plaques and intracellular 

neurofibrillary tangles (NFTs) comprised of aggregated tau protein.  Aβ is generated 

when the amyloid precursor protein (APP) is misprocessed and undergoes a toxic gain 

of function (Figure 1.3).  Full-length APP is a transmembrane protein that is translated at 

the ER, glycosylated and phosphorylated in the Golgi, and trafficked to the plasma 

membrane in post-Golgi carriers (Jiang et al., 2014).  Proteolytic processing of APP 
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occurs by one of two pathways.  In the prevalent non-amyloidogenic pathway, APP is 

first cleaved by α-secretase within the Aβ domain, thereby preventing Aβ production.  

The larger N-terminal fragment is secreted (sAPPα), whereas the smaller C-terminal 

fragment (C83) is further cleaved by γ-secretase and is readily degraded.  During 

amyloidogenic processing, APP is first cleaved by β-secretase (β-site APP cleaving 

enzyme 1; BACE).  The C-terminal product is subsequently cleaved by γ-secretase, a 

multi-subunit protein complex in which presenilin 1 (PS1) or PS2 is the catalytic subunit, 

producing Aβ (Citron et al., 1997; Zhang et al., 2013).   

 

Figure 1.3 Proteolytic processing of the amyloid precursor protein (APP) 

(Left) In non-amyloidogenic processing, cleavage by α-secretase releases a large amyloid 
precursor protein (sAPPα) ectodomain and an 83-residue C-terminal fragment. C83 is then 
digested by γ-secretase, liberating extracellular p3 and the amyloid intracellular domain (AICD).  
(Right) In amyloidogenic processing, cleavage by beta-site amyloid precursor protein–cleaving 
enzyme 1 (BACE-1) releases a shortened sAPPα. The retained C99 is also a γ-secretase 
substrate, generating Aβ and AICD. γ-Secretase cleavage occurs within the cell membrane, 
producing sAPPα and sAPPβ fragments. AICD is released into the cytoplasm after progressive ε-
to-γ cleavages by γ-secretase. AICD is targeted to the nucleus, signaling transcription activation. 
Lipid rafts are tightly packed membrane micro-environments enriched in sphingomylelin, 
cholesterol, and glycophosphatidylinositol (GPI)–anchored proteins. Soluble Aβ is prone to 
aggregation. Reproduced with permission from Querforth and LaFerla, 2010.  Copyright 
Massachusetts Medical Society. 

Intracellular Aβ (iAβ) peptides are generated wherever APP and secretase 

complexes are present: localized to the ER, trans-Golgi network, endosomal, lysosomal, 

and mitochondria membranes, or en route to the plasma membrane (LaFerla et al., 

2007) (Figure 1.4).   At the ER membrane, iAβ activates apoptotic JNK signaling and 
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alters transcriptional profiles through the unfolded protein response, increasing levels of 

pro-apoptotic factors and BACE.  Upon induction of ER stress, immature APP binds to 

the KDEL protein binding immunoglobin protein (BiP)/GRP78, which permits sorting into 

COPI vesicles for retrograde transport in post-ER compartments.  In AD, APP is 

insufficiently cleared by BiP and endoplasmic-reticulum-associated protein degradation 

(ERAD), and its retention in early compartments of the secretory pathway increases Aβ 

generation by BACE cleavage (Kudo et al., 2006; Roussel et al., 2012; Li et al., 2013).  

Aberrant accumulation of iAβ in mitochondria leads to impairment of oxidative 

phosphorylation, increased ROS production, Ca2+ mishandling, and activation of 

apoptotic cascades (Pagani and Eckert, 2011).  Although it is not precisely known how 

APP transport regulates Aβ generation, several reports explain the influence of vesicle 

formation and trafficking on protein processing and vesicle composition (Kuliawat and 

Arvan, 1994; Duncan et al., 2003; Handley et al., 2007; Dikeakos et al., 2009).  The 

exact composition of APP-containing vesicles is contentious.  One view asserts that APP 

and BACE are co-transported in the same vesicle (Kamal et al., 2001). In this model, 

APP binds directly to KLC1 and acts as a KHC motor adaptor (Kamal et al., 2000).  

Impaired transport could lead to premature proteolysis of APP and accumulation of Aβ in 

subcellular locations where it cannot be properly cleared.  Conversely, other reports 

have failed to demonstrate a direct interaction between KLC1 and APP, and it is unclear 

whether APP-containing vesicles include secretases (Lazarov et al., 2005).  

Alternatively, APP vesicles may aberrantly fuse with BACE-containing endosomes (Das 

et al., 2013).   In this model, fusion may be promoted by a JIP1-KLC association, which 

alters the directionality of APP transport and increases the probability of vesicle 

mislocalization (Fu and Holzbaur, 2013).  Taken together, these studies support 

causative roles for iAβ and its transport in early AD pathogenesis. 

Extracellular Aβ is generated by APP misprocessing at the plasma membrane.  

Cleavage by γ-secretase releases two major monomeric Aβ isoforms: Aβ1-40 

predominates and remains soluble; however, Aβ1-42 is more prone to aggregation and is 

thus the major constituent of fibrils and plaques in AD patients (Querfurth and LaFerla, 

2010).  During AD progression, Aβ production shifts from Aβ1-40 to Aβ1-42.  Although not 

fully characterized, this shift is driven by FAD mutations in APP, PS1, or PS2 (Citron et 

al., 1997; Zhang et al., 2013).  Interestingly, Aβ1-40 can impair fibril formation and prevent 
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neuronal death; thus, reduced production of this isoform may impede Aβ clearance (Zou 

et al., 2003; Yan and Wang, 2007; Jan et al., 2008).  The normal function of Aβ is largely 

unclear.  In picomolar amounts, it is neuroprotective and aids cellular mechanisms of 

learning and memory (Puzzo et al., 2008; Puzzo et al., 2011); however, in micromolar 

amounts, Aβ acquires many toxic properties. Although Aβ fibrils and plaques are 

ubiquitous in AD brain, they correlate poorly with the severity of dementia in transgenic 

mouse models and patients (Herrup, 2010). 

 

Figure 1.4 Generation of intracellular amyloid-β (Aβ) 

Full-length APP is translated at the ER, glycosylated and phosphorylated in the Golgi, and 
trafficked to the plasma membrane in post-Golgi carriers.  Intracellular Aβ peptides are generated 
wherever APP and secretase complexes are present: localized to the ER membrane (1), trans-
Golgi network (2), or within Golgi-derived vesicles (3). The exact composition of APP-containing 

vesicles is contentious.  (Right) APP and the amyloidogenic processing enzyme, -secretase 
(BACE1), are packaged into the same Golgi-derived vesicle. (Left) Alternatively, APP and BACE1 
may reside in different vesicle populations.  Altered transport may lead to mislocalization and/or 
increased fusion of APP and BACE1 containing vesicles. Aβ generated at the plasma membrane 
may be released (4), and extracellular Aβ may be internalized and degraded through the 
endosome-lysosome pathway (5). 
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1.2.2. Failure of amyloid-β clearance in aging and sporadic AD 

Neuronal aging greatly increases the risk of developing sporadic AD (SAD).  

Aging is associated with cumulative oxidative damage to proteins and membranes, 

translational errors leading to the synthesis of defective proteins, and various genetic 

and environmental insults to organelles and proteins (Roy et al., 2002; Sohal et al., 

2002; Troen, 2003). In some age-related neurodegenerative diseases, including AD, 

gene mutations may generate misfolded or damaged forms of proteins and their 

metabolites, leading to increased proteolytic resistance and accumulation (Saido and 

Leissring, 2012).  Inefficient elimination of these toxic cellular constituents compromises 

the ability of a neuron to withstand further insults and is postulated to cause SAD 

(Selkoe, 2001; Tanzi et al., 2004).  Intracellular and extracellular mechanisms of 

proteolytic degradation enable greater Aβ clearance (8.3% per hour in humans) than 

production (7.6%), regulating Aβ steady-state levels and limiting its accumulation under 

physiological conditions (Bateman et al., 2006).  In AD patients, Aβ clearance rate is 

significantly reduced, emphasizing its importance in disease progression (Mawuenyega 

et al., 2010). 

The ubiquitin-proteosome and the autophagic-lysosomal systems are mainly 

responsible for the intracellular turnover of proteins and organelles.  The former process 

involves selective degradation of proteins with short half-lives, which are marked for 

elimination by covalent ligation of ubiquitin (Ihara et al., 2012).  Studies have shown that 

full-length APP is ubiquitinated under physiological conditions (Morel et al., 2013) and 

upon proteasome inhibition (Watanabe et al., 2012).  It is hypothesized that ubiquitinated 

APP destined for proteosomal degradation is shunted away from sites where secretase 

complexes reside (Wang and Saunders, 2014).  Given that ubiquitin-proteosome 

dysfunction is associated with aging and neurodegenerative diseases including SAD 

(Kourtis and Tavernarakis, 2011; Riederer et al., 2011), APP may be unable to evade 

amyloidogenic secretase cleavage.  Indeed, reduced ubiquitination perturbs APP 

trafficking (Morel et al., 2013) and leads to Aβ accumulation within the Golgi apparatus 

(El Ayadi et al., 2012).  The autophagic-lysosomal system is the sole pathway for 

degradation of organelles and large protein aggregates or inclusions. Aβ is generated 

during autophagic turnover of APP-containing organelles and is subsequently degraded 
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by lysosomes (Yu et al., 2005).  Autophagosomes actively form within neuronal 

processes and synapses, but efficient clearance of these compartments requires their 

retrograde transport towards the cell body, where fusion with abundant lysosomes 

occurs.  In aging and AD, maturation and retrograde transport of autophagosomes is 

impaired, promoting accumulation of autophagic vacuoles within large swellings along 

degenerating neurites (Nixon et al., 2005).  Increased induction of autophagy and 

reduced clearance of autophagic vacuoles promotes Aβ accumulation (Nixon, 2007; 

Ihara et al., 2012) and may drive SAD pathogenesis. 

Extracellular removal of Aβ can occur by clearance across the blood-brain barrier 

and degradation outside the central nervous system, phagocytosis by astrocytes and 

microglia, and by secreted or cell-surface proteases (Pacheco-Quinto et al., 2013).   A 

large number of specific Aβ-degrading proteases have been identified, many of which 

are classified as zinc-metalloproteases or cysteine proteases and hydrolyze monomeric, 

oligomeric and fibrillar forms of Aβ.  Neprilysin, the most extensively investigated and 

characterized Aβ-degrading protease, is a member of the M13 family of zinc 

metalloproteases and possesses an active site that faces the lumenal or extracellular 

side of membranes (Saido and Leissring, 2012).  Thus, it is well suited for degradation of 

extracytoplasmic Aβ.  Neprilysin is expressed exclusively in neurons, synthesized in the 

cell body, and delivered to presynaptic terminals by FAT, similar to transport of APP 

(Fukami et al., 2002); presumably, it degrades APP at synapses and nearby intracellular 

sites (Iwata et al., 2004).  Levels of Aβ correlate inversely with the gene dosage and 

enzymatic activity of neprilysin.  Inhibition of neprilysin significantly elevates endogenous 

Aβ in rat and mouse brain (Iwata et al., 2002; Dolev and Michaelson, 2004), and 

neprilysin overexpression reduces Aβ plaque deposition in APP-transgenic mice (Marr et 

al., 2003) and improves cognitive performance in some cases (Marr and Spencer, 2010).  

Furthermore, neprilysin mRNA and protein expression levels decline with age and AD 

progression (Reilly, 2001; Apelt et al., 2003), supporting the notion that impaired 

clearance of Aβ promotes its accumulation and contributes to sporadic AD. 
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1.2.3. Amyloid-β oligomers are the primary neurotoxins in AD 

Substantial evidence suggests that the soluble, oligomeric form of Aβ (AβO) 

accumulates in AD brain prior to detectable formation of Aβ plaques and NFTs (Nishitsuji 

et al., 2009; Tomiyama et al., 2010) and is the most potent neurotoxin in AD (Ferreira 

and Klein, 2011).  AβOs cluster at synapses, where they are thought to interact 

preferentially with postsynaptic membrane receptors at dendritic spines and modulate 

their activity (Cochran et al., 2013).  Presynaptic AβO binding has not been investigated 

extensively, and specific axonal binding sites and protein interactions remain 

uncharacterized (Cataldi, 2013) (see Section 1.3).  Glutamate receptors, which mediate 

dendritic Ca2+ elevation, appear to be centrally involved; inhibition or removal of surface 

AMPA (α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate) receptors reduces AβO 

binding to dendrites (Zhao et al., 2010), and metabotropic glutamate receptors (mGluR5) 

participate in AβO binding and clustering at synapses (Renner et al., 2010).  Additionally, 

N-methyl-D-aspartate receptors (NMDARs) coimmunoprecipitate with AβOs from rat 

synaptosomal membranes (De Felice et al., 2007), and AβO binding is abolished in 

dendrites of NMDAR knock-down neurons (Jurgensen et al.; Decker et al., 2010b).  

Chronic AβO exposure leads to endocytic internalization of NMDARs and AMPARs 

(Snyder et al., 2005; Hsieh et al., 2006; Lacor et al., 2007).  Collectively, these insults 

inhibit functional synaptic plasticity by impairing long-term potentiation and enhancing 

long-term depression (LTP and LTD respectively; see Section 1.4) (Shankar et al., 

2008).  This culminates in dendritic spine retraction, synapse deterioration or elimination, 

and cognitive deficits (Lacor et al., 2007; Shankar et al., 2008; Tomiyama et al., 2010).  

In addition to their deleterious effects at synapses, AβOs cause general neuronal 

dysfunction.  Such impacts include Ca2+ dyshomeostasis (Berridge, 2010a; Chakroborty 

and Stutzmann, 2011) (see Section 1.3), proteasome inhibition and ER stress 

(Popugaeva and Bezprozvanny, 2013), oxidative stress and mitochondrial damage 

(Reddy, 2014), tau accumulation and hyperphosphorylation (Morris et al., 2011) (see 

Section 1.2.3), and impairment of FAT in cultured neurons and AD mouse models 

(Goldstein, 2012; Millecamps and Julien, 2013) (see Section 1.2.4).  Thus, AβOs 

account for many major facets of AD pathology and provide a unifying mechanism for 

the initiation of AD pathogenesis. 
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1.2.4. Physiological and pathogenic roles of tau 

Tau is one of several microtubule-associated proteins (MAPs) that promote 

microtubule assembly and stability in neurons.  Tau plays diverse physiological roles in 

cytoskeletal organization and stabilization (Weingarten et al., 1975; Kempf et al., 1996), 

regulation of neurite outgrowth (Biernat and Mandelkow, 1999; Biernat et al., 2002), 

modulation of signaling cascades through scaffolding (Ittner et al., 2010), and adult 

neurogenesis (Zhao et al., 2008).  It consists of four regions: an N-terminal projection 

region, a proline-rich domain, a microtubule-binding domain (MBD), and a C-terminal 

region (Mandelkow et al., 1996).  In adult human brain, alternative splicing around the N-

terminal region and MBD generates six main isoforms (Goedert et al., 1989).  

Physiological tau undergoes a complex array of post-translational modifications, 

including phosphorylation (Morris et al., 2011).  A variety of kinases phosphorylate many 

serine and threonine residues on tau in both physiological and pathological conditions 

(Wang and Liu, 2008).  Phosphorylation of tau within the MBD neutralizes its positive net 

charge (Jho et al., 2010), reducing its electrostatic interactions with tubulin, and alters its 

conformation (Fischer et al., 2009) to promote microtubule detachment. 

More than 30 tau mutations have been reported in humans, and 17 have been 

detected in frontotemporal dementia associated with Parkinson’s disease (Gomez-Isla et 

al., 1997).  However, tau mutations associated with AD have yet to be discovered (Kim 

et al., 2014).  In AD, tau is thought to mediate AβO toxicity and FAT disruption (Ittner 

and Gotz, 2011; Bloom, 2014). AβOs induce hyperphosphorylation of tau (p-tau), 

promoting its dissociation from microtubules and aggregation into neurofibrillary tangles 

(NFTs) (De Felice et al., 2008). AβOs also induce tau proteolysis by calpains and 

caspases, generating fragments that aggregate independently of hyperphosphorylation 

(Reifert et al., 2011).  Despite the accumulation of p-tau in affected neurons, it is 

controversial whether tau is required for AβO toxicity. Tau -/- neurons are resistant to Aβ-

induced death (King et al., 2006); by contrast, NFTs persist in viable neurons possessing 

intact microtubule networks until late-stage AD (Castellani et al., 2008). Recent studies 

suggest that p-tau inhibits FAT by interacting directly with motor-cargo complexes or 

initiating aberrant signaling cascades that alter FAT dynamics (LaPointe et al., 2009; 

Kanaan et al., 2011), and that tau reduction prevents AβO-induced defects in 
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mitochondria and neurotrophin receptor TrkA transport (Vossel et al., 2010). Conversely, 

axonal transport is not affected by deletion of normal mouse tau or by overexpression of 

wild type human tau with associated p-tau and aggregation (Yuan et al., 2008; Yuan et 

al., 2013).  We previously reported that AβOs block FAT of dense core vesicles (DCV) 

and mitochondria in cultured neurons through an NMDAR-dependent mechanism that is 

mediated by a tau kinase, glycogen synthase kinase-3β (GSK3β) (Decker et al., 2010a). 

Notably, we did not observe concomitant microtubule destabilization, suggesting that the 

microtubule-binding capacity of tau did not affect transport of these cargoes. 

Four independent lines of tau knockout (tau-/-) mice have been established for 

analyzing tau pathology in AD.  Most of them do not exhibit defects in learning, memory, 

and behavioural paradigms throughout their lives (Morris et al., 2011).  Although other 

MAPs may partially compensate for tau loss in conventional tau-/-  mice (Harada et al., 

1994), Dawson et al. detected no changes in MAP1A, MAP1B, or MAP2 protein levels in 

their line of tau-/-  mice (B6.129-Mapttm1Hnd/J) (Dawson et al., 2001). Electrophysiological 

recordings in hippocampal slices reveal that this line of tau-/-  mice and wild type controls 

possess comparable NMDAR and AMPAR currents, synaptic transmission strength, and 

both short-term and long-term synaptic plasticity (Roberson et al., 2011; Shipton et al., 

2011).  These characteristics render B6.129-Mapttm1Hnd/J tau-/- mice suitable for 

evaluating the role of tau in AβO-induced transport disruption and are used in my 

studies. 

1.2.5. Do FAT defects cause or arise from AD pathology? 

In AD, it is controversial whether transport defects cause or arise from amyloid-β 

(Aβ)-induced mechanisms of cellular toxicity.   Many studies indicate that pathological 

forms of APP, PS1, Aβ and tau can impair axonal transport during early and late stages 

of AD progression.  Late transport defects arise from axonal dystrophy, microtubule 

dissolution, tau aggregation, and tau-induced kinase activation (Mandelkow et al., 2003; 

Stokin and Goldstein, 2006; LaPointe et al., 2009; Morfini et al., 2009; Kanaan et al., 

2011).  Early FAT defects occur prior to overt morphological decline and cell death 

(Goldstein, 2012).  Vesicular trafficking of BDNF is impaired independent of tau, in the 

absence of cytoskeletal collapse and excitotoxic cell death (Ramser et al., 2013). 
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Neurons cultured from AD mice expressing mutations in APP or β- and γ-secretase 

complexes display FAT defects that precede amyloid plaque deposition and extensive 

NFT formation (Pigino et al., 2003; Lazarov et al., 2007; Stokin et al., 2008; Rodrigues et 

al., 2012).  These findings are corroborated in vivo by manganese-enhanced magnetic 

resonance imaging of FAT (Minoshima and Cross, 2008; Gallagher et al., 2012).  

Furthermore, genetic reduction of kinesin-1 enhances formation of axonal swellings, 

increases Aβ production, and promotes its intracellular accumulation (Stokin et al., 

2005).  This critical finding implies that early FAT defects can induce Aβ toxicity.  

Recently, a novel, unbiased genetic screen identified KLC1 splice variant E (KLC1vE) as 

a modifier of Aβ accumulation in mice (Morihara et al., 2014).  Expression levels of 

KLC1vE were significantly higher in AD patients than in unaffected individuals.  These 

results also suggest that intracellular trafficking is causal in AD. 

1.3. Ca2+ dysregulation in Alzheimer’s disease 

1.3.1. Physiological roles and mechanisms of Ca2+ signaling 

Ca2+ is one of the most important second messengers in the nervous system, 

and its diverse signal transduction pathways mediate many fundamental cellular 

processes: membrane potential and excitability, neurotransmitter release, ATP 

production, memory formation and loss, cell proliferation, and cell death (Berridge, 2012; 

Kandel et al., 2013).  Neurons use a variety of channels to regulate intracellular Ca2+ in a 

versatile, yet precise spatiotemporal manner.  These channels are located either in the 

plasma membrane or on various organelles.  Of relevance to this work, influx of 

extracellular Ca2+ is maintained by NMDARs, AMPARs, and voltage-gated Ca2+ 

channels.  Ca2+ efflux from intracellular stores, such as the ER network, occurs through 

ryanodine receptors (RyRs) and inositol triphosphate receptors (IP3Rs) (Hamilton, 2005; 

Foskett et al., 2007).  These channels are activated by Ca2+, enabling them to excite 

each other and generate Ca2+ waves during the amplification and propagation of Ca2+ 

signals.  Neurons express a large number of Ca2+ binding proteins that function as 

buffers, both in the cytoplasm (calbindin, calretinin, and parvalbumin) and within the ER 

lumen (calreticuin and calsequestrin) (Schwaller, 2009).  The spatial and temporal 



 

18 

properties of Ca2+ signals are shaped by their rapid binding to these cytosolic buffers.  

The ER buffers enable accumulation of large amounts of Ca2+ necessary for rapid cell 

signaling.  Mitochondria also act as cytosolic buffers by taking up excess Ca2+ through 

the mitochondrial Ca2+ uniporter (Baughman et al., 2011; De Stefani et al., 2011).  Ca2+ 

uptake stimulates oxidative processes that produce ATP and can also generate reactive 

oxygen species (ROS), which contributes to the redox signaling pathway. In spite of 

these exquisite regulatory mechanisms, neurons are highly susceptible to drastic 

changes in Ca2+ concentration: insufficient Ca2+ impairs synaptic function, whereas 

excessive Ca2+ causes cell death (Berridge et al., 1998).  Such fluctuations can be 

detrimental over the lifetime of a neuron (Khachaturian, 1989). 

1.3.2. The Ca2+ hypothesis of Alzheimer’s disease 

The Ca2+ hypothesis of Alzheimer’s disease, proposed by Khachaturian (1989) 

and further developed by Berridge (2010), states that sustained perturbations in 

intracellular Ca2+ homeostasis are a proximal cause of neurodegeneration in AD.  

Activation of the amyloidogenic pathway remodels neuronal Ca2+ signaling pathways 

responsible for cognition by enhancing the entry of extracellular Ca2+ and the release of 

internal Ca2+ (Figure 1.5).  Indeed, resting Ca2+ levels in cortical neurons from 3xTg-AD 

mice are twice that found in non-Tg controls (Lopez et al., 2008), and early changes in 

cytosolic Ca2+ regulation are commonly observed in AD patients (Emilsson et al., 2006; 

Stutzmann et al., 2007; Bezprozvanny and Mattson, 2008).  In apparent contradiction, 

resting Ca2+ levels in cortical neurons from Tg APP/PSEN1 mice are elevated only within 

a small fraction of dendritic spines located near amyloid-β deposits (Kuchibhotla et al., 

2008; Chakroborty et al., 2012). This supports the notion that Aβ plaques do not 

contribute significantly to Ca2+-induced neurotoxicity.  Rather, sustained Ca2+ elevation 

may be induced by accumulation of diffusible extracellular and/or intracellular AβOs and 

excessive Ca2+ leakage through RyRs (see Sections 1.3.3 and 1.3.4).  These processes 

may be exacerbated by normal aging.  Ca2+ dysregulation underlies many diagnostic 

features, genetic mutations, and risk factors associated with AD (Chakroborty and 

Stutzmann, 2011; Berridge, 2013).  Importantly, it often precedes detectable Aβ 

deposition and NFT formation and is thus implicated in early AD pathogenesis ( Cheung 

et al., 2008; Chakroborty et al., 2009; Zhang et al., 2009; Chong et al., 2011). 
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1.3.3. AβOs facilitate Ca2+ influx through channels and pores in the 
plasma membrane 

It is widely accepted that treatment of cultured neurons with AβOs triggers 

unregulated Ca2+ influx through the plasma membrane (Khachaturian, 1987; Demuro et 

al., 2005).  This is largely mediated by direct or indirect interactions between AβOs and 

endogenous Ca2+ channels, including NMDARs and voltage-gated Ca2+ channels 

(VGCCs), or by insertion of AβOs into the plasma membrane to form non-selective, high 

conductance cation pores.   NMDARs are highly permeable to Ca2+ (Garaschuk et al., 

1996).  AβOs impair neuronal function in cognitive regions of the brain, where NMDARs 

are the principal mediators of excitotoxicity and apoptosis during disease progression 

(Hardingham, 2009).  Acute AβO exposure increases NMDAR-mediated Ca2+ influx (De 

Felice et al., 2007), leading to increased ROS production and aberrant calpain activation 

(Kelly and Ferreira, 2006). Chronic AβO exposure reduces NMDAR cell-surface 

expression, Ca2+ influx, and glutamatergic currents (Snyder et al., 2005; Shankar et al., 

2008).  These effects result in loss of spine density, reduced AMPAR currents, and 

impaired synaptic plasticity (Li et al., 2009; Ferreira and Klein, 2011).  At presynaptic 

terminals, N and P/Q-type VGCCs mediate the release of neurotransmitters upon arrival 

of an action potential.  Modulation of these channels is highly dependent on the nature of 

the AβO preparation, length of exposure, and model system employed (Ramsden et al., 

2002).  In cultured cerebellar granule cells and cortical neurons, AβOs markedly 

increase VGCC Ca2+ currents after 24 h of treatment.  Blocking N-type currents with 

conotoxin GVIA prevents this increase, indicating AβO-mediated facilitation of Ca2+ 

entry.  Inhibition of dendritic L-type currents does not reverse this facilitation (Price et al., 

1998; MacManus et al., 2000). Conversely, a stable AβO globulomer preparation 

decreases the isolated P/Q-type Ca2+ current in cultured hippocampal neurons, but an 

increase observed upon expression of these channels in Xenopus oocytes (Mezler et al., 

2012).  Treatment with antagonists rectifies Ca2+ influx and protects against Aβ-induced 

toxicity. 

AβOs can also incorporate into the plasma membrane and reorganize to form 

non-selective, high conductance cation pores (Arispe et al., 1993; Lin et al., 2001; Quist 

et al., 2005).  Leakage of sodium, potassium, and Ca2+ ions through such pores could 

rapidly perturb cellular homeostasis.  The existence of AβO pores is supported by 
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studies employing atomic force microscopy, electron microscopy, and theoretical 

modeling (Chakroborty and Stutzmann, 2014). High resolution transmission electron 

microscopy TEM revealed distribution of AβO pores in the plasma membrane of post-

mortem brains of AD patients, but not in healthy patients (Inoue, 2008).  Recent studies 

with mutant Aβ peptides enabled identification of key residues involved in cholesterol 

binding and pore formation; cholesterol promoted insertion of Aβs into the plasma 

membrane, induced formation of α-helical structures, and forced the peptide to adopt a 

tilted topology that favoured oligomerization.  Pore formation is prevented by 

pharmacologically outcompeting cholesterol binding to Aβ (Di Scala et al., 2014). 

1.3.4. AβOs promote Ca2+ leakage from the ER 

ER Ca2+ signaling is compromised in AD and impairs synaptic plasticity (Fitzjohn 

and Collingridge, 2002; Bardo et al., 2006).  Dysregulated Ca2+ efflux is mediated by 

mutant forms of presenilin and modulation of IP3R and RyR activity by AβOs.  Mutations 

in the PSEN1 and PSEN2 genes that encode presenilin, a catalytic subunit of the γ-

secretase complex, result in familial AD (FAD).  These FAD mutations elevate γ-

secretase activity, increasing Aβ production and independently perturbing intracellular 

Ca2+ signaling (Bezprozvanny, 2013; Wu et al., 2013).  Wild type presenilin functions as 

an ER Ca2+ leak channel (Tu et al., 2006), which maintains ER Ca2+ homeostasis by 

constantly leaking Ca2+ into the cytosol and balancing SERCA pump activity.  FAD 

mutations disrupt this leak function, leading to overfilling of the ER and exaggerated Ca2+ 

efflux in PS1/PS2 mutant fibroblasts (Tu et al., 2006; Nelson et al., 2007) and cultured 

hippocampal neurons from 3xTg-AD neurons (Zhang et al., 2010).  Recently, an 

unbiased RNAi screen for Ca2+ homeostasis modulators identified an essential role for 

presenilins in mediating ER Ca2+ leakage (Bandara et al., 2013; Bezprozvanny, 2013), 

corroborating those findings.  Furthermore, PSEN1 mutations enhance IP3-mediated 

liberation of Ca2+ in cortical neurons (Stutzmann et al., 2004).  AβOs injected into 

Xenopus oocytes induce local transients and global Ca2+ waves that are suppressed by 

IP3R antagonists; additionally, stimulation of IP3 production leads to excitotoxic Ca2+ 

liberation from the ER by intracellular AβOs (Demuro and Parker, 2013).  ER Ca2+ 

leakage also occurs through RyRs, which are activated by cytosolic Ca2+ and amplified 

by regenerative Ca2+-induced-Ca2+-release (CICR) (Finch et al., 1991).  NMDAR-
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mediated Ca2+ influx drives aberrant RyR activation in dendrites of young AD mice 

(Goussakov et al., 2010), and enhanced CICR disrupts synaptic transmission, long-term 

plasticity, and memory performance (Adasme et al., 2011; Oules et al., 2012; Baker et 

al., 2013). Elevated expression of RyR and increased Ca2+ efflux are described in AD 

patients (Kelliher et al., 1999) and presymptomatic AD mice (Stutzmann et al., 2006; 

Chakroborty et al., 2009; Zhang et al., 2010).  Presumably, these effects serve as a 

compensatory mechanism to stabilize pre-existing synaptic deficits and normalize the 

depressed synaptic network (Supnet and Bezprozvanny, 2010; Chakroborty and 

Stutzmann, 2014). 

 

Figure 1.5 Ca2+ dysregulation in Alzheimer’s disease 

Activation of the amyloidogenic pathway remodels neuronal Ca
2+

 signaling pathways responsible 
for cognition by enhancing the entry of extracellular Ca

2+
 and the release of internal Ca

2+
.  AβOs 

facilitate Ca
2+

 influx through NMDARs, AMPARs, VGCCs, and cation pores in the plasma 
membrane.  Ca

2+
-induced-Ca

2+
 release promotes Ca

2+
 leakage from the ER through RyRs and 

IP3Rs.  Mutations in the PSEN1 and PSEN2 genes that encode presenilin, a catalytic subunit of 
the γ-secretase complex, exaggerate Ca

2+
 efflux through these leak channels.  These effects 

result in loss of spine density, reduced AMPAR currents, and impaired synaptic plasticity.  
Modified and reproduced with permission from Dr. Ghanim Ullah, University of South Florida. 
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1.3.5. A vicious cycle of Ca2+ dysregulation and Aβ generation 
drives cellular toxicity in AD 

Many studies have demonstrated a bidirectional relationship between Ca2+ 

signaling and the amyloidogenic pathway (Green and LaFerla, 2008).  As discussed 

previously, Aβ remodels neuronal Ca2+ signaling pathways by enhancing the entry of 

extracellular Ca2+ and the release of internal Ca2+.  On the other hand, age-associated 

changes in Ca2+ concentrations and dynamics can alter Aβ production in sporadic AD.  

In vitro, Ca2+ stimulates the formation of Aβ1-40. These peptides preferentially 

oligomerize, similar to mutant Aβ peptides associated with early-onset AD in the 

presence or absence of Ca2+ (Itkin et al., 2011).  Elevated cytosolic Ca2+ increases Aβ 

generation (Querfurth and Selkoe, 1994) and induces transient phosphorylation of APP, 

which promotes further intracellular Aβ production (Pierrot et al., 2006).  A vicious cycle 

of Ca2+ dysregulation and Aβ generation may impair synaptic morphology and function, 

trigger ER and mitochondrial stress responses, and activate calpain and caspase 

signaling cascades that culminate in excitotoxic cell death (Demuro et al., 2010).  

Ultimately, these events lead to extensive neurodegeneration and cognitive decline. 

1.4. Calcineurin signaling in Alzheimer’s disease 

1.4.1. Structure and regulation of calcineurin 

Calcineurin (CaN), also known as protein phosphatase 2B (PP2B) is a Ca2+-

dependent serine/threonine phosphatase that is highly expressed in the central nervous 

system.  CaN is a heteromeric protein comprised of a catalytic subunit (CaNA) and a 

regulatory subunit (CaNB) (Klee et al., 1979).  Among related phosphatases (PP1, 

PP2A), CaN is uniquely activated by cytosolic calmodulin (CaM) (Rusnak and Mertz, 

2000).  Ca2+ binding to CaNB induces a conformational change in CaNA, which exposes 

the CaM binding site (Yang and Klee, 2000).  Ca2+-CaM then activates CaN by 

displacing the autoinhibitory domain from the catalytic domain (Shen et al., 2008).  CaN 

has a high affinity for Ca2+ and is activated by nanomolar concentrations (Cohen and 

Klee, 1988).  CaN is non-competitively inhibited by the immunosuppressants 

cyclosporine A and FK506, when they are bound to their respective immunophilins, 
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cyclophilin A and FKBP12 (Liu et al., 1991).  These compounds have enabled 

widespread investigation of CaN in healthy and diseases neurons.  

1.4.2. Physiological roles of calcineurin in neurotransmission and 
synaptic plasticity 

In neurons, CaN is present in the cell body and processes (Sola et al., 1999) and 

is particularly enriched in synaptic terminals (Kuno et al., 1992).  Different binding 

partners restrict CaN to distinct subcellular compartments, such as nuclear factor of 

activated T-cells (NFAT) in the nucleus (Luo et al., 1996) and A-kinase anchor protein 

(AKAP) scaffolds in dendrites (Coghlan et al., 1995).  Depending on local substrates, 

each subcellular pool of CaN regulates different processes, such as gene transcription, 

neurotransmission and synaptic plasticity (Groth et al., 2003).  The latter two processes 

will be described here in detail.  Presynaptic CaN regulates neurotransmission by 

dephosphorylating synapsin-1 to reduce exocytotic release of glutamate (Jovanovic et 

al., 2001).  Phosphorylated synapsin-1 tethers neurotransmitter-containing vesicles to 

the cytoskeleton and enables movement of vesicles out of the reserve pool.  At the 

postsynaptic membrane, CaN dephosphorylates NMDARs and impedes Ca2+ influx, 

effectively desensitizing these receptors to presynaptic stimuli (Lieberman and Mody, 

1994).  Importantly, CaN also regulates synaptic plasticity, the cellular basis for learning 

and memory.  During LTP, high-frequency stimuli lead to a persistent increase in 

synaptic strength.  After initial membrane depolarization and Ca2+ influx through 

NMDARs, Ca2+-CaM activates downstream kinases (Ca2+/calmodulin-dependent kinase 

II, CaMKII) and phosphatases (CaN) that regulate ion channel phosphorylation and 

insertion.  CaM is more likely to activate CaN or CaMKII depending on the local Ca2+ 

concentration.  Intense, confined transients result in preferential activation of CaMKII; 

however, as Ca2+ decreases, but before it returns to baseline, CaM is more likely to bind 

and activate CaN (Stefan et al., 2008).  Of importance to this work, CaN directly 

inactivates inhibitor-1 by dephosphorylation at Thr-35.  By this mechanism, CaN relieves 

inhibition of PP1 (Shenolikar and Nairn, 1991; Mulkey et al., 1994) and activates GSK3β 

to mediate LTD (Peineau et al., 2007), a decrease in synaptic efficacy that is essential 

for efficient memory storage.  This system allows for bidirectional plasticity, where a shift 

in Ca2+ levels mediates a switch between synapse growth (positive) and synapse 



 

24 

pruning (negative).  CaN mediates synapse pruning by a number of mechanisms, 

including NMDAR and AMPAR endocytosis, destabilization of actin in spines, and spine 

retraction (Baumgartel and Mansuy, 2012). 

1.4.3. Pathogenic roles of calcineurin 

Due to its compromised ability to regulate intracellular Ca2+ levels, the aging 

brain is susceptible to overactivation of CaN and aberrant downstream signaling. AβOs 

exacerbate CaN overactivation in models of AD, and in vitro, ex vivo, and in vivo studies 

illustrate how dephosphorylation of CaN substrates impacts ion channel activity, synaptic 

integrity, and cell death.  In rat hippocampal slices, AβOs activate CaN and thereby 

counteract increases in AMPAR phosphorylation that occur upon LTP induction (Zhao et 

al., 2004; Dineley et al., 2010).  In addition to impairing LTP, CaN overactivation in 

hippocampal slice cultures and in aged double transgenic AD mice (APP/PS1) facilitates 

LTD, reduces spine density, simplifies dendritic branching, and induces neuritic beading 

and dystrophies (Shankar et al., 2007; Wu et al., 2010).  FK506 treatment prevents all 

those deleterious effects and strikingly restores associative learning and memory in adult 

APP mice (Dineley et al., 2007).  Furthermore, CaN mediates Aβ-induced cellular 

toxicity.  CaN dephosphorylates the Bcl-2-associated death promoter protein (pBAD), 

which enables it to dissociate from scaffolding proteins, translocate to the mitochondria, 

and form pro-apoptotic dimers with Bcl-X (Wang et al., 1999).  This triggers cytochrome 

c release and initiates programmed cell death.  In cortical neurons, these effects are 

attenuated by FK506 (Almeida et al., 2004). Although many reports implicate CaN in 

AβO-induced synapse failure and cell death, a role for CaN in AD-related transport 

impairment has not been investigated.  As described previously, activated CaN relieves 

inhibition of PP1, which activates GSK3β.  This suggests that CaN may instigate 

phosphorylation-dependent inhibition of motor-cargo interactions and/or motor protein 

activation. 
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1.5. Phosphorylation-dependent mechanisms of transport 
impairment 

Several kinases impair motor protein activity and/or cargo binding in AD.  JNK3, 

casein kinase 2 (CK2) and p38β inhibit retrograde FAT in isolated squid axoplasm; 

however, the molecular mechanisms by which these kinases inhibit dynein-based 

motility are undefined (Pigino et al., 2009; Morel et al., 2012; Kanaan et al., 2013).  

Kinesin-based transport is disrupted by GSK3β, JNK, CK2 and cyclin-dependent kinase 

5 (Cdk5).  First, GSK3β is implicated in many aspects of AD pathogenesis (Medina and 

Avila, 2014).  As a negative regulator of axonal transport in Drosophila, GSK3β 

phosphorylates and reduces the number of motors that are bound to microtubules 

(Weaver et al., 2013).  A second mechanism may involve disruption of motor protein-

cargo binding.  Phosphorylation of kinesin light chain-1 (KLC1) by PP1-GSK3β signaling 

dissociates KIF5 from vesicular cargoes in a squid axoplasm model of AD (Morfini et al., 

2002).  It is possible that activation of CaN leads to GSK3β-mediated impairment of 

axonal transport by similar mechanisms.  Second, JNK plays several roles in regulating 

transport.  JNK inhibitors prevent AβO-induced impairment of dense core vesicle and 

mitochondria trafficking in hippocampal neurons (Bomfim et al., 2012).  The activated 

JNK pathway functions as a kinesin-cargo dissociation factor (Horiuchi et al., 2007).  

Additionally, mutations in the JNK-dependent phosphorylation site S421 in JIP1 alter 

both KHC activation in vitro and directionality of APP transport in neurons (Fu and 

Holzbaur, 2013).  Third, CK2 activation disrupts transport in squid axoplasm (Pigino et 

al., 2009); however, it remains unclear whether CK2 is aberrantly activated or inhibited in 

AD (Perez et al., 2011).  Finally, overactivated Cdk5 and hyperphosphorylation of 

neurofilaments perturbs their association with kinesin and impairs transport (Lee et al., 

2011).  Phosphorylation-dependent mechanisms of KIF1A dysregulation remain 

unknown. 

1.6. BDNF transport defects mediated by KIF1A impairment 
may lead to neurodegeneration 

BDNF, a neuropeptide transported in DCVs, is required for synaptic maturation 

and function, development of neuronal circuitry, learning, and memory. Impaired BDNF 
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transport compromises hippocampal synaptogenesis and learning enhancement, and 

reduced levels of BDNF correlate with AD progression (Diniz and Teixeira, 2011).  

Despite the importance of BDNF in neuronal physiology and disease (Lu et al., 2013; 

Scharfman and Chao, 2013), little is known about motors and associated regulatory 

mechanisms required for its axonal transport. A body of work, including our study, shows 

that KIF1A is the primary motor required for BDNF transport (Yonekawa et al., 1998; 

Barkus et al., 2008; Lo et al., 2011). Although KIF1A is implicated in neurodegenerative 

diseases (Riviere et al., 2011; Klebe et al., 2012), phosphorylation-dependent 

mechanisms that govern KIF1A-DCV interactions and KIF1A processivity are unclear, 

and their contribution to AD pathogenesis has not been investigated.  

1.7. Hypothesis and specific objectives 

I hypothesize that AβOs perturb BDNF transport through tau-independent Ca2+ 

signaling cascades that alter motor protein activity.  The main objective of my thesis is to 

investigate novel Ca2+-dependent mechanisms of KIF1A dysregulation in a cellular 

model of AD and determine how they can be prevented or reversed (Figure 1.6).  

In Chapter 2, I determine if CaN mediates AβO-induced transport defects 

independent of tau.  Through direct assessment of FAT at high temporal and spatial 

resolution in living neurons, I demonstrate that AβO-induced defects in axonal BDNF 

transport persist in the absence of tau, and cannot be attributed to microtubule 

destabilization or cell death.  I combine multiple approaches, including live imaging, in 

vitro phosphatase assays, and immunoblotting, to demonstrate that inhibition of CaN by 

FK506 completely rescues BDNF transport defects, and that AβOs impair transport by 

overactivating CaN through non-excitotoxic Ca2+ signaling. Collectively, my work 

implicates CaN in FAT regulation and challenges a requirement for tau in AβO-induced 

transport disruption in primary neurons. 

In Chapter 3, I identify dendritic and axonal mechanisms of Ca2+ elevation that 

regulate the spatiotemporal progression of BDNF transport defects.  I show that tau-

independent BDNF transport defects in dendrites and axons are induced concomitantly 

but exhibit different rates of decline: maximal dendritic transport defects precede 
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maximal impairment of FAT.  Using cameleon FRET, proximal ligation assays, and 

immunohistochemistry, I correlate the spatiotemporal progression of transport defects 

with Ca2+ elevation and CaN activation in dendrites and subsequently in axons.  

Postsynaptic CaN activation converges on axonal Ca2+ dysregulation to impair FAT.  

The latter may be caused by axonal AβOs, which I observed in both primary neurons 

and transgenic AD mouse brain.  Indeed, AβOs colocalize with axonal voltage-gated 

Ca2+ channels (VGCCs), and pretreatment with VGCC inhibitors prevents axonal, but not 

dendritic, defects.  Finally, BDNF transport defects are reversed upon inhibition of RyRs 

present in dendritic and axonal ER.  This work establishes a novel role for Ca2+ 

dysregulation in BDNF transport disruption and in tau-independent Aβ toxicity. 

In Chapter 4, I identify phosphorylation-dependent mechanisms of KIF1A 

dysregulation.  I demonstrate that AβOs impair KIF1A motility independent of tau.  

Furthermore, I used coimmunoprecipitation, immunoblotting, and tandem mass 

spectrometry to demonstrate that inhibition of GSK3β prevents KIF1A transport defects, 

and that aberrant phosphorylation at a conserved GSK3β consensus site within the 

dimerization domain of KIF1A reduces its motility.  My findings implicate GSK3β in 

phosphorylation-dependent KIF1A dysregulation during early AD pathogenesis. 
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Figure 1.6 Dysregulation of neuronal Ca2+ signaling impairs axonal transport 
independent of tau in a model of Alzheimer’s disease 

I hypothesize that AβOs perturb BDNF transport through tau-independent Ca
2+-

signaling 
cascades that alter motor protein activity.  Because CaN, its effectors, and motor proteins 
associated with DCVs are present in both dendrites and axons, AβOs should induce dendritic, 
CaN-dependent defects that precede FAT disruption.  The spatiotemporal progression of BDNF 
transport defects may be mediated by concomitant elevations in cytosolic Ca

2+
 and CaN activity. 
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Chapter 2. Aβ oligomers induce tau-independent 
disruption of BDNF axonal transport via calcineurin 
activation in cultured hippocampal neurons
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2.1. Abstract 

Disruption of fast axonal transport (FAT) is an early pathological event in 

Alzheimer’s disease (AD).  Soluble amyloid- oligomers (AβOs), increasingly recognized 

as proximal neurotoxins in AD, impair organelle transport in cultured neurons and 

transgenic mouse models.  AβOs also stimulate hyperphosphorylation of the axonal 

microtubule-associated protein, tau. However, the role of tau in FAT disruption remains 

controversial.  Here, we show that AβOs reduce vesicular transport of brain-derived 

neurotrophic factor (BDNF) in hippocampal neurons from both wild type and tau 

knockout mice, indicating that tau is not required for transport disruption. FAT inhibition 

is not accompanied by microtubule destabilization or neuronal death.  Significantly, 

inhibition of calcineurin (CaN), a Ca2+-dependent phosphatase implicated in AD 

pathogenesis, rescues BDNF transport.  Moreover, inhibition of protein phosphatase 1 

(PP1) and glycogen synthase kinase 3β (GSK3β), downstream targets of CaN, prevents 

BDNF transport defects induced by AOs.  We further show that AβOs induce CaN 

activation through non-excitotoxic Ca2+ signaling. Results implicate CaN in FAT 

regulation and demonstrate that tau is not required for AβO-induced BDNF transport 

disruption. 

2.2. Introduction 

Fast axonal transport (FAT) is essential for neuronal function and survival.  

Disruption of FAT is an early pathological event in several neurodegenerative diseases, 

including amyotrophic lateral sclerosis, Parkinson’s disease, and Alzheimer’s disease 

(AD) (Muresan and Muresan, 2009). Amyloid-β oligomers (AβOs), increasingly 

considered proximal neurotoxins in AD, interact with glutamate receptors at the dendritic 

membrane, induce abnormal Ca2+ influx and oxidative stress, block long-term 

potentiation (LTP), and facilitate long-term depression, ultimately leading to synapse 

failure (Benilova et al., 2012). Importantly, AβOs impair FAT in cultured neurons and in 

AD mouse models (Muresan and Muresan, 2009). Although FAT disruption is implicated 

in AD pathogenesis, mechanisms underlying this process are poorly understood. 
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Tau, an axonal microtubule-associated protein, is thought to mediate AβO toxicity 

and FAT disruption. AβOs induce hyperphosphorylation of tau (p-tau), promoting its 

dissociation from microtubules and aggregation into neurofibrillary tangles (NFTs) (De 

Felice et al., 2008). AβOs also induce tau proteolysis by calpains and caspases, 

generating fragments that aggregate independently of hyperphosphorylation (Reifert et 

al., 2011).  Despite the accumulation of p-tau in affected neurons, it is controversial 

whether tau is required for AβO toxicity. Tau -/- neurons are resistant to Aβ-induced death 

(King et al., 2006); by contrast, NFTs persist in viable neurons possessing intact 

microtubule networks until late-stage AD (Castellani et al., 2008). Recent studies 

suggest that p-tau inhibits FAT by interacting directly with motor-cargo complexes or 

initiating aberrant signaling cascades that alter FAT dynamics (LaPointe et al., 2009; 

Kanaan et al., 2011), and that tau reduction prevents AβO-induced defects in 

mitochondria and neurotrophin receptor TrkA transport (Vossel et al., 2010). Conversely, 

axonal transport is not affected by tau overexpression or suppression in vivo (Yuan et 

al., 2008). We previously reported that AβOs block FAT of dense core vesicles (DCV) 

and mitochondria in cultured neurons through an NMDA receptor (NMDAR)-dependent 

mechanism that is mediated by a tau kinase, GSK3β (Decker et al., 2010a). Notably, we 

did not observe concomitant microtubule destabilization, suggesting that the 

microtubule-binding capacity of tau did not affect transport of these cargoes. 

Aberrant Ca2+ signaling is implicated in AD (Berridge, 2010b) and may contribute 

to FAT disruption. AβOs dysregulate Ca2+ influx through NMDARs, leading to cytosolic 

Ca2+ elevation and activation of the Ca2+/calmodulin-dependent phosphatase, calcineurin 

(CaN). Although CaN mediates AβO-induced synapse failure (Reese and Taglialatela, 

2011), a role for CaN in FAT regulation has not been investigated. Activated CaN 

relieves inhibition of protein phosphatase 1 (PP1), which activates GSK3β (Peineau et 

al., 2007), suggesting that CaN may be involved in FAT disruption.  

Here, we show that AβOs impair transport of DCVs containing brain-derived 

neurotrophic factor (BDNF) in hippocampal neurons from both wild type (tau+/+) and tau 

knockout (tau-/-) mice, suggesting that tau is not required for transport disruption. FAT 

inhibition is not accompanied by microtubule destabilization or cell death. Significantly, 

AβOs impair BDNF transport by over-activating CaN through non-excitotoxic Ca2+ 
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signaling, and inhibition of CaN rescues transport defects. Furthermore, inhibition of 

protein phosphatase 1 (PP1) and glycogen synthase kinase 3β (GSK3β), downstream 

targets of CaN, prevents BDNF transport defects independent of tau. These findings 

implicate CaN in FAT regulation and challenge the requirement for tau in AβO-induced 

transport disruption. 

2.3. Materials and Methods 

2.3.1. 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 Banker (Kaech and Banker, 2006), and kept in Neurobasal/B27 (Invitrogen) or 

PNGM primary neuron growth media (Lonza). At 10-12 days in vitro (DIV), cells were co-

transfected with pβ-actin-BDNF-mRFP and pmUBa-eBFP (received from Gary Banker, 

Oregon Health and Sciences University, Portland, OR) using Lipofectamine (Invitrogen). 

Cells expressed the plasmids for 24-36 hours before live imaging. Experiments 

assessing a role for GSK3 and PP1 utilized the following plasmids and were 

transfected as above: pcDNA3 HA-GSK3β S9A, pcDNA3 HA-GSK3β K85A (gifts from 

Jim Woodgett, Addgene plasmids 14754 and 14755), I-2/pCS2 (Addgene plasmid 

16317). The absence of tau in tau-/- mice was confirmed by immunoblotting with the 

antibodies PHF-1 and tau-46 (Supplemental Figure 1). All experiments with animals 

were approved by and followed the guidelines set out by the Simon Fraser University 

Animal Care Committee: Protocol #943-B05. 

2.3.2. AβO, FK506, and GSK3 Inhibitor VIII treatments 

Soluble, full-length Aβ 1-42 peptides (AβOs; American Peptide) were prepared 

exactly according to the method of Lambert et al. (Lambert et al., 1998) and applied to 

cells at a final concentration of 500 nM for 18 hours, or 100 nM for up to 72 hours. 

Following AβO or vehicle exposure, cells were incubated with 1 µM FK506 (Sigma) or 
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equivalent volumes of vehicle (ethanol) for 1-3 hours prior to imaging of transport. 5 µM 

GSK3 inhibitor VIII (Calbiochem) was applied to cells prior to AβO exposure. 

2.3.3. 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. (Kwinter et al., 2009). All imaging, typically 100 frames, was 

recorded by the “stream acquisition module“ in MetaMorph.  Briefly, cells were sealed in 

a heated imaging chamber, and streaming recordings were acquired from double 

transfectants at an exposure time of 250 ms for 90s. This captured dozens of transport 

events per cell in 100-µm segments of the axon. Axons were initially identified based on 

morphology and confirmed retrospectively by immunostaining against MAP2, a dendritic 

cytoskeletal protein. Soluble BFP detection was necessary 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 length and duration of each movie (in micron-

minutes): 
t
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1 where d are the individual DCV run lengths,  is the length of axon 

imaged and t is the duration of the imaging session. A vesicle was defined as 

undergoing a directed run if it traveled a distance of ≥2 µm. This distance was 

determined as a safe estimate of the limit of diffusion based on the assumption that root-

mean-squared displacement equals Dt2 , where D is the diffusion coefficient (D=0.01 

sm 2  for DCVs) and t  is the duration of the imaging period (t=50 s) (Abney et al., 

1999). A run was defined as terminating if the vesicle was found to remain in the same 

position for at least 4 consecutive frames. “% flux” represents the flux in treated neurons 

normalized to controls (100%). 
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2.3.4. Immunocytochemistry 

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

gelatin (Kwinter et al., 2009). To confirm AβO binding to dendrites, and to verify visually 

that AβOs remain oligomeric after 18 h in culture, cells were stained with an Aβ 

oligomer-specific antibody (NU-4, received from W. L. Klein, Northwestern University; 

1:1000) or 6E10 (1:1000; Covance) and anti-MAP2 (1:2000; Millipore). To assess p-tau 

and tubulin modifications, neurons were stained with anti-p-tau PHF1 (1:300; received 

from P. Davies, Albert Einstein School of Medicine), anti-p-tau Ser262, Thr 231, Ser 396, 

Ser 404 (1:300; Sigma-Aldrich; received from D. Vocadlo, Simon Fraser University), anti-

acetylated tubulin (1:2000; 6-11B-1, Sigma-Aldrich), anti-detyrosinated tubulin (1:2000; 

Millipore), or anti-tyrosinated tubulin (1:1000; TUB-1A2, Sigma-Aldrich). The presence of 

HA-GSK3 and myc-I-2 were confirmed retrospectively by antibody staining against the 

HA (1:100; Roche) or myc (1:500; Sigma) epitopes. Neurons were then incubated with 

compatible secondary antibodies conjugated to Cy3 (1:500; Jackson ImmunoResearch 

Laboratories), Alexa 488 (1:500, Invitrogen), Cy5 (1:500; Jackson ImmunoResearch 

Laboratories). To quantify tau phosphorylation and tubulin modifications, histograms 

were generated using ImageJ from the fluorescence intensity of each pixel across 

several images, and the average intensity and standard error of the mean were 

calculated. Appropriate thresholds were applied to eliminate background signal prior to 

histogram analysis, as described in De Felice et al. (De Felice et al., 2008). Phospo-tau 

axon gradient staining for each epitope, Ser 396 and Ser 404, was performed and 

quantified exactly according to Mandell and Banker (Mandell and Banker, 1996).  

2.3.5. Immunoblotting 

Neurons were treated with vehicle, AβOs and/or FK506 as described above. To 

induce caspase 3 activation, neurons were treated with 5 M staurosporine (EMD 

Millipore). Neurons were lysed in RIPA buffer containing Complete Protease Inhibitor 

Cocktail (Roche) and Halt Phosphatase Inhibitor Cocktail (Thermo Scientific). Samples 

(5-10 µg) were resolved on 10-12% SDS-polyacrylamide gels and transferred to PVDF 

membranes.  Membranes were incubated with the following primary antibodies overnight 

at 4°C: anti-p-tau PHF-1 (1:1000), anti-tau-5 and tau-46 (1:1000; received from C. 



 

35 

Krieger, Simon Fraser University), anti-acetylated tubulin (1:2000), anti-detyrosinated 

tubulin (1:1000), anti-tyrosinated tubulin (1:1000), anti-phospho-I1 Thr35 (Santa Cruz 

Biotechnologies; 1:500, pre-adsorbed on adult mouse whole brain homogenate), anti-

CaN-A (1:1000; Enzo Life Sciences), anti-alpha II spectrin (1:1000; AA6, Millipore), anti-

caspase-3 (1:1000; 8G10, New England Biolabs), and anti-tubulin (1:2000; DM1A, 

Millipore). Immunoreactive bands were visualized using enhanced chemiluminescent 

substrate (ECL) (Thermo Scientific) for detection of peroxidase activity from HRP-

conjugated antibodies. Densitometric scanning and quantitative analysis were carried 

out using ImageJ. 

2.3.6. Biochemical quantification of tubulin 

Control and AO-treated neurons were extracted with PHEM buffer (60 mM 

PIPES, pH 6.9, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2, 10 µM Taxol, 0.2% Triton 

X-100, Protease and Phosphatase inhibitors), a microtubule stabilizing buffer, as 

described previously (Black et al., 1996). Equal protein amounts of Triton X-soluble and -

insoluble fractions were analyzed by immunoblotting using anti-tubulin DM1A (1:2000; 

Sigma-Aldrich). 

2.3.7. In vitro phosphatase activity assays 

Neurons were treated with vehicle, AβOs and/or FK506 as described above. 

Total phosphatase activity, CaN activity, and the combined activity of PP1+PP2A were 

measured using a colorimetric assay based on RII substrate dephosphorylation 

(Calcineurin Cellular Activity Assay Kit, Calbiochem). Briefly, cells were scraped in lysis 

buffer, and protein extracts were collected by high-speed centrifugation and desalted 

using chromatography columns (GE Healthcare). To measure total phosphatase activity, 

lysates were incubated with RII according to manufacturer’s instructions.  To 

discriminate between CaN and PP1+PP2A activity, lysates were additionally incubated 

with 10 mM EGTA and 500 nM okadaic acid. RII was omitted from a parallel set of 

reactions to assess background phosphatase activity. Human recombinant calcineurin 

served as a positive control.  Following incubation at 30 oC for 30 min, reactions were 

terminated with GREEN colour indicator and developed at room temperature for 30 min.  
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Absorbance was measured at 620 nm using a Spectramax M2 microplate reader 

(Molecular Devices), and nanomoles of phosphate released were determined from a 

standard curve. CaN activity was calculated by subtracting phosphatase activity in the 

presence of EGTA from total phosphatase activity. Similarly, PP1+PP2A activity was 

calculated by subtracting phosphatase activity in the presence of okadaic acid from total 

phosphatase activity.  

2.3.8. ATP assay 

ATP levels in control and AO-treated neurons were assessed by luciferase-

based detection of ATP, according to the manufacturer’s protocol (CellTiter-Glo 

Luminescent Cell Viability Assay, Promega). Following vehicle and AO exposures, 

neurons were washed briefly in PBS.  Neurons were incubated in 200 µl of CellTiter-Glo 

luminescent reagent and 200 µl of PBS for 10 min at room temperature.  Luminescence 

was measured using a microplate reader (Molecular Devices).  

2.3.9. Statistical analyses 

Statistical analyses were performed using Microsoft Excel or GraphPad Prism. 

Data are presented as mean ± SEM. Significant differences between treatments were 

analyzed by t-tests with equal or unequal variance at a 95% confidence interval.  For live 

imaging experiments, a minimum of 15 cells from 3 independent cultures (n=3) were 

analyzed. For immunoblots, in vitro phosphatase assays, and ATP assays, neuronal 

lysates from at least 3 independent cultures were analyzed.  To determine the strength 

of relationship between velocity and run length the Spearman’s rank correlation 

coefficient was calculated. Spearman’s correlation coefficient r between 0.3 and 0.5 

indicates a moderate to low correlation between the two variables.  
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2.4. Results 

2.4.1. AβO-induced disruption of axonal transport is not 
accompanied by tau hyperphosphorylation at microtubule 
binding sites, spatial redistribution, or fragmentation 

AβOs induce tau hyperphosphorylation (p-tau) (De Felice et al., 2008), which 

may inhibit FAT by destabilizing microtubules. To determine whether p-tau correlates 

with transport disruption in cultured hippocampal neurons (Decker et al., 2010a), we 

assessed tau phosphorylation at Ser396 and Ser404, residues that are characteristically 

hyperphosphorylated in AD, and at Thr231 and Ser262, located in the microtubule 

binding domain of tau, by semi-quantitative immunocytochemistry and immunoblotting. 

In agreement with previous results for the AD-related epitope PHF-1 (Ser396/Ser404) 

(De Felice et al., 2008), we found a two-fold increase in p-tau at Ser396 and Ser404 

after 4 h of exposure to 500 nM AβOs (Figure 2.1 A). It is noteworthy, however, that no 

perturbation of axonal transport was detected within this timeframe (Decker et al., 

2010a). After 18 h of exposure to AβOs, when transport is markedly reduced (Decker et 

al., 2010a), a three to five-fold increase in p-tau (at the Ser396 and Ser404 residues) 

was observed (Figure 2.1 A), similar to PHF-1. Interestingly, however, p-tau at Thr231 

and Ser262 showed no differences between AβO-treated and control neurons (Figure 

2.1 A), suggesting that the association of tau with microtubules was unaffected. Total tau 

protein levels were also unchanged by AβO treatment (Figure 2.1 A). These results 

show that AβOs do not induce tau phosphorylation at residues associated with 

microtubule binding during the timeframe in which the transport defect is initiated. 

To further assess axonal cytoskeletal integrity and its potential role in transport 

disruption induced by AOs, we evaluated the proximo-distal gradient of p-tau, important 

for axonal development and function (Mandell and Banker, 1996). Excessive 

phosphorylation of tau and its subsequent detachment from microtubules may perturb 

this gradient and impair transport (Dixit et al., 2008). To determine the spatial distribution 

of axonal p-tau, we used an approach that extracts soluble tau while stabilizing tau 

associated with microtubules (Mandell and Banker, 1996). Semi-quantitative 

immunocytochemistry revealed no changes in the Ser396 or the Ser404 p-tau gradient 

after 18 h of AβO treatment, compared with control cells (Figure 2.1 B and Supplemental 
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Figure 1). These findings suggest that changes in tau solubility and association with the 

axonal cytoskeleton may not contribute significantly to transport impairment. 

 

Figure 2.1 AβO-induced disruption of axonal transport is not accompanied by 
tau hyperphosphorylation at microtubule binding sites, spatial 
redistribution, or fragmentation. 

 
(A) Quantification of tau hyperphosphorylation (p-tau) immunocytochemistry. After 4 and 18 h, 
AβOs increase p-tau at AD-related sites (Ser396 and Ser404), but do not elevate p-tau at 
residues located at the microtubule-binding domain of tau (Thr231and Ser262). Inset: AβOs do 
not change total tau levels. Graph shows mean ± SEM. A minimum of 24 cells from 3 
independent cultures were analyzed per condition; *p < 0.05 and **p<0.005 relative to controls. 
The dashed line represents the control condition. (B) Representative images of p-tau 
immunocytochemistry (Ser396). AβOs do not disrupt the spatial gradient of axonal p-tau. A 
similar staining pattern was observed for Ser404 (Supplemental Figure 1). Star indicates cell 
body, arrowhead indicates proximal axon, and arrows indicate distal axon. Scale bar = 100 µm. 
Quantitation of phospho-tau immunofluorescence comparing the ratio of fluorescent signals 
between initial and distal portions of the axon. A minimum of 14 cells from 2 independent cultures 
were analyzed per condition a.u. = arbitrary units. (C) AβOs do not induce cleavage of full-length 
tau (50-70 kDa) and generation of a 17 kDa fragment after 18 h of treatment. Quantification of 
PHF p-tau in control and AβO-treated neuronal lysates. AβOs induce a two-fold increase in p-tau. 
Graph shows mean ± SEM from 3 independent cultures. 
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Independently of phosphorylation, AβOs induce tau fragmentation through 

activation of calpain and caspases, rendering tau prone to aggregation and potentially 

contributing to AO toxicity (Reifert et al., 2011). To determine whether tau 

fragmentation contributes to AO-induced transport impairment, we probed control and 

AO-treated hippocampal cell lysates for PHF-1 p-tau and total tau. In agreement with 

immunocytochemistry data (Figure 2.1 A), we detected a two-fold increase in p-tau after 

18 h of exposure to AOs (Figure 2.1 C). However, we did not detect a reduction in full-

length tau (50-70 kDa), nor appearance of a 17 kDa tau fragment (Reifert et al., 2011) 

(Figure 2.1 C). Moreover, calpain and caspase-3, known to induce tau fragmentation, 

are not activated under our experimental conditions (Supplemental Figure 3). 

Collectively, these results suggest that p-tau and tau fragmentation do not mediate AO-

induced BDNF transport disruption. 

2.4.2. AβOs disrupt BDNF transport independent of tau 

Recent studies suggest that tau impairs transport by promoting motor protein 

dissociation from microtubules (Seitz et al., 2002) or by disrupting motor protein-cargo 

interactions (Kanaan et al., 2011). To determine if tau is required for AβO-induced FAT 

disruption, tau+/+ and tau-/- neurons expressing BDNF-mRFP, a DCV cargo, were imaged 

18 h after exposure to 500 nM AβOs (Figure 2.2 A). Irreversible AβO binding to 

dendrites was confirmed retrospectively by immunocytochemistry (Figure 2.2 A and 

Supplemental Figure 4) using an oligomer-specific antibody (NU-4; (Lambert et al., 

1998). Representative kymographs illustrate differences between BDNF transport in 

control (vehicle-treated) and AβO-treated neurons (Figure 2.2 B). Total axonal flux was 

similarly and markedly reduced by AβOs both in the presence and absence of tau (59% 

and 62% decrease, respectively; Figures 2.2 B,C and Table 2.1). AβOs also significantly 

decreased anterograde average velocity by approximately 12% in both tau+/+ and tau-/- 

neurons, while a reduction in anterograde average run length was detected only in AβO-

treated tau+/+ neurons (18%) (Table 2.1). A correlation between average velocity and run 

length was not observed (Supplemental Figure 1). Results show that AβOs perturb 

BDNF transport similarly in tau+/+ and tau-/- neurons and suggest that alternative 

mechanisms regulate transport in the absence of tau. 
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Figure 2.2 Tau is not required for AβO-induced disruption of BDNF transport. 

(A) Expression of soluble BFP and BDNF-mRFP in an AβO-treated tau
-/-

 neuron (from left to 
right). Overlay of BFP and AβO images shows binding of AβOs exclusively to dendrites. 
Immunocytochemistry shows that AβOs remain oligomeric after 18 h in culture. Arrows indicate 

axon; arrowheads indicate dendrites. Scale bar = 50 m (B) Representative kymographs of 

BDNF transport in control and 500 nM AO-exposed tau
+/+

 and tau
-/-

 neurons. Green trace 
indicates anterograde transport; red trace indicates retrograde transport. (C) Effects of 500 nM 
AβO treatment on BDNF flux. Flux is markedly reduced in both tau

+/+
 and tau

-/-
 neurons treated 

with AβOs. A minimum of 20 cells from 3 different cultures were analyzed per condition; ***p < 
0.001 relative to controls. (D) BDNF transport disruption is dose and time dependent. 100 nM 
AβOs induce significant transport defects by 72 hrs. A minimum of 15 cells from 3 independent 
cultures were analyzed per condition. Statistical evaluation is presented in Tables 2.1 and 2.2. 
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2.4.3. AβO-induced disruption of BDNF transport is dose- and 
time-dependent 

Next we investigated whether transport defects are induced by AβOs in a dose- 

and time-dependent manner.  We treated tau+/+ and tau-/-  neurons with 100 nM AβOs 

and assessed BDNF transport after 18, 48 and 72 h. Bidirectional transport was 

markedly reduced in both tau+/+ and tau-/-  neurons after 72 h of AβO exposure (Figure 

2.2 D). Additionally, we found significant reductions in average anterograde and 

retrograde run lengths in tau+/+ and tau-/- neurons (~22% and 23% respectively), along 

with a significant decrease in average velocity in tau-/- neurons (~15%) (Table 2.2). 

These results differ from those obtained with 500 nM AOs at 18 h (e.g., a decrease 

only in anterograde run length, Table 2.1) suggesting that the selective mechanisms for 

BDNF transport disruption depend on the conditions of AO exposure. 

2.4.4. BDNF transport defects occur independent of changes in 
microtubule stability and tubulin post-translational 
modifications 

To verify that tau-independent transport defects do not result from microtubule 

destabilization, we assessed tubulin stability in control and AβO-treated tau+/+ and tau-/-  

neurons by gently extracting soluble tubulin while stabilizing polymerized tubulin (Black 

et al., 1996). Immunoblots of these protein fractions revealed no change in the ratio of 

soluble to polymerized tubulin between control and AO-treated tau-/- neurons, indicating 

that AOs do not induce tubulin depolymerization in the absence of tau (Figure 2.3 A). 

Similar results were obtained for tau +/+ neurons as reported in Decker et al. (Decker et 

al., 2010a). We next examined whether AβOs might alter post-translational tubulin 

modifications involved in microtubule stability (Henriques et al., 2010) and recruitment or 

control of motor proteins (Janke and Kneussel, 2010). We compared tubulin acetylation 

and detyrosination as indicators of microtubule stability. We also assessed levels of 

tyrosinated tubulin, an indicator of microtubule destabilization (Janke and Kneussel, 

2010). AβOs did not alter levels of acetylation, detyrosination, and tyrosination in either 

control or AβO-treated tau+/+ and tau-/- neurons (Figure 2.3 B). Additionally, we evaluated 

these tubulin modifications by semi-quantitative immunocytochemistry (Figure 2.3 C, D). 

No significant differences in acetylated tubulin immunofluorescence were observed 
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between control and AβO-treated tau+/+ and tau-/- neurons (Figure 2.3 C, D). Similar 

results were obtained for detyrosinated and tyrosinated tubulin (Supplemental Figure 2). 

Together, these findings indicate that tau-independent transport defects do not result 

from microtubule destabilization and changes in tubulin modifications. 

 

Figure 2.3 BDNF transport defects occur in the absence of changes in 
microtubule stability and tubulin post-translational modifications. 

(A) Immunoblots of tubulin from tau
-/-

 neurons extracted in PHEM buffer. No change in the ratio of 

soluble to polymerized tubulin between control and AO-treated neurons was observed. Similar 
results were obtained for tau

+/+
 neurons (data not shown). (B) Immunoblots of acetylated, 

tyrosinated, and detyrosinated tubulin. AβOs did not alter levels of these modifications in control 
and AβO-treated tau

+/+
 and tau

-/-
 neurons. Graphs show means ± SEM from 3 independent 

cultures. (C and D) Representative images and quantification of acetylated tubulin 
immunocytochemistry. AβO treatment does not induce significant changes in tubulin acetylation. 
Graphs show average total fluorescent pixel counts, normalized against the tau

+/+
 control. Error 

bars represent SEM. A minimum of 20 cells from 3 independent cultures were analyzed per 
condition. Scale bar = 25 μm. 

2.4.5. Calcineurin inhibition rescues AβO-induced transport 
defects 

We have previously shown that AβOs reduce DCV transport through an NMDAR-

dependent mechanism, which is mediated by GSK3β (Decker et al., 2010a). 

Dysregulated Ca2+ influx through NMDARs leads to elevation of resting intracellular Ca2+ 

(LaPointe et al., 2009; Demuro et al., 2010) and activation of the Ca2+/calmodulin-

dependent phosphatase, calcineurin (CaN) (Reese and Taglialatela, 2011). Activated 
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CaN relieves inhibition of protein phosphatase 1 (PP1), which in turn activates GSK3β 

(Peineau et al., 2007). Thus, we investigated whether CaN mediates AβO-induced 

transport disruption.  We exposed tau+/+ and tau-/-  neurons to 500 nM AβOs for 18 h and 

subsequently treated them with 1 µM FK506, a highly specific, potent inhibitor of CaN 

(Schreiber and Crabtree, 1992). Remarkably, inhibition of CaN reversed AβO-induced 

transport defects in tau+/+ and tau-/- neurons within 1 to 3 h of treatment (Figure 2.4). 

FK506 rescued both anterograde and retrograde flux (Figure 2.4 A-C). Average DCV 

velocity and run length were also restored to control levels (Table 2.1). These data 

support a key role for CaN in FAT disruption. 

 

Figure 2.4 Inhibition of calcineurin by FK506 rescues AβO-induced transport 
defects independently of tau. 

(A and B) Effects of AβOs and FK506 treatment on BDNF flux in tau
 +/+ 

and tau
-/-

 neurons.  Flux is 
markedly reduced in cells treated with AβOs and is restored 1-3 h after treatment with 1 µM 
FK506. (C and D) Representative kymographs comparing BDNF transport in control and AβO-
treated neurons. A minimum of 15 cells from 3 different cultures were analyzed per condition; 
*0.001<p<0.05, and **p<0.001 relative to controls. Scale bar = 25 μm. Complete statistical 
evaluation is presented in Table 2.1. 
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2.4.6. Calcineurin activity and protein phosphatase inhibitor-1 
dephosphorylation are elevated by AβOs and normalized by 
FK506 

To determine whether AβO-induced transport disruption involved changes in 

CaN activity, we employed an in vitro phosphatase assay based on colorimetric 

detection of RII substrate dephosphorylation.  We treated tau+/+ and tau-/- neurons with 

AβOs and FK506 and measured total phosphatase activity, CaN activity, and the 

combined activity of PP1/PP2A in their lysates (Figure 2.5 A, B). Total phosphatase 

activity was significantly elevated by AβOs (29%), significantly reduced by FK506 alone 

(55%), and restored to control levels in the presence of both agents (Figure 2.5 A, B). 

These effects were largely attributed to changes in CaN activity, which followed 

analogous trends (Figure 2.5 A, B). No significant differences in the combined activities 

of PP1/PP2A were detected by this method, attesting to RII substrate specificity for CaN. 

We confirmed these changes in CaN activity and assessed their potential impact on 

downstream PP1 activity by probing tau+/+ and tau-/- neuronal lysates for phospho-

inhibitor-1 (I-1) (Figure 2.5 C, D). CaN directly inactivates I-1 by dephosphorylation at 

Thr35; by this mechanism, CaN relieves inhibition of PP1 (Peineau et al., 2007). In both 

tau+/+ and tau-/- neurons, I-1 phosphorylation was significantly reduced by AβOs (40%), 

significantly elevated by FK506 alone (100%), and restored to control levels in the 

presence of both agents (Figure 2.5 C, D). Collectively, these findings demonstrate that 

AβOs impair BDNF transport by activating CaN and suggest that PP1 is also involved in 

transport disruption. 
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Figure 2.5 Calcineurin activity is elevated by AβOs and normalized by FK506. 

(A and B) In vitro phosphatase assays on tau
+/+

 and tau
-/-

 primary neuronal lysates. Total 
phosphatase activity is significantly elevated by AβOs, significantly reduced by FK506 alone, and 
restored to control levels in the simultaneous presence of both agents. These effects are largely 
attributed to changes in CaN activity, which follows analogous trends. AβOs do not induce 
significant changes in the combined activity of PP1+PP2A. (C and D) Protein phosphatase 
inhibitor-1 (I-1) dephosphorylation in tau

+/+
 and tau

-/-
 neurons. Dephosphorylation of I-1 (29 kDa) 

is significantly elevated by AβOs, significantly reduced by FK506 alone, and normalized in the 
presence of both agents. Tubulin immunoblots indicate equal sample loading. (E and F) Calpain-
dependent cleavage of calcineurin in tau

+/+
 and tau

-/-
 neurons. No significant differences in the 

ratios of truncated CaN (57 and 48 kDa) to full-length CaN (61 kDa) are detected between control 
and AβO-treated neurons. Tubulin immunoblots indicate equal sample loading. Graphs show 
mean ± SEM from 3 independent cultures; *p<0.05, and **p<0.001 relative to controls. 
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2.4.7. Inhibition of protein phosphatase-1 and glycogen synthase 
kinase 3β prevents AβO-induced transport defects 

AβOs activate several phosphatases and kinases downstream of CaN, including 

protein phosphatase-1 (PP1) and glycogen synthase kinase 3β (GSK3β) (Krafft and 

Klein, 2010; Braithwaite et al., 2012). Activated CaN dephosphorylates inhibitor-1, which 

leads to activation of PP1 (Mulkey et al., 1994). PP1 activates GSK3β by 

dephosphorylation of Ser9 (Morfini et al., 2004; Lee et al., 2005; Szatmari et al., 2005; 

Peineau et al., 2007). This cascade is invoked during LTD induction (Peineau et al., 

2008) and might also contribute to AβO-induced synaptotoxicity (Berridge, 2010b; 

Benilova et al., 2012). Moreover, PP1-GSK3β signaling has been shown to disrupt motor 

protein-cargo binding in squid axoplasm models of AD (Morfini et al., 2002; LaPointe et 

al., 2009; Kanaan et al., 2011). Thus, we investigated whether PP1 and GSK3β mediate 

AβO-induced transport defects in tau+/+ and tau-/- neurons. First, we induced expression 

of I-2, an inhibitory subunit of PP1 (Zhang et al., 2003), for 24 h and subsequently 

treated neurons with 500 nM AβOs for 18 h (Figure 2.6 A). Inhibition of PP1 by this 

mechanism prevented reductions in bidirectional flux and restored average velocity and 

run length to control levels (Figure 2.6 B, C, Table 2.3). To determine whether GSK3β 

dysregulates transport, we pre-treated tau+/+ and tau-/- neurons with a selective cell-

permeant chemical inhibitor (Inhibitor VIII) or expressed a dominant-negative form of 

GSK3β (K85A) for 24 h prior to AβO treatment.  Using both approaches, we found that 

AO-induced BDNF transport defects were prevented in both tau+/+ and tau-/- neurons 

(Figure 2.6 B, C, Table 2.4). Conversely, transfection with a constitutively-active form of 

GSK3β (S9A) (Stambolic and Woodgett, 1994) significantly inhibited transport in both 

tau+/+ and tau-/- neurons, even in the absence of AβOs (Table 2.4). Collectively, these 

findings suggest that PP1-GSK3β signaling downstream of CaN mediates AβO-induced 

transport disruption. 
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Figure 2.6 Inhibition of protein phosphatase-1 and glycogen synthase kinase 
3β prevents AβO-induced transport defects. 

(A) Expression of myc-tagged I-2 and BDNF-mRFP in an AβO-treated tau
-/-

 neuron (from left to 
right). Overlay of BDNF-mRFP and AβO images shows binding of AβOs exclusively to dendrites. 
Retrospective immunocytochemistry was used to confirm I-2 expression and AβO binding. 

Arrows indicate axon; arrowheads indicate dendrites. Scale bar = 50 m. (B) Effects of PP1 and 
GSK3β inhibition on BDNF flux in AβO-treated tau

 +/+ 
and tau

 -/- 
neurons. Bidirectional flux is 

markedly reduced by AβOs, and transport defects are prevented by expression of I-2 for 24 h, 
pre-treatment with 5 µM Inhibitor VIII for 30 min, and expression of kinase-dead GSK3β (K85A) 
for 24 h.  Flux is similarly impaired by expression of kinase-active GSK3β (S9A).  (C) 
Representative kymographs comparing BDNF transport in control, AβO-treated, and inhibitor-
treated tau

 +/+ 
and tau

 -/- 
neurons. A minimum of 15 cells from 3 different cultures were analyzed 

per condition; ***p<0.001 relative to controls and 
+++

p<0.001 relative to AβO-treated cells.  
Complete statistical evaluation is presented in Tables 2.3 and 2.4. 
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2.4.8. AβO-induced activation of calcineurin and disruption of 
transport are not mediated by excitotoxic Ca2+ signaling 

Finally, we investigated whether AβOs activate CaN through excitotoxic Ca2+ 

signaling by probing tau+/+ and tau-/-  neuronal lysates for truncated forms of CaN, 

generated by calpain-induced cleavage (Liu et al., 2005). In glutamate-induced 

excitotoxicity, activated calpain cleaves full-length CaN, producing constitutively active 

57 and 48 kDa truncated forms (Figure 2.5 E). However, no differences in the ratios of 

truncated, active CaN to full-length CaN (61 kDa) were detected between control and 

AβO-treated lysates (Figure 2.5 E). We further measured levels of non-erythroid α-II 

spectrin (280 kDa), a well-defined physiological substrate of calpain, in AO-exposed 

neurons. Immunoblots revealed that calpain-mediated cleavage of spectrin, which 

generates a characteristic 150 kDa fragment, was not increased by AβOs (Supplemental 

Figure 3). These results demonstrate that AβOs do not activate CaN through excitotoxic, 

calpain-mediated fragmentation. 

During excitotoxicity, intracellular Ca2+ is sequestered into the mitochondrial 

matrix, decreasing the electrochemical gradient generated by the electron transport 

chain, thereby reducing ATP synthesis. The concurrent accumulation of intra-

mitochondrial Ca2+ and reduced ATP synthesis is a primary cause of cell death. To rule 

out the possibility that transport disruption under our conditions resulted from these 

events, we measured ATP levels in control and AβO-treated tau+/+ and tau-/- neurons 

using an in vitro luciferase-based ATP assay, and no changes in ATP levels were 

observed (Supplemental Figure 3). Furthermore, caspase-3, a key mediator of 

excitotoxic cell death, was not cleaved and activated (Supplemental Figure 3). 

Collectively, these results show that transport disruption does not result from excitotoxic 

CaN activation and cell death, suggesting that a mechanism downstream of CaN 

signaling triggers transport defects induced by AβOs. 

2.5. Discussion 

FAT disruption is an early pathological manifestation that leads to loss of 

synapse function and axonal degeneration in AD (De Vos et al., 2008). AβOs are central 
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to AD pathology and impair FAT. AOs are known to induce tau hyperphosphorylation 

(De Felice et al., 2008), however, it is unclear whether tau is required for AβO mediated 

FAT disruption (Castellani et al., 2008). Here, through direct assessment of FAT at high 

temporal and spatial resolution in living neurons, we demonstrate that AβO-induced 

defects in axonal BDNF transport persist in the absence of tau, and cannot be attributed 

to microtubule destabilization or cell death. Our findings support the notion that tau is not 

essential for normal transport (Yuan et al., 2008; Vossel et al., 2010), and suggest that 

additional intracellular signaling mechanisms negatively regulate FAT in AO-exposed 

neurons. We combined multiple approaches, including live imaging, in vitro phosphatase 

assays, and immunoblotting, to demonstrate that inhibition of CaN by FK506 completely 

rescues BDNF transport defects, and that AβOs impair transport by over-activating CaN 

through non-excitotoxic Ca2+ signaling. Collectively, our work implicates CaN in FAT 

regulation and challenges a requirement for tau in AβO-induced transport disruption in 

primary neurons. 

Considerable evidence implicates tau in AβO toxicity, and a variety of proposed 

mechanisms explain how tau reduction might prevent or ameliorate it.  Such 

mechanisms range from altered microtubule stability (Rapoport et al., 2002; King et al., 

2006), elimination of a toxic tau fragment (Park and Ferreira, 2005), regulation of 

neuronal activity (Shipton et al., 2011), and changes in subcellular localization of the Src 

kinase, Fyn (Ittner et al., 2010). Intriguingly, we found that tau ablation does not prevent 

AβO-induced FAT defects (Figure 2). This suggests that the role of tau in AO-induced 

toxicity depends on differences in model systems and relevant stages of AD progression 

examined, or to temporal differences in activation of distinct signaling mechanisms that 

lead to toxicity. For instance, tau reduction ameliorates cognitive deficits in human 

amyloid precursor protein (hAPP)-overexpressing mice. These mice exhibit extensive 

plaque formation, mimicking chronic Aβ accumulation during late-stage AD, when 

abnormal phosphorylation, distribution, and signaling properties of tau are prevalent and 

likely contribute significantly to LTP impairment and toxicity (Morris et al., 2011; Shipton 

et al., 2011). In contrast, we assessed FAT in neurons that were acutely exposed to 

AβOs. These conditions are likely more relevant to early-stage AD, when 

hyperphosphorylated and fragmented tau have not reached detrimental concentrations 

(Morris et al., 2011), and when evidence of transport defects exists in animal models 
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(Kim et al., 2011). We cannot rule out the possibility that p-tau ultimately accumulates 

and inhibits FAT by interacting directly with motor-cargo complexes or initiating aberrant 

signaling cascades that eventually alter FAT dynamics. Our findings imply that tau, 

although critical for AβO toxicity during late-stage AD, is probably not essential for 

initiating transport defects in early-stage AD. 

AβOs instigate aberrant Ca2+ signaling prior to excessive tau 

hyperphosphorylation, NFT formation, cognitive decline, and other late-stage hallmarks 

of AD (Stutzmann, 2007). In cultured neurons and AD mouse models, AβOs persistently 

elevate resting cytosolic Ca2+ by allowing dysregulated Ca2+ influx through NMDARs and 

subsequent release of Ca2+ from internal stores (Lopez et al., 2008; Demuro et al., 

2010). Inhibition of NMDARs prevents FAT defects (Decker et al., 2010a), rendering 

aberrant Ca2+ signaling a plausible mechanism for AβO-induced FAT disruption in the 

absence of tau. Our findings (e.g., Figures 2.4 and 2.5) corroborate numerous reports of 

detrimental CaN signaling during early AD pathogenesis (Supnet and Bezprozvanny, 

2010). Within minutes of AβO treatment, a progression of Ca2+/calmodulin-dependent 

CaN activation is observed, first in dendritic spines, and minutes to hours later in the cell 

body (Wu et al., 2012).  Subsequent activation of downstream kinases, such as GSK3β, 

can lead to glutamate receptor internalization, spine retraction, LTP blockage, and LTD 

facilitation (Reese and Taglialatela, 2011). AβOs can further increase CaN signaling 

through non-apoptotic caspase-3 activation in dendritic spines (D'Amelio et al., 2011; 

Hyman, 2011). These observations are characteristic of early AD pathogenesis, as they 

occur in very young APP-overexpressing mice, prior to Aβ plaque deposition, NFT 

formation, and significant neuronal loss (de Calignon et al., 2009; de Calignon et al., 

2010; D'Amelio et al., 2011). CaN activation is predominantly dependent on 

Ca2+/calmodulin in our studies and similarly precedes apoptotic caspase-3 activation and 

cell death (Figures 2.1, 2.5, Supplemental Figure 3). Taken together, these results 

emphasize roles for Ca2+ dysregulation and CaN activation in AβO toxicity during early 

AD pathogenesis. 

There are several mechanisms by which AβOs might disrupt axonal BDNF 

transport independently of tau. One mechanism could involve CaN-dependent inhibition 

of motor protein activity, mediated by GSK3β. GSK3β is implicated in many aspects of 
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AD pathogenesis (Hooper et al., 2008) and negatively regulates axonal transport of APP 

in Drosophila embryos (Weaver et al., 2013). Negative regulation of kinesin-1 (KIF5) and 

cytoplasmic dynein is accomplished by reducing the number of motors that are bound to 

microtubules.  A second mechanism may comprise disruption of motor protein-cargo 

binding. Phosphorylation of kinesin light chain-1 (KLC1) by PP1-GSK3β signaling 

(Morfini et al., 2002) and casein kinase 2 (Pigino et al., 2009) dissociates KIF5 from 

vesicular cargoes in a squid axoplasm model of AD.  Moreover, axonal trafficking of 

calsyntenin-1, a membrane protein that mediates the attachment of KIF5 to APP-

containing vesicles, is impaired by phosphorylation of KLC1 (Vagnoni et al., 2011). 

Likewise, it is possible that CaN activation leads to GSK3β-mediated impairment of 

axonal BDNF transport by a similar mechanism(s).  

Our results demonstrate that AβOs impair bidirectional BDNF transport, and that 

PP1 and GSK3β inhibition prevents reductions in anterograde and retrograde flux.  It is 

possible that GSK3β largely governs anterograde transport; however, several recent 

studies have elucidated regulatory mechanisms that are coordinated through opposing 

motors, whereby disrupting one motor impairs bidirectional transport (Ally et al., 2009; 

Welte, 2009; Jolly and Gelfand, 2011). In Alzheimer’s disease models, bidirectional 

transport of mitochondria (Rui et al., 2006; Vossel et al., 2010), amyloid precursor 

protein (Weaver et al., 2013), and organelles contained in squid axoplasm (Pigino et al., 

2009) and primary hippocampal neurons (Hiruma et al., 2003) are similarly perturbed. 

Although this mechanism is commonly observed, subtler changes in axonal transport 

have been detected for different AβO treatments and cargoes (Tang et al., 2012). 

Transport regulation is specific to the motor proteins and cargoes involved. 

Intriguingly, tau reduction prevents AβO-induced defects in axonal transport of 

mitochondria and TrkA (Vossel et al., 2010). The apparent difference between our 

current results and those of Vossel and co-workers (2010) may be attributed to different 

mechanisms of motor protein regulation. BDNF and other DCV cargoes are transported 

primarily by KIF1A (Park et al., 2008; Lo et al., 2011), whereas mitochondria and TrkA 

are transported primarily by KIF5.  KIF5 interacts with the Ca2+-sensitive mitochondrial 

protein, Miro, which inhibits KIF5 motility in a Ca2+-dependent manner (Wang and 

Schwarz, 2009). This switch in KIF5 activity and subsequent inhibition of mitochondrial 
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transport are observed within minutes of intracellular Ca2+ elevation. Thus, imaging tau-

deficient neurons at finer temporal resolution might have revealed a similar, temporary 

arrest in mitochondrial transport immediately following AβO application and coinciding 

with transient intracellular Ca2+ elevation (Vossel et al., 2010). It is possible that transport 

defects observed in wild type neurons within 1 h of AβO treatment may, indeed, be 

primarily attributed to tau. Moreover, micromolar concentrations of AβOs (as used in 

previous studies) may induce robust tau hyperphosphorylation, initiate its detachment 

from microtubules, and expose a phosphatase-activating domain within the N-terminus 

of tau that activates PP1-GSK3β signaling and impedes transport (Kanaan et al., 2011). 

By contrast, nanomolar concentrations of AβOs used here may permit observation of 

Ca2+-mediated transport disruption, while the relative contribution of pathogenic tau is 

minimal. Typically, high Ca2+ is required for physiological cessation of transport 

(Schlager and Hoogenraad, 2009): specific Ca2+ dependent mechanisms that modulate 

KIF1A motility have yet to be characterized.  

Based on our present findings and other current models of AD pathogenesis, we 

propose the following mechanism for AβO-induced disruption of axonal BDNF transport 

(Figure 2.7). AβOs elevate resting cytosolic Ca2+ by allowing dysregulated Ca2+ influx 

through NMDARs and Ca2+-induced Ca2+ release from internal stores. Calmodulin binds 

free Ca2+ ions and subsequently activates CaN, dephosphorylating I-1 and relieving 

inhibition of PP1. Upon activation by PP1, GSK3β may disrupt BDNF transport by 

directly phosphorylating and inhibiting motor proteins and/or disrupting motor-DCV 

interactions, representing an early transport deficit in the progression of AD (Goldstein, 

2012). These events occur prior to excessive tau hyperphosphorylation, NFT formation, 

and microtubule destabilization. Furthermore, transport defects are not secondarily 

influenced by cellular toxicity despite prolonged, irreversible AβO binding at low 

nanomolar concentrations.  Notably, reduced levels of BDNF correlate with the 

progression of AD (Diniz and Teixeira, 2011), and this reduction could be related to 

transport and release of this neuropeptide. Finally, prevention or reversal of FAT defects 

and consequent axonal degeneration may help to ameliorate neuronal loss and cognitive 

decline in AD. 
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Figure 2.7 Proposed mechanism for fast axonal transport disruption in an 
Alzheimer’s disease model. 

At dendrites, AβOs aberrantly activate NMDARs and induce Ca
2+

 influx, elevating cytosolic Ca
2+

. 
Activated calcineurin relieves inhibition of PP1, which activates GSK3β. GSK3β may inhibit motor 
protein activity (1), and/or disrupt motor-cargo interactions (2), and impede transport in the 
presence of AβOs. 
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2.7. Supplemental Figures and Tables 

 

Figure 2.8 Supplemental Figure 1 

(A) A weak correlation exists between average velocity and run length.  There is only a weak 
correlation between velocity and run length of BDNF vesicles in vehicle- and AβO-treated tau

+/+
 

and tau
-/-

  hippocampal neurons. Spearman rank correlation coefficients (r values) and p values 
are reported for each data set along with a trend line. The data distribution shown in (A) to (D) 
produced weak correlation coeffecients ranging from 0.32 to 0.52. (B) Absence of tau protein in 
mouse brains from tau

-/-
  animals. Western blot analysis of tau in mouse brain lysates from tau

+/+
 

and tau
-/-

  animals reveals the absence of tau protein in tau
-/-

  animals. Upper panel: 
Phosphorylated tau was detected using an anti-PHF-1 antibody; middle panel: total tau protein 
level was detected using an anti-Tau-46 antibody. (C) Quantitation of phosphor tau ser404 
immunofluorescence comparing the ratio of fluorescent signals between initial and distal portions 
of the axon. See Methods for details. 
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Figure 2.9 Supplemental Figure 2 

Tubulin detyrosination and tyrosination are not altered by AβOs in tau
+/+

 and tau
-/-

  hippocampal 

neurons. Representative fluorescent micrographs of detyrosinated (A-B) and tyrosinated (C-D) 
tubulin immunocytochemistry in tau

+/+
 and tau

-/-
  neurons. Quantification reveals no difference in 

detyrosinated and tyrosinated tubulin appearance in control and AβO-treated tau
+/+

 and tau
-/-

  

neurons. Scale = 25 µm. 
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Figure 2.10 Supplemental Figure 3 

Calpain and caspase 3 activities are not elevated in, nor are ATP levels affected in cultured 
neurons in the presence of 500 nM AβOs after 18 hours. (A) Calpain cleavage of α II spectrin in 
control and AβO-treated tau

+/+
 and tau

-/-
  cells was analyzed by western blotting with an anti-α II 

spectrin antibody. (B) Quantification of cleaved α II spectrin 150 kDa fragment reveals no 
difference in calpain activity in control and AβO-treated neurons. (C) Representative image of 
caspase 3 cleavage analyzed by western blotting using an anti-caspase 3 antibody. Caspase 3 
cleavage product was not present in control and AβO-treated cell lysates. (D) Longer exposure 
time of the western blot image shown in c. (E) AβOs do not induce ATP reduction in tau

+/+
 and 

tau
-/-

  hippocampal neurons. Intracellular ATP levels were measured after 18 h of AβO exposure. 
Results are averages of triplicate samples from three independent assays cultures. 
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Table 2.1 Disruption of BDNF transport by 500 nM AβOs 
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Table 2.2 Disruption of BDNF transport by 100 nM AβOs 
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Table 2.3 Inhibition of PP1 prevents AβO-induced transport defects 
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Table 2.4 Inhibition of GSK3β prevents AβO induced transport defects 
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3.1. Abstract 

Disruption of fast axonal transport (FAT) and intracellular Ca2+ dysregulation are 

early pathological events in Alzheimer’s disease (AD).  Soluble amyloid-β oligomers 

(AβOs), a causative agent of AD, impair vesicular transport of brain-derived neurotrophic 

factor (BDNF) by non-excitotoxic activation of calcineurin (CaN), a Ca2+-dependent 

phosphatase implicated in AD.  These transport defects occur independent of tau, 

microtubule destabilization, and acute cell death. Ca2+-dependent mechanisms that 

regulate the onset, severity, and spatiotemporal progression of BDNF transport defects 

from dendritic and axonal AβO binding sites are unknown.  Here, we show that tau-

independent BDNF transport defects in dendrites and axons are induced simultaneously 

but exhibit different rates of decline: maximal impairment of dendritic transport precedes 

maximal impairment of FAT.  The different rates of transport decline correlate with Ca2+ 

elevation and CaN activation first in dendrites and subsequently in axons.  Although 

many axonal pathologies have been described in AD, studies have primarily focused 

only on the dendritic effects of AβOs despite compelling reports of presynaptic AβOs in 

AD models and patients.  Indeed, we observed axonal AβOs in both primary neurons 

and transgenic AD mouse brain. AβOs colocalize with axonal voltage-gated Ca2+ 

channels (VGCCs), and pretreatment with VGCC inhibitors prevents axonal, but not 

dendritic, defects.  Finally, BDNF transport defects are prevented by dantrolene, a 

clinical compound that blocks Ca2+-induced- Ca2+-release through ryanodine receptors in 

the endoplasmic reticulum membrane.  This work establishes a novel role for Ca2+ 

dysregulation in BDNF transport disruption and in tau-independent Aβ toxicity during 

early AD pathogenesis. 

3.2. Introduction 

Impaired fast axonal transport (FAT) of organelles correlates with early stages of 

Alzheimer’s disease (AD) progression and are observed prior to cell death (Adalbert and 

Coleman, 2012; Goldstein, 2012; Ye et al., 2012; Millecamps and Julien, 2013).  AD 

mice expressing disease-associated mutations exhibit FAT defects that precede amyloid 
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plaque deposition and extensive neurofibrillary tangle formation (Kanaan et al., 2013).  

These data support a causal role for FAT disruption in AD.  Although the mechanisms of 

dendritic transport are less well characterized, they are also critical for neuronal function 

and survival.  Transport of glutamate receptors, endosomes, and BDNF is essential for 

spine growth, learning and memory (Park et al., 2006; Kennedy et al., 2010; Kennedy 

and Ehlers, 2011; Lu et al., 2013; Yoshii et al., 2013).  Thus, transport dysregulation in 

both axons and dendrites has significant physiological consequences in diseased 

neurons. 

According to the “Ca2+ hypothesis of AD”, amyloid-β (Aβ) overproduction and 

toxicity are induced by aberrant Ca2+ signaling prior to accumulation of 

hyperphosphorylated tau (p-tau) and cognitive decline (Berridge, 2010a; Chakroborty 

and Stutzmann, 2011).  Aβ oligomers (AβOs) increase Ca2+ influx through several 

membrane receptors, including NMDA and AMPA glutamate receptors and axonal 

voltage-gated Ca2+ channels (VGCCs; (Ferreira and Klein, 2011).  This triggers a 

persistent elevation in resting cytosolic Ca2+, which is primarily maintained by Ca2+-

induced- Ca2+ release (CICR) from the ER (Ferreira and Klein, 2011; Paula-Lima et al., 

2011).  Elevated cytosolic Ca2+ activates the Ca2+/calmodulin-dependent phosphatase, 

calcineurin (CaN).  Activated CaN relieves inhibition of protein phosphatase-1 (PP1), 

which in turn over-activates glycogen synthase kinase 3β (GSK3β) ultimately leading to 

synapse failure (Reese and Taglialatela, 2011).  

In axons, GSK3β activation can induce hyperphosphorylation of tau and disrupt 

FAT by inhibiting motor protein activity and cargo binding (Morfini et al., 2002; Ferreira 

and Klein, 2011; Kanaan et al., 2013; Weaver et al., 2013).  AβOs reduce vesicular 

transport of BDNF in primary neurons through an NMDAR-dependent mechanism, which 

is mediated by GSK3β (Decker et al., 2010a).  Notably, we found that AβO-induced 

transport defects occur independent of tau, microtubule destabilization, and acute cell 

death (Ramser et al., 2013).  We rescued FAT defects by inhibiting CaN, and we 

prevented them by inhibiting PP1 and GSK3β.  Our findings implicated dysregulated 

Ca2+ signaling in BDNF transport disruption when the contribution of pathogenic tau is 

likely minimal. 
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The Ca2+-dependent mechanisms that regulate the onset, severity, and 

spatiotemporal progression of BDNF transport defects from dendritic and axonal AβO 

binding sites are unknown. Particularly, it is unclear how the binding of AβOs to 

postsynaptic sites leads to FAT impairment. We show that defects in dendritic and 

axonal transport of BDNF are induced simultaneously but decline at different rates: 

maximal impairment of dendritic transport precedes maximal impairment of FAT.  This 

correlates with Ca2+ elevation and CaN activation in dendrites and subsequently in 

axons. Postsynaptic CaN activation converges on axonal Ca2+ dysregulation to impair 

FAT.  Specifically, AβOs colocalize with axonal VGCCs, and blocking VGCCs prevents 

FAT defects.  Finally, BDNF transport defects are prevented by dantrolene, a compound 

that reduces CICR through ryanodine receptors in the ER membrane. This work 

establishes a novel role for Ca2+ dysregulation in BDNF transport disruption and tau-

independent Aβ toxicity. 

3.3. Materials and Methods 

3.3.1. Hippocampal cell culture and expression of transgenes 

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

knockout (tau−/−) mice (Jackson Laboratory, Bar Harbor, ME) were prepared as 

described by Kaech and Banker (Kaech and Banker, 2006) and kept in PNGM primary 

neuron growth media (Lonza, Basel, Switzerland). The glial feeder layer was derived 

from murine neural stem cells as described by (Miranda et al., 2012).  At 10–12 d in 

vitro, cells were cotransfected with pβ-actin-BDNF-mRFP and pmUBa–enhanced blue 

fluorescent protein (BFP; from Gary Banker, Oregon Health and Sciences University, 

Portland, OR) using Lipofectamine (Invitrogen). Cells expressed the plasmids for 24–36 

h before live imaging.  The absence of tau in tau−/− mice was previously confirmed by 

immunoblotting with the antibodies PHF-1 and tau-46 (Supplemental Figure 1; (Ramser 

et al., 2013)). All experiments with animals were approved by and followed the 

guidelines of the Simon Fraser University Animal Care Committee, Protocol 943-B05. 
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3.3.2. AβO, FK506, VGCC inhibitor, and RyR inhibitor treatments 

Soluble, full-length Aβ 1-42 peptides (AβOs; American Peptide) were prepared 

exactly according to the method of Lambert et al. (Lambert et al., 1998) and applied to 

cells at a final concentration of 500 nM for 18 hours. Following AβO or vehicle exposure, 

cells were incubated with 1 μM FK506 (Sigma) or equivalent volumes of vehicle 

(ethanol) for 1-3 hours prior to imaging of transport.  For all VGCC inhibition 

experiments, cells were incubated with 100 µM Conotoxin GVIA (Alomone Labs, 

Jerusalem), 50 µM Agatoxin IVA (Alomone Labs), or 10 µM Nimodipine (Tocris 

Bioscience, Bristol, UK) for 30 min prior to AβO treatments.  For all RyR inhibition 

experiments, cells were incubated with 0.5 µM dantrolene (Sigma-Aldrich, St. Louis, MO) 

for 1 h prior to AβO treatment. 

3.3.3. Live imaging and analysis of BDNF-mRFP transport 

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

microscope equipped with a cooled charge-coupled device camera and controlled by 

MetaMorph (Molecular Devices, Sunnyvale, CA) as described previously (Kwinter and 

Silverman, 2009). All imaging—typically 100 frames—was recorded by the “stream 

acquisition module” in MetaMorph. Briefly, cells were sealed in a heated imaging 

chamber, and recordings were acquired from double transfectants at an exposure time 

of 250 ms for 90 s. This captured dozens of transport events per cell in 50-µm segments 

of the dendrite or 100-μm segments of the axon.  Dendrites and axons were initially 

identified based on morphology and confirmed retrospectively by immunostaining 

against MAP2, a dendritic cytoskeletal protein. Soluble BFP detection was necessary 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 length and 

duration of each movie (in micron-minutes): 
t

d
n

i

i







1 where d are the individual DCV run 

lengths,  is the length of axon imaged and t is the duration of the imaging session. A 
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vesicle was defined as undergoing a directed run if it traveled a distance of ≥2 µm. This 

distance was determined as a safe estimate of the limit of diffusion based on the 

assumption that root-mean-squared displacement equals Dt2 , where D is the diffusion 

coefficient (D=0.01 sm 2  for DCVs) and t  is the duration of the imaging period (t=50 s; 

(Abney et al., 1999). A run was defined as terminating if the vesicle remained in the 

same position for at least four consecutive frames.  Percentage flux represents the flux 

in treated neurons normalized to controls (100%). 

3.3.4. Immunocytochemistry 

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

gelatin (Kwinter et al., 2009). To confirm AβO binding to dendrites and verify qualitatively 

that AβOs remained oligomeric after 18 h in culture, cells were stained with an Aβ 

oligomer–specific antibody (NU-4, 1:1000; from W. L. Klein, Northwestern University, 

Evanston, IL) or 6E10 (1:1000; Covance, Berkeley, CA) and anti-MAP2 (1:2000; 

Millipore, Billerica, MA). To assess axonal AβO binding and the presence of axonal ER, 

neurons were stained with anti-α-tubulin (1:1000, Sigma-Aldrich) or anti-reticulon 3 

(1:1000; R458, from Riqiang Yan, Cleveland Clinic, Cleveland, OH) and anti-ryanodine 

receptor 2 (1:300; Alomone Labs), respectively.  To determine AβO colocalization with 

VGCCs, AβO-treated cells were stained with anti-CaV 2.1, anti-CaV 2.2, and anti-CaV 

2.3 (1:100, Alomone Labs).  Neurons were subsequently incubated with compatible 

secondary antibodies conjugated to Cy3 (1:500; Jackson ImmunoResearch 

Laboratories, West Grove, PA), Alexa 488 (1:500, Invitrogen), or Cy5 (1:500; Jackson 

ImmunoResearch Laboratories).  To semi-quantify AβO colocalization with VGCCs, 

linescans of overlapping signal intensity peaks were generated using Metamorph.  

Appropriate thresholds were applied to eliminate background signal before analysis. 

3.3.5. FRET analysis of intracellular Ca2+ 

AβO-induced changes in cytosolic Ca2+ were detected using a genetically-

encoded Ca2+ sensor, termed cameleon (D3cpV, gift from T. Pozzan, U. of Padova). The 

cameleon is comprised of two Ca2+-responsive elements, calmodulin and M13, which 

alter the efficiency of fluorescence resonance-energy transfer (FRET) between their 
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respective CFP donor and cpVenus acceptor fluorophores (Palmer and Tsien, 2006).  

Neurons were transfected with D3cpV and mounted in heated chambers for imaging as 

described in the previous section. Using a scanning confocal microscope equipped with 

Argon 457/514 nm lasers (Nikon A1R, SFU Imaging Centre), we acquired CFP, 

cpVenus, and FRET (CFP excitation, cpVenus emission) images of the soma, dendrites 

and axons. To assess crosstalk between the CFP and cpVenus channels, we expressed 

calmodulin-CFP and M13-cpVenus separately and measure donor and acceptor 

fluorescence through corresponding and opposing channels. Using Nikon Elements AR 

3.2 software, we generated maximum intensity projections from each Z-stack, defined 

regions of interest (ROIs), and calculated background-corrected FRET ratios (FRET- 

FRETbackground/CFP-CFPbackground) within each ROI. Each experiment was performed on 

12-15 cells from at least 3 independent cultures.  Significance was determined using a 

Student’s t-test. 

3.3.6. In situ proximal ligation assay 

Calcineurin activation in dendrites and axons was detected in situ using the 

Duolink proximity ligation assay (PLA; Sigma-Aldrich).  Control and AβO-treated neurons 

were fixed and stained with monoclonal anti-calmodulin (1:200, EMD Millipore, Billerica, 

MA) and polyclonal anti-calcineurin A (1:100, Enzo Life Sciences, Farmingdale, NY) as 

described previously.  Primary antibodies were detected with proximity probes, 

composed of secondary antibodies conjugated to oligonucleotides, which hybridized to 

form circular DNA strands when CaN and CaM were in close proximity.  These strands 

served as templates for localized rolling-circle amplification and detection with 

fluorescently labelled oligonucleotides.  PLA probe hybridization, ligation and 

amplification were performed in 40-µL open droplet reactions, exactly according to the 

manufacturer’s protocol.  PLA puncta were quantified in 100 µm-segments of primary 

dendrites and proximal axons using the “Count Nuclei” application in MetaMorph.  Each 

experiment was performed on 15-20 cells from at least 2 independent cultures.  

Significance was determined using a Student’s t-test. 
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3.3.7. Immunohistochemistry 

Coronal brain sections from 3 month-old transgenic AD mice (APPSwe/PS45) and 

age-matched, wild type control animals were obtained from Weihong Song (University of 

British Columbia, Vancouver, Canada).  To detect AβOs, sections were rinsed in PBST, 

blocked in 10% donkey serum and 0.1% bovine serum albumin for 1 h, and incubated 

with NU-4 primary antibody (1:1000) overnight at 4oC.  After further washes in PBST, 

sections were incubated with a compatible secondary antibody conjugated to Cy3 

(1:500, Jackson ImmunoResearch Laboratories) for 1.5 h at room temperature and 

counterstained with DAPI.  Images were acquired on a Nikon A1R scanning confocal 

system equipped with multiple laser lines (Simon Fraser University Imaging Facility). 

3.4. Results 

3.4.1. AβOs induce dendritic, calcineurin-dependent transport 
defects that precede maximal impairment of FAT 

We previously showed that AβOs impair axonal BDNF transport independent of 

tau by non-excitotoxic activation of calcineurin (CaN), a Ca2+/calmodulin-dependent 

phosphatase implicated in AD (Ramser et al., 2013).  It is unknown how the binding of 

AβOs to dendritic synaptic sites leads to FAT impairment.  Because CaN, its effectors 

(PP1 and GSK3β), and KIF1A, the primary kinesin motor required for BDNF transport 

(Lo et al., 2011), are present in both dendrites and axons (Lee et al., 2003; Mansuy, 

2003; Kanaan et al., 2013), we asked if AβOs induce dendritic, CaN-dependent transport 

defects that precede FAT disruption.  Additionally, to determine if AβO-induced 

mislocalization of axonal tau to dendrites (Zempel et al.; Avila et al., 2004; Ittner and 

Gotz, 2011) impairs dendritic transport, tau+/+ and tau-/- hippocampal neurons expressing 

BDNF-monomeric red fluorescent protein (mRFP) were imaged 4-26 h after exposure to 

500 nM AβOs (Figure 3.1, Supplemental Figure 1).  Irreversible AβO binding was 

confirmed retrospectively by immunocytochemistry (Figure 3.1 A) using an oligomer-

specific antibody (NU-4) (Lambert et al., 2007).  Representative kymographs illustrate 

differences between BDNF transport in control (vehicle-treated) and AβO-treated 

neurons (Figure 3.1 B, C).  Total dendritic flux was similarly and markedly reduced in 
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AβO-treated cells, both in the presence and absence of tau (Figure 3.1 B, C and Table 

3.1).  Treatment with 1 µM FK506, a highly specific, potent inhibitor of CaN, rescued 

these defects (Schreiber and Crabtree, 1992).  A complete list of transport statistics is 

provided in Table 1.  To assess the spatiotemporal progression of transport defects, we 

measured and compared dendritic and axonal transport after 4-26 h of AβO treatment 

(Figure 3.1 C).  BDNF transport defects were induced simultaneously in both 

compartments but exhibited different rates of decline: maximal impairment of dendritic 

transport defects were observed within 5 - 12 h of AβO treatment, prior to maximal 

impairment of FAT after 18 h of AβO exposure.  As reported in our published work, we 

observed no concomitant reduction in cell viability nor structural alterations of the 

microtubule network (Decker et al., 2010a; Ramser et al., 2013).  Thus, under our 

experimental conditions, BDNF transport defects arise prior to overt neurotoxicity and 

are likely an early and specific consequence of AβO treatment.  Collectively, results 

show that AβO-induced dendritic transport defects precede FAT disruption and occur by 

a common tau-independent mechanism that is reversible upon CaN inhibition. 

3.4.2. AβO-induced elevation of intracellular Ca2+ correlates with 
the spatiotemporal progression of BDNF transport defects 

AβOs increase Ca2+ influx through several membrane receptors, including 

NMDARs, AMPARs, and voltage-gated Ca2+ channels (Ferreira et al., 2007).  This 

triggers a persistent elevation in resting cytosolic Ca2+, which activates downstream 

Ca2+/calmodulin-dependent proteins, such as CaN (Berridge, 2010a; Reese and 

Taglialatela, 2011).  Within minutes of AβO treatment, CaN activation is observed, first in 

dendritic spines, and minutes to hours later in the cell body (Wu et al., 2012).  Because 

AβOs impair dendritic and axonal transport by a similar CaN-dependent mechanism, we 

asked if Ca2+ and active CaN are elevated first in dendrites and later in axons, reflecting 

the spatiotemporal progression of BDNF transport defects.  To detect AβO-induced 

changes in neuronal cytosolic Ca2+, we expressed a genetically-encoded Ca2+ sensor, 

termed cameleon (D3cpV), in neurons prior to treatment with either vehicle or 500 nM 

AβOs (Figure 3.2). In comparison to control neurons, a significant increase in FRET 

between the calmodulin-CFP donor and the M13-cpVenus acceptor was observed 

exclusively in the cell body and primary dendrites after 5 h of AβO treatment 
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Figure 3.1 AβOs induce dendritic, calcineurin-dependent transport defects that 
precede maximal impairment of FAT. 

 
(A) Expression of soluble blue fluorescent protein (BFP) and BDNF-mRFP in an AβO-treated tau

-

/-
 neuron (from left to right).  Overlay of BFP and AβO images shows binding of AβOs to dendrites 

(MAP2-positive) and axons.  Immunocytochemistry shows that AβOs remain oligomeric after 18 h 
in culture.  Arrows indicate axons; arrowheads indicate dendrites.  (B) Total dendritic flux was 
markedly reduced in AβO-treated tau

-/-
 cells.  Treatment with 1 µM FK506 rescued these defects.  

Representative kymographs illustrate differences between BDNF transport in control and treated 
neurons. (C) BDNF transport defects were induced simultaneously in both compartments but 
exhibited different rates of decline: significant dendritic transport defects were observed within 5- 
12 h of AβO treatment, prior to maximal impairment of FAT after 18 h of AβO exposure. Green 
trace indicates anterograde transport; red trace indicates retrograde transport.  Graphs show 
means ± SEM.  A minimum of 20 cells from 3 different cultures were analyzed per condition; ***p 
< 0.001 relative to controls.  tau

+/+
 transport data is presented in Supplemental Figure 1.  

Statistical evaluation is presented in Table 3.1.  Scale bar = 25 μm. 
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Figure 3.2 AβO-induced elevation of intracellular Ca2+ correlates with the 
spatiotemporal progression of BDNF transport defects. 

 
(A, B) Representative images and quantification of cameleon FRET ratios in control and AβO-
treated tau -/- neurons.  In comparison to control neurons, a significant increase in FRET between 
the calmodulin-CFP donor and the M13-cpVenus acceptor was observed exclusively in the cell 
body and primary dendrites after 5 h of AβO treatment.  After 13-18 h of AβO exposure, FRET 
ratios were also markedly increased in proximal axon segments within 300 µm of the cell body.  
Graphs show means ± SEM.  A minimum of 15 cells from 3 independent cultures were analyzed 
per condition; *p<0.05, **0.001<p<0.05, and ***p < 0.001 relative to controls.  Scale bar = 50 μm. 



 

72 

 (Figure 3.2 A, B).  After 13-18 h of AβO exposure, FRET ratios were also markedly 

increased in proximal axon segments within 300 µm of the cell body (Figure 3.2 A, B), 

indicated by the increased red shift of the thermoscale.  Therefore, AβOs trigger an 

increase in cytosolic Ca2+ that is initially restricted to the somatodendritic domain and 

subsequently spreads through the axon.  This coincides with the spatiotemporal 

progression of BDNF transport defects from dendrites to axons. 

3.4.3. AβO-induced calcineurin activation coincides with the 
spatiotemporal progression of BDNF transport defects 

Calmodulin (CaM) binds free Ca2+ ions and directly activates CaN (Reese and 

Taglialatela, 2011).  Previously, we used in vitro phosphatase assays to detect elevation 

of CaN activity in cultured neurons treated with 500 nM AβOs for 18 h (Ramser et al., 

2013).  To determine the spatiotemporal progression of AβO-induced CaN activation, we 

performed in situ proximity ligation assays (PLA) (Soderberg et al., 2006) on control and 

AβO-treated neurons (Figure 3.3).  First, CaM and CaN-specific primary antibodies for 

PLA analyses were validated by immunocytochemistry.  As expected, CaM appeared 

soluble and ubiquitous, whereas CaN appeared punctate and localized predominantly to 

cell bodies and dendrites in control cells (Mansuy, 2003; Burgoyne, 2007; Wu et al., 

2012) (Supplemental Figure 2).  We visualized and quantified PLA puncta, indicative of 

CaN activation, in 100-µm segments of dendrites and axons after 4, 8, and 18 h of AβO 

exposure (Figure 3.3 B).  In comparison to control cells, a significant increase in CaN 

activation was observed exclusively in the cell body and dendrites after 4 h of AβO 

treatment. After 18 h of AβO exposure, marked CaN activation was also detected in 

proximal axon segments (Figure 3.3 B).  Results show that AβO-induced CaN activation 

is concomitant with cytosolic Ca2+ elevation in dendrites and axons and suggests that 

this response mediates the spatiotemporal progression of BDNF transport defects. 



 

73 

 

Figure 3.3 AβO-induced calcineurin activation coincides with the 
spatiotemporal progression of BDNF transport defects. 

 
(A, B) Representative images and quantification of CaN-CaM puncta in control and AβO-treated 
tau -/- neurons.  In comparison to control cells, a significant increase in CaN activation was 
observed by PLA exclusively in the cell body and dendrites after 5 h of AβO treatment. After 13-
18 h of AβO exposure, marked CaN activation was also detected in proximal axon segments.  
Validation of CaN and CaM primary antibodies is shown in Supplemental Figure 4.  Graphs show 
means ± SEM.  A minimum of 15 cells from 3 independent cultures were analyzed per condition; 
*p<0.05, **0.001<p<0.05, and ***p < 0.001 relative to controls.  Scale bar = 25 μm. 
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3.4.4. AβOs bind to axons and colocalize with presynaptic voltage-
gated Ca2+ channels 

Interestingly, although they decline at different rates, dendritic and axonal 

transport defects are induced simultaneously (Figure 3.1).  This may be attributed to a 

novel, presynaptic mechanism of AβO-induced Ca2+ dysregulation that converges on 

postsynaptic mechanisms of CaN activation to impair FAT.  Although AβOs are thought 

to bind exclusively to dendritic membrane proteins (Cochran et al., 2013), in vitro and in 

vivo evidence suggests that AβOs also modulate presynaptic voltage-gated Ca2+ 

channel (VGCC) activity (Cataldi, 2013).  If Ca2+ elevation is restricted to the cell body 

and dendrites by extensive buffering mechanisms, axonal AβO binding may induce 

aberrant Ca2+ influx through VGCCs and contribute to FAT impairment.  By 

immunocytochemistry with an Aβ oligomer-specific antibody (NU-4), we discovered that 

AβOs bind along the entire length of the axon in cultured neurons (Figure 3.4 A).  To 

determine if axonal AβOs are also present in vivo, we performed immunohistochemistry 

on brain sections from double-transgenic AD mice (LaFerla 3X Tg).  NU-4 staining 

revealed a punctate distribution of AβOs along dendrites and, strikingly, axons in the 

cortex (Figure 3.4 B).  AβOs were not detected in age-matched wild type control mice 

(Figure 3.4 B).  Based on reports that AβOs shift the steady-state activation of VGCCs 

towards more hyperpolarized values in HEK cells and increase Ca2+ influx in Xenopus 

oocytes (Mezler et al., 2012; Hermann et al., 2013), we asked if the P/Q and N-types, 

expressed abundantly in hippocampal neurons, constitute binding targets.  

Immunocytochemistry revealed a punctate distribution of both channel types in 

hippocampal neurons and a high degree of colocalization with AβOs (P/Q-type, 83.5%; 

N-type, 73.3%; Figure 3.4 C, Supplemental Figure 3).  These results suggest that axonal 

AβOs associate directly or indirectly with presynaptic VGCCs and modulate their activity. 
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Figure 3.4 AβOs bind to axons and colocalize with presynaptic voltage-gated 
Ca2+ channels. 

 
(A) Representative images of immunocytochemistry with an Aβ oligomer-specific antibody (NU-4) 
showed that AβOs bind along the entire length of the axon in cultured neurons.  (B) 
Immunohistochemistry on coronal sections from transgenic AD mouse brain (LaFerla 3xTg) 
revealed a punctate distribution of AβOs along axons in the cortex.  Axons were distinguished by 
the absence of MAP2 staining (inset).  AβOs were not detected in age-matched wild type control 
mice.  (C) Representative images of AβO and CaV 2.1 (P/Q-type VGCC) immunocytochemistry.  
83.5% of axonal AβOs colocalize with P/Q-type VGCCs.  A minimum of 15 cells from 3 
independent cultures were analyzed.  Scale bar = 100 μm 
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3.4.5. Inhibition of presynaptic voltage-gated Ca2+ channels 
prevents axonal, but not dendritic, BDNF transport defects 

To determine if AβO-induced activation of presynaptic VGCCs impairs FAT, we 

incubated tau+/+ and tau-/- neurons with 50 nM ω-agatoxin IVA (P/Q-type channel 

blocker) or 100 nM ω-conotoxin GVIA (N-type channel blocker) for 30 min.  As a 

negative control, we exposed neurons similarly to 10 µM nimodipine, which inhibits 

postsynaptic L-type Ca2+ channels (spatial distribution of VGCCs reviewed in (Dolphin, 

2012)).  Subsequently, we treated tau+/+ and tau-/- neurons with 500 nM AβOs for 18 h.  

Exposure to VGCC inhibitors did not prevent AβO binding (Figure 3.5 A).  Remarkably, 

inhibition of P/Q and N-type VGCCs prevented axonal BDNF transport defects, 

independent of tau (Figure 3.5 B, Supplemental Table 2, Supplemental Figure 3).  ω-

agatoxin and ω-conotoxin maintained normal anterograde and retrograde flux in the 

presence of AβOs (Figure 3.5 B).  Consistent with the low abundance of L-type Ca2+ 

channels in axons (Hell et al., 1993; Leitch et al., 2009), nimodipine pretreatment did not 

prevent AβO-induced transport defects (Figure 3.5 B).  To confirm that Ca2+ influx 

mediates transport disruption, we chelated extracellular Ca2+ with 1.5 mM EGTA prior to 

AβO addition.  Indeed, extracellular Ca2+ chelation precluded FAT disruption (Figure 3.5 

B).  By contrast, in dendrites, inhibition of P/Q and N-type VGCCs failed to prevent AβO-

induced transport defects (Figure 3.5 C).  No significant differences were observed in 

dendritic flux, velocity, and run length (Table 3.2).  A complete list of transport statistics 

is provided in Table 3.2.   This result suggests that Ca2+ influx through L-type channels 

may be negligible compared to NMDARs and other abundant postsynaptic channels and 

receptors, and thus does not regulate dendritic BDNF transport.  Collectively, our 

findings indicate that AβO-induced Ca2+ influx through presynaptic P/Q and N-type 

VGCCs specifically blocks BDNF transport in axons.  
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Figure 3.5 Inhibition of presynaptic voltage-gated Ca2+ channels prevents 
axonal, but not dendritic, BDNF transport defects. 

 
(A) Representative images of MAP2 and AβO immunocytochemistry.  Pre-treatment of tau

-/-
  

neurons with 50 µM ω-agatoxin IVA (P/Q-type channel blocker), 100 µM ω-conotoxin GVIA (N-
type channel blocker), 10 µM nimodipine, or 1.5 mM EGTA did not prevent AβO binding.  (B) 
Inhibition of P/Q and N-type VGCCs prevented axonal BDNF transport defects independent of 
tau.  Consistent with the absence of L-type Ca

2+
 channels in axons, nimodipine pretreatment did 

not prevent AβO-induced transport defects.  Extracellular Ca
2+

 chelation with EGTA precluded 
FAT disruption. (C) By contrast, in dendrites, inhibition of P/Q and N-type VGCCs failed to 
prevent AβO-induced transport defects. Pretreatment with Nimodipine or EGTA also did not 
prevent AβO-induced transport defects.  Graphs show means ± SEM.  A minimum of 15 cells 
from 3 different cultures were analyzed per condition; ***p < 0.001 relative to controls, and 

+++
p < 

0.001 relative to AβO-treated cells.  tau
+/+

 transport data is presented in Supplemental Figure 2.  
Complete statistical evaluation is presented in Table 3.2.  Scale bar = 25 μm. 
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3.4.6. Ryanodine receptor inhibition prevents axonal BDNF 
transport defects 

Although there are many possible extracellular routes for AβO-induced Ca2+ 

influx, they may converge on Ca2+-induced Ca2+ release (CICR) from the endoplasmic 

reticulum (ER).  CICR is required for sustained Ca2+ elevation and signaling 

dysregulation in AD pathology (Demuro et al., 2010).  Compounds that restore Ca2+ 

homeostasis can improve learning and memory in transgenic AD animal models (Oules 

et al., 2012). Traditionally, neuronal ER was thought to exist only in the cell body and 

dendrites; however, we and others have localized ER to axons of mammalian central 

nervous system neurons (Shimizu et al., 2008; Deng et al., 2014).  We detected ER in 

the dendrites and axons of primary hippocampal neurons by staining for endogenous 

ryanodine receptors (RyRs) and reticulon-3 (Ret3), well-defined markers for the ER 

membrane (Figure 3.6 A, Supplemental Figure 5).  Axons were distinguished by 

standard morphological criteria and by the absence of MAP2.  To determine if CICR 

contributes to FAT impairment, we exposed tau+/+ and tau-/- neurons to 0.5 µM 

dantrolene, a clinical compound that selectively blocks RyRs (MacLennan et al., 1990; 

Chakroborty et al., 2012).  Subsequently, we treated neurons with 500 nM AβOs for 18 

h.  Remarkably, inhibition of RyRs prevented AβO-induced transport defects 

independent of tau (Figure 3.6 B, Supplemental Figure 4).  Dantrolene treatment 

maintained normal anterograde and retrograde flux in the presence of AβOs (Figure 3.6 

B, Supplemental Figure 4).  A complete list of transport statistics is provided in Table 

3.3.  Taken together, our data demonstrate a central role for CICR in the disruption of 

FAT by ABOs and indicate that restoring Ca2+ homeostasis prevents these FAT defects. 
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Figure 3.6 Ryanodine receptor inhibition prevents axonal BDNF transport 
defects. 

(A) Representative images of Ret3 and RyR immunocytochemistry.  ER was detected in the 
dendrites and axons of tau

-/-
 neurons.  Axons were distinguished by standard morphological 

criteria and by the absence of MAP2.  (B) Inhibition of RyRs prevented AβO-induced transport 
defects independent of tau.  Dantrolene treatment maintained normal anterograde and retrograde 
flux in the presence of AβOs.  Graphs show means ± SEM.  A minimum of 15 cells from 3 
different cultures were analyzed per condition; ***p < 0.001 relative to controls.  tau

+/+
 transport 

data is presented in Supplemental Figure S3.  Complete statistical evaluation is presented in 
Supplemental Table S3.  Scale bar = 25 μm. 
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3.5. Discussion 

Intracellular Ca2+ dysregulation and FAT disruption are early pathological 

manifestations that lead to loss of synapse function and axonal degeneration in AD 

(Berridge, 2013; Millecamps and Julien, 2013).  AβOs are central to AD pathology and 

impair axonal organelle transport (Morfini et al., 2002; Decker et al., 2010a; Vossel et al., 

2010; Wang et al., 2010; Tang et al., 2012; Ramser et al., 2013).  Mechanisms that 

regulate the progression of FAT defects from dendritic and axonal sites of Ca2+ elevation 

are unknown.  Here, through direct assessment of DCV trafficking at high spatial and 

temporal resolution in living neurons, we show that defects in dendritic and axonal 

transport of BDNF are induced simultaneously but decline at different rates: maximal 

impairment of dendritic transport precedes maximal impairment of FAT. We combined 

multiple approaches, including live imaging, cameleon FRET, proximal ligation assays, 

and immunohistochemistry, to correlate the spatiotemporal progression of transport 

defects with Ca2+ elevation and CaN activation in dendrites and subsequently in axons.  

Postsynaptic CaN activation converges on axonal Ca2+ dysregulation to impair FAT.  

Specifically, AβOs colocalize with axonal VGCCs, and blocking VGCCs prevents FAT 

defects.  Finally, BDNF transport defects are prevented by dantrolene, a compound that 

reduces CICR through RyRs.  Collectively, this work establishes a novel role for Ca2+ 

dysregulation in BDNF transport disruption and in tau-independent Aβ toxicity during 

early AD pathogenesis. 

3.5.1. Dendritic BDNF transport defects may contribute to AβO-
induced cellular toxicity 

Although substantial evidence implicates axonal transport deficits in 

neurodegeneration, less is known about the roles and regulation of dendritic transport in 

normal and disease states.   Selective transport establishes a polarized distribution of 

dendritic proteins (Silverman et al., 2001; Petersen et al., 2014).  KIF1A coordinates 

dendrite branch morphogenesis and regulates the apposition of active zones and 

postsynaptic densities by controlling site-specific deposition of its cargo (Kern et al., 

2013).   In rat primary neurons, BDNF synthesized in the cell body is trafficked to 

proximal dendrites, where it promotes spine formation (Dean et al., 2009; Orefice et al., 
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2013).  When destined for postsynaptic release, BDNF increases dendritic branching 

and modulates synaptic function by autocrine and paracrine mechanisms (Kuczewski et 

al., 2009).  Alternatively, dendritic BDNF might constitute a reserve pool for presynaptic 

BDNF, which could be rapidly recruited to or from axon terminals upon changes in 

synapse activity (Maeder et al., 2014).  Collectively, these studies demonstrate critical 

roles for dendritic BDNF transport in postsynaptic development, function, and plasticity.  

Here, we show that AβOs impair bidirectional transport of BDNF in dendrites.  Ultimately, 

this may compromise postsynaptic BDNF secretion, reduce synaptic efficacy, and lead 

to neurodegeneration in AD. Restoring BDNF transport increases its release and 

promotes neuronal survival (Borrell-Pages et al., 2006; Pineda et al., 2009).  

Furthermore, in frontotemporal lobar dementia, interaction between the risk factor 

TMEM106B and the microtubule-associated protein MAP6 regulates dendritic transport 

of lysosomes and dendritic branching (Schwenk et al., 2014).  To our knowledge, we are 

first to implicate reduced dendritic transport of BDNF in AD pathogenesis. 

3.5.2. Dendritic and axonal sources of Ca2+ elevation converge to 
disrupt BDNF transport 

We demonstrate that dendritic and axonal BDNF transport defects are induced 

concomitantly but exhibit different rates of decline: significant dendritic transport defects 

precede maximal impairment of FAT.  These findings suggest that dendritic and axonal 

sources of Ca2+ elevation converge to disrupt BDNF transport.  AβOs are thought to 

interact preferentially with postsynaptic membrane receptors and modulate their activity 

(Cochran et al., 2013).  Glutamate receptors, which mediate dendritic Ca2+ elevation, 

appear to be centrally involved (Ferreira and Klein, 2011); inhibition or removal of 

surface AMPARs reduces AβO binding to dendrites (Zhao et al., 2010), and 

metabotropic glutamate receptors (mGluR5) participate in AβO binding and clustering at 

synapses (Renner et al., 2010).  Additionally, NMDARs coimmunoprecipitate with AβOs 

from rat synaptosomal membranes (De Felice et al., 2007), and AβO binding is 

abolished in dendrites of NMDAR knock-down neurons (Jurgensen et al.; Decker et al., 

2010b).  We previously showed that NMDARs mediate AβO-induced disruption of BDNF 

transport by activation of CaN-GSK3β signaling.  Dendritic transport may decline more 

rapidly than FAT due to the abundance and density of postsynaptic glutamate receptors 
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at spines, and therefore greater proximity of the transport apparatus and its regulators to 

sites of Ca2+ influx and CICR from somatodendritic ER.   

Interestingly, although they decline at different rates, dendritic and axonal 

transport defects are induced simultaneously.  This may be attributed to a novel, 

presynaptic mechanism of AβO-induced Ca2+ dysregulation that converges on 

postsynaptic mechanisms of CaN activation to impair FAT.  Presynaptic AβO binding 

has not been investigated extensively, and specific axonal binding sites and protein 

interactions remain uncharacterized.  Here, we report that AβOs bind to axons in culture 

and transgenic AD mouse brain.  Consistently, immunoelectron microscopy studies 

indicate that AβOs localize to axons and presynaptic terminals at higher density in AD 

mice and patients than in wild type mice or non-demented individuals (Kokubo et al., 

2005a; Kokubo et al., 2005b).  Furthermore, we show that AβOs colocalize with axonal 

VGCCs.  Although other work has failed to demonstrate direct or indirect binding, AβOs 

markedly increase VGCC currents in cultured cortical and hippocampal neurons 

(Ramsden et al., 2002; Hermann et al., 2013).  Treatment with antagonists rectifies 

Ca2+influx (Bobich et al., 2004) and protects against Aβ-induced cellular toxicity 

(Anekonda and Quinn, 2011; Copenhaver et al., 2011).  In the present study, inhibition 

of P/Q and N-type channels precludes axonal BDNF transport defects, further 

implicating VGCCs in AD progression. 

Although there are many possible extracellular routes for AβO-induced 

Ca2+influx, they may converge on CICR from the ER to disrupt transport.  Indeed, we 

prevented axonal BDNF transport defects by inhibiting RyRs with dantrolene, attesting to 

ER involvement.  In accordance with this finding, activity-dependent capture of DCVs at 

synaptic boutons requires CICR by presynaptic RyRs and activation of Ca2+/calmodulin-

dependent kinase II (CaMKII) (Wong et al., 2009).  Additionally, overexpression of the 

ER transmembrane protein, reticulon-3 (RTN3), reduces anterograde transport of β-site 

amyloid precursor protein-cleaving enzyme 1 (BACE1) in cultured cells (Deng et al., 

2014). Moreover, in young 3xTg-AD mice, a compensatory increase in RyR expression 

reduces the threshold for CICR, such that basal NMDAR activation elevates Ca2+ efflux 

from the ER in both dendrites and axons (Chakroborty et al., 2012).  It is possible that 

AβO-induced Ca2+ release from axonal RyRs contributes to FAT disruption, notably in 
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the presence or absence of tau.  Collectively, these results strongly support a role for 

Ca2+ dysregulation in presymptomatic neurodegeneration, which occurs prior to Aβ 

plaque deposition and excessive tau pathology (Stutzmann et al., 2007). 

3.5.3. Ca2+-dependent mechanisms of motor protein regulation 

There are several Ca2+-dependent mechanisms by which AβOs might disrupt 

BDNF transport.  One mechanism could involve CaN-dependent inhibition of motor 

protein activity, mediated by GSK3β.  GSK3β is implicated in many aspects of AD 

pathogenesis (Hooper et al., 2008) and negatively regulates axonal transport in squid 

axoplasm (Pigino et al., 2003), Drosophila neurons (Shaw and Chang, 2013), and 

mammals (DeFuria and Shea, 2007; Decker et al., 2010a; Tang et al., 2012; Cantuti 

Castelvetri et al., 2013; Ramser et al., 2013).  Negative regulation of kinesin-1 (KIF5) 

and cytoplasmic dynein is accomplished by reducing the number of motors that are 

bound to microtubules (Dolma et al., 2014).  A second mechanism might comprise 

disruption of motor protein-cargo binding.  Dendritic trafficking of NMDAR-containing 

vesicles is perturbed upon phosphorylation of KIF17 by CaMKII, which attenuates the 

interaction between KIF17 and its cargo adaptor, Mint1 (Guillaud et al., 2008; Yin et al., 

2011).  Likewise, it is possible that activation of CaN-GSK3β signaling phosphorylates 

KIF1A and blocks BDNF transport.  A third mechanism could require activation of a 

Ca2+-sensing protein that directly inhibits motor motility.  For example, the Ca2+-sensitive 

mitochondrial protein, Miro, interacts with the motor domain of KIF5 to dissociate it from 

microtubules (Wang and Schwarz, 2009).  Moreover, AβO treatment perturbs 

mitochondria transport in cultured neurons (Decker et al., 2010a; Vossel et al., 2010).  

KIF1A motility and BDNF transport might be impaired by an analogous mechanism. 

Based on our present findings and other current models of AD pathogenesis, we 

propose the following mechanism for Ca2+-dependent disruption of dendritic and axonal 

BDNF transport (Figure 3.7).  AβOs bind to dendrites and axons, enhancing Ca2+ influx 

through dendritic glutamate receptors and axonal VGCCs.  In turn, this induces CICR 

from postsynaptic and presynaptic ER to elevate resting cytosolic Ca2+.  Calmodulin 

binds free Ca2+ ions and subsequently activates CaN-GSK3β signaling in dendrites and 

axons.  Upon activation, GSK3β may disrupt BDNF transport by directly phosphorylating 
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and inhibiting motor proteins and/or disrupting motor-DCV interactions.  Finally, from a 

clinical perspective, our findings are significant because intracellular Ca2+ dysregulation 

and transport impairment precede excessive tau hyperphosphorylation, NFT formation, 

and microtubule destabilization (Stutzmann et al., 2007; Goldstein, 2012).  Compounds 

targeted to these early disease mechanisms may be more effective at preventing or 

reversing cell death. 

 

Figure 3.7 Proposed mechanism for Ca2+-dependent disruption of dendritic and 
axonal BDNF transport. 

AβOs bind to dendrites and axons, enhancing Ca
2+

 influx through dendritic glutamate receptors 
and axonal VGCCs.  In turn, this induces CICR from postsynaptic and presynaptic ER to elevate 
resting cytosolic Ca

2+
.  Calmodulin binds free Ca

2+
 ions and subsequently activates CaN-GSK3β 

signaling in dendrites and axons.  Upon activation, GSK3β may disrupt BDNF transport by 
directly phosphorylating and inhibiting motor proteins and/or disrupting motor-DCV interactions.  
Alternatively, a Ca

2+
-sensing adaptor protein may directly impair motor protein motility. 
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3.7. Supplemental Figures and Tables 

 

Figure 3.8 Supplemental Figure 1 

AβOs induce dendritic, calcineurin-dependent transport defects that precede maximal impairment 
of FAT in tau

+/+
 neurons.  (A, B) BDNF transport defects were induced simultaneously in both 

compartments but exhibited different rates of decline: significant dendritic transport defects were 
observed within 5- 12 h of AβO treatment, prior to maximal impairment of FAT after 18 h of AβO 
exposure.  (C) Total dendritic flux was markedly reduced in AβO-treated tau

+/+
 cells.  Treatment 

with 1 µM FK506 rescued these defects.  Representative kymographs illustrate differences 
between BDNF transport in control and treated neurons.  Graphs show means ± SEM.  A 
minimum of 20 cells from 3 different cultures were analyzed per condition; ***p < 0.001 relative to 
controls.  tau

-/-
  transport data is presented in Figure 3.1.  Complete statistical evaluation is 

presented in Table 3.1.  Scale bar = 25 μm. 
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Figure 3.9 Supplemental Figure 2 

Endogenous expression of calcineurin and calmodulin.  CaN and CaM-specific primary antibodies 
for PLA analyses were validated by immunocytochemistry.  As expected, CaM appeared soluble 
and ubiquitous, whereas CaN appeared punctate and localized predominantly to dendrites in 
control cells.  Scale bar = 25 μm. 
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Figure 3.10 Supplemental Figure 3 
 
Inhibition of presynaptic voltage-gated Ca

2+
 channels prevents axonal, but not dendritic, BDNF 

transport defects in tau
+/+

 neurons.  (A) Representative images of AβO and CaV 2.2 (N-type 
VGCC) experssion in hippocampal neurons, detected by immunocytochemistry.  73.3% of axonal 
AβOs colocalize with P/Q-type VGCCs.  Overlapping red and green peaks on line scans of 
axonal regions indicate colocalization.  (B) Inhibition of P/Q and N-type VGCCs prevented axonal 
BDNF transport defects in tau

+/+
 neurons.  Consistent with the absence of L-type Ca

2+
 channels in 

axons, nimodipine pretreatment did not prevent AβO-induced transport defects.  Extracellular 
Ca

2+
 chelation with EGTA precluded FAT disruption.  Conversely, in dendrites, inhibition of P/Q 

and N-type VGCCs failed to prevent AβO-induced transport defects.  Nimodipine pretreatment 
also did not prevent AβO-induced transport defects.  Graphs show means ± SEM.  A minimum of 
15 cells from 3 different cultures were analyzed per condition; **0.001<p<0.05 and ***p < 0.001 
relative to controls, and +++p < 0.001 relative to AβO-treated cells.  tau

-/-
  transport data is 

presented in Figure 2.5.  Complete statistical evaluation is presented in Table 3.2.  Scale bar = 25 
μm. 
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Figure 3.11 Supplemental Figure 4 

Ryanodine receptor inhibition prevents axonal BDNF transport defects in tau
+/+

 neurons.  
Inhibition of RyRs prevented AβO-induced transport defects independent of tau.  Dantrolene 
treatment maintained normal anterograde and retrograde flux in the presence of AβOs.  Graphs 
show means ± SEM.  A minimum of 15 cells from 3 different cultures were analyzed per 
condition; ***p < 0.001 relative to controls.  tau

-/-
  transport data is presented in Figure 3.6.  

Complete statistical evaluation is presented in Table 3.3.  Scale bar = 25 μm. 

 

Figure 3.12 Supplemental Figure 5 

Ryanodine receptor inhibition prevents axonal BDNF transport defects.  (A) Representative black 
and white images of Ret3 and RyR immunocytochemistry from Figure 3.6.  ER was detected in 
the dendrites and axons of tau

-/-
  neurons.  Axons were distinguished by standard morphological 

criteria and by the absence of MAP2. Arrows indicate axons; arrowheads indicate dendrites. 



 

89 

Table 3.1 Quantitative analysis of dendritic and axonal BDNF transport 
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Table 3.2 VGCC inhibition prevents AβO-induced transport defects 
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Table 3.3 RyR inhibition prevents AβO-induced transport defects 
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Chapter 4. Glycogen synthase kinase-3β impairs 
KIF1A motility independent of tau in amyloid-β 
oligomer-treated hippocampal neurons 
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interpreted data, constructed figures, and assisted with writing this chapter. 
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4.1. Abstract 

Fast axonal transport (FAT) impairment is an early pathological event that 

precedes overt cellular toxicity in multiple neurodegenerative diseases, including 

Alzheimer’s disease (AD). We previously demonstrated that AβOs impair vesicular 

transport of brain-derived neurotrophic factor (BDNF) in primary hippocampal neurons. 

Contrary to a central paradigm, we recently discovered that BDNF transport defects are 

induced independent of the microtubule-associated protein, tau, microtubule 

destabilization, and acute cell death. We prevented these defects by inhibiting glycogen 

synthase kinase 3β (GSK3β), a downstream kinase that regulates motor-cargo 

interactions.  KIF1A, the primary kinesin motor required for BDNF transport, is implicated 

in neurodegeneration; however, precise phosphorylation-dependent mechanisms that 

regulate KIF1A are unclear, and their contribution to AD pathogenesis has not been 

investigated. In this study, we measured axonal KIF1A motility by live cell imaging of 

KIF1A-GFP in wild type (tau+/+) and tau knockout (tau-/-) hippocampal neurons. 

Treatment with 500 nM AβOs reduced bidirectional flux of KIF1A-GFP similarly in tau+/+ 

and tau-/- neurons, indicating that tau is not required for KIF1A transport disruption. 

Notably, pretreatment with 5 μM Inhibitor VIII, a selective, cell-permeant chemical 

blocker of GSK3β, prevented KIF1A transport defects. We confirmed that KIF1A and 

GSK3β interact by coimmunoprecipitation in primary neurons.  Subsequently, we 

performed tandem mass spectrometry on KIF1A isolated from 14-month old AD 

transgenic mouse brain (Tg2576) and compared KIF1A phosphorylation to an age-

matched, wild type control. We detected phosphorylation in the dimerization domain of 

KIF1A at Ser 402, which conforms to a GSK3β consensus site and is likely to regulate 

KIF1A activation.  Furthermore, an unphosphorylatable form of KIF1A, generated by a 

Ser-to-Ala point mutation at Ser 402, prevents transport defects in AβO-treated tau+/+ 

and tau-/- neurons. This work will identify GSK3β-dependent mechanisms of KIF1A 

dysregulation that impair BDNF transport and discover how they can be prevented or 

reversed in early AD pathogenesis. 
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4.2. Introduction 

The kinesin superfamily proteins are microtubule-based, plus-end directed 

motors that actively transport mitochondria, lysosomes, neuropeptide vesicles, synaptic 

vesicle precursors, protein complexes, and messenger RNAs (Hirokawa and Takemura, 

2005).  By transporting such diverse axonal and dendritic cargoes, kinesins play critical 

roles in neuronal morphogenesis, function, and survival (Hirokawa et al., 2010).  

Intriguingly, reports have shown that several kinesins are implicated in learning and 

memory, including KIF5 (Puthanveettil et al., 2008), KIF17 (Yin et al., 2011), and KIF1A 

(Kondo et al., 2012).  KIF1A, the mammalian homologue of UNC-104, consists of a 

motor domain, a forkhead-associated domain for phosphopeptide recognition, and a C-

terminal cargo-binding domain such as a pleckstrin homology (PH) domain.  KIF1A 

associates with membranous organelles containing synaptic vesicle proteins, such as 

synaptotagmin, synaptophysin, and Rab3A (Okada et al., 1995).  A body of work, 

including our study, shows that KIF1A is also required for fast axonal transport (FAT) of 

large dense core vesicles (DCVs) (Lo et al., 2011; Yonekawa et al., 1998; Barkus et al., 

2008).  Unlike synaptic vesicles, DCVs are formed and filled with secretory 

neuropeptides, including brain-derived neurotrophic factor (BDNF), in the cell body and 

must be transported over long distances to presynaptic and postsynaptic sites of 

release.  KIF1A is well suited for BDNF transport because it is highly processive, 

implying that it is fast and remains bound to microtubules for long durations (Hirokawa et 

al., 2008; (Verhey et al., 2011).  

BDNF is required for synaptic maturation and function, development of neuronal 

circuitry, learning, and memory (Rothman and Mattson, 2012; Lu et al., 2013; Scharfman 

and Chao, 2013).  Reduced levels of BDNF correlate with Alzheimer’s disease (AD) 

progression (Scharfman and Chao, 2013), and impaired transport of BDNF 

compromises hippocampal synaptogenesis and learning enhancement (Kondo et al., 

2012).  Mutations in KIF1A, the primary anterograde motor for BDNF transport, are 

implicated in neurodegenerative diseases such as hereditary sensory and autonomic 

neuropathy type 2 and autosomal recessive spastic paraplegia (Riviere et al., 2011; 

Klebe et al. 2012).  Despite the importance of BDNF and its transport in neuronal 

physiology and disease, mechanisms that regulate KIF1A-DCV interactions and KIF1A 
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processivity are unclear, and their contribution to AD pathogenesis has not been 

investigated.  Previously, we demonstrated that amyloid-β oligomers (AβOs), the primary 

neurotoxin in AD, impair axonal BDNF transport in primary hippocampal neurons 

(Decker et al., 2010a). Contrary to a central paradigm, we discovered that BDNF 

transport defects are induced independent of the microtubule-associated protein, tau, 

microtubule destabilization, and acute cell death (Ramser et al., 2013).  We prevented 

these defects by inhibiting glycogen synthase kinase 3β (GSK3β), a downstream kinase 

that is implicated in many aspects of AD pathogenesis (Medina and Avila, 2014) and 

regulates kinesin-1 (KIF5) interactions with cargo and microtubules (Morfini et al., 2002; 

Weaver et al., 2013).  Precise phosphorylation-dependent mechanisms that dysregulate 

KIF1A in AD are unknown. 

Here, we show by live cell imaging that AβOs impair KIF1A motility in wild type 

(tau+/+) and tau knockout (tau-/-) hippocampal neurons, indicating that the microtubule-

binding (Morris et al., 2011) and signaling properties (Kanaan et al., 2011) of tau are not 

required for KIF1A transport disruption.  Notably, KIF1A and GSK3β interact, and 

inhibition of GSK3β prevents KIF1A transport defects.  By tandem mass spectrometry on 

KIF1A isolated from 14-month old AD transgenic mouse brain (Tg2576), we detected 

significant phosphorylation in the dimerization domain of KIF1A at Ser 402, which 

conforms to a GSK3β consensus site and is likely to regulate KIF1A activation.  

Furthermore, an unphosphorylatable form of KIF1A, generated by a Ser-to-Ala point 

mutation at Ser 402, prevents transport defects in AβO-treated tau+/+ and tau-/- neurons. 

This work implicates GSK3β in KIF1A dysregulation during early AD pathogenesis. 

4.3. Materials and Methods 

4.3.1. Hippocampal cell culture and expression of transgenes 

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

knockout (tau−/−) mice (Jackson Laboratory, Bar Harbor, ME) were prepared as 

described by Kaech and Banker (Kaech and Banker, 2006) and kept in PNGM primary 

neuron growth media (Lonza, Basel, Switzerland). The glial feeder layer was derived 

from murine neural stem cells as described by (Miranda et al., 2012).  At 10–12 d in 
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vitro, cells were cotransfected using Lipofectamine 2000 (Invitrogen) with plasmids 

encoding soluble blue fluorescent protein (pmUβA-eBFP) and KIF1A-GFP (GW1-KIF1A-

eGFP; Lee et al., 2003). Cells expressed constructs for 36 h before imaging.  Point 

mutations of the KIF1A phosphorylation site S402 (S402A and S402E) were generated 

using the QuickChange II mutagenesis kit (Agilent).  Plasmid identity was confirmed by 

sequencing. 

4.3.2. AβO and GSK3β inhibitor VIII treatments 

Soluble, full-length Aβ 1-42 peptides (American Peptide) were prepared exactly 

according to the method of Lambert et al., 2007 and applied to cells at a final 

concentration of 500 nM for 18 h.  Cells were incubated with 5 µM GSK3β Inhibitor VIII 

(Calbiochem) or equivalent volumes of vehicle (EtOH) 30 min prior to AβO or vehicle 

treatment. 

4.3.3. Live imaging and analysis of KIF1A transport 

KIF1A-GFP transport was analyzed using a standard wide-field fluorescence 

microscope equipped with a cooled charge-coupled device camera and controlled by 

MetaMorph (Molecular Devices, Sunnyvale, CA) as described previously (Kwinter and 

Silverman, 2009). All imaging—typically 100 frames—was recorded by the “stream 

acquisition module” in MetaMorph. Briefly, cells were sealed in a heated imaging 

chamber, and recordings were acquired from double transfectants at an exposure time 

of 250 ms for 90 s. This captured dozens of transport events per cell in 50-µm segments 

of the dendrite or 100-μm segments of the axon.  Dendrites and axons were initially 

identified based on morphology and confirmed retrospectively by immunostaining 

against MAP2, a dendritic cytoskeletal protein. Soluble BFP detection was necessary 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 length and 
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duration of each movie (in micron-minutes): 
t

d
n

i

i







1 where d are the individual DCV run 

lengths,  is the length of axon imaged and t is the duration of the imaging session. A 

vesicle was defined as undergoing a directed run if it traveled a distance of ≥2 µm. This 

distance was determined as a safe estimate of the limit of diffusion based on the 

assumption that root-mean-squared displacement equals Dt2 , where D is the diffusion 

coefficient (D=0.01 sm 2  for DCVs) and t  is the duration of the imaging period (t=50 s) 

(Abney et al., 1999). A run was defined as terminating if the vesicle remained in the 

same position for at least four consecutive frames.  Percentage flux represents the flux 

in treated neurons normalized to controls (100%). 

4.3.4. KIF1A immunoprecipitation and GSK3β immunoblotting 

Hippocampal neurons were lysed in ice-cold RIPA buffer containing protease and 

phosphatase inhibitors. 500 μg of lysate was mixed overnight at 4oC with 12 µg of 

KIF1A antibody (BD Biosciences). Samples were then combined with 50 μl of Protein 

A/G-agarose (Santa Cruz Biotechnology) beads and mixed at 4oC for 3 hr. Samples 

were gently pelleted and rinsed three times with RIPA buffer. The immunoprecipitated 

proteins (5-10 µg) were resolved on 10% SDS-polyacrylamide gels and transferred to 

PVDF membranes.  Membranes were probed with anti-GSKβ (1:000, Cell Signaling) 

overnight at 4°C.  Immunoreactive bands were visualized using enhanced 

chemiluminescent substrate (ECL) (Thermo Scientific) for detection of peroxidase 

activity from HRP-conjugated antibodies. Densitometric scanning and quantitative 

analysis were carried out using ImageJ. 

4.3.5. Tandem mass spectrometry and KIF1A phosphosite analysis  

KIF1A was immunoprecipitated from 14-month old Tg2576 AD (APPSwe) mouse 

brain and age-matched wild type control brain as described previously.  Coomassie-

stained protein bands were excised from the SDS-PAGE gel, digested with trypsin, and 

used for tandem mass spectrometry with TiO2 enrichment for phosphopeptides (U. of 

Victoria Genome BC Proteomics Centre).  KIF1A phosphorylation from Tg2576 and wild 
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type brain were compared using the algorithm PhosphoRS, which calculates the 

probability of each phosphorylation site within a peptide.  GSK3β phosphosites were 

identified by comparison to existing sequences within the Phosida (phosida.com) and 

Phosphonet (kinexus.ca) databases. 

4.4. Results 

4.4.1. GSK3β inhibition prevents AβO-induced KIF1A transport 
defects independent of tau 

Recently, we discovered that AβOs disrupt BDNF transport independent of the 

microtubule-associated protein, tau, microtubule destabilization, and acute cell death 

(Ramser et al., 2013). We prevented these defects by inhibiting GSK3β, a downstream 

kinase that regulates motor-cargo interactions.  KIF1A, the primary kinesin motor 

required for BDNF transport (Lo et al. 2011; Yonekawa et al., 1998; Barkus et al., 2008), 

is implicated in neurodegeneration (Riviere et al., 2001; Klebe et al., 2012); however, 

precise phosphorylation-dependent mechanisms that regulate KIF1A are unclear, and 

their contribution to AD pathogenesis has not been investigated.  Previous work in 

isolated squid axoplasm showed that AβOs induce robust tau hyperphosphorylation, 

initiate its detachment from microtubules, and expose a phosphatase-activating domain 

within the N-terminus of tau that activates PP1-GSK3β signaling and impedes KIF5-

based anterograde transport (Kanaan et al., 2011).  To determine if tau impairs KIF1A 

motility, tau+/+ and tau-/- hippocampal neurons expressing KIF1A-enhanced green 

fluorescent protein (eGFP) were imaged after treatment with 500 nM AβOs for 18 h 

(Figure 4.1).  Irreversible AβO binding was confirmed retrospectively by 

immunocytochemistry (Figure 4.1 A) using an oligomer-specific antibody (NU-4; 

(Lambert et al., 1998). Representative kymographs illustrate differences between KIF1A 

transport in control (vehicle-treated) and AβO-treated neurons (Figure 4.1 B). Total 

axonal flux was similarly and markedly reduced by AβOs both in the presence and 

absence of tau (44% and 46% decrease, respectively; Figure 4.1 B).  AβOs also 

significantly decreased anterograde average velocity and run length by approximately 

32% and 45%, respectively, in tau-/- neurons.  Notably, pretreatment with 5 µM Inhibitor 

VIII, a selective, cell-permeant, competitive blocker of GSK3β, prevented KIF1A 
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transport defects.  GSK3β coimmunoprecipitated with KIF1A, indicating that they bind 

through a direct or indirect mechanism (Figure 4.1 C).  Collectively, results show that 

GSK3β interacts with KIF1A and reduces its motility independent of tau. 

 

Figure 4.1 GSK3β inhibition prevents AβO-induced KIF1A transport defects 
independent of tau 

 
A) Expression of soluble BFP and KIF1A-eGFP in an AβO-treated tau

+/+
 neuron (from left to 

right). Overlay of BFP and AβO images shows binding of AβOs exclusively to dendrites. 
Immunocytochemistry shows that AβOs remain oligomeric after 18 h in culture. Arrows indicate 
axon; arrowheads indicate dendrites. B) Effects of AβOs and Inhibitor VIII treatment on KIF1A-
GFP flux in tau

+/+
 and tau

-/-
 neurons. Representative kymographs comparing KIF1A-GFP 

transport in control and treated neurons. Lines with a positive slope represent anterograde 
transport (green); lines with a negative slope represent retrograde transport (red). C) A 
monoclonal antibody to KIF1A immunoprecipitated GSK3β from neuronal lysates. 
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4.4.2. The KIF1A dimerization domain is phosphorylated at a 
conserved GSK3β consensus site 

To test whether KIF1A is indeed a substrate for phosphorylation and determine 

which residues may be targets for analysis,  we performed tandem mass spectrometry 

on KIF1A isolated from 14-month-old Tg2576 AD (APPSwe) mouse brain (U. of Victoria 

Genome BC Proteomics Centre).  We detected 12 phosphopeptides, six of which 

conform to sites targeted by kinases that are aberrantly activated in AD, such as MAPK, 

casein kinase II, and GSK3β (Figure 4.2).  We compared KIF1A phosphorylation from 

Tg2576 to an age-matched, wild type control using the algorithm PhosphoRS, which 

calculates the probability of each phosphorylation site within a peptide.  Phosphorylation 

within specific KIF1A sequences varied significantly between genotypes; for example, 

serine 932, within the cargo-binding peptide CPVVGMS*RSGTSQEEL, was 

hyperphosphorylated (denoted by *) in Tg2576 mice (Figure 4.2 A). We also detected 

significant phosphorylation on peptide MTMALVGNS*PSSSLSALSSR at Ser 402 

(S402), which conforms to a GSK3β consensus site according to the Phosida and 

Phosphonet databases.  Intriguingly, this site is conserved between zebrafish, mouse, 

rat, and human, suggesting a critical role in KIF1A transport (Figure 4.2 A).  S402 is 

present in the forkhead associated domain of KIF1A and is therefore likely to regulate 

dimerization and motility (Figure 4.2 B).   

4.4.3. The phosphomutant KIF1A-S402A remains motile in AβO-
treated neurons 

To determine if AβO-induced phosphorylation at S402 impairs KIF1A motility, we 

generated a non-phosphorylatable form of KIF1A-GFP by inducing a Ser-to-Ala point 

mutation (S402A) at this site.  We expressed this mutant in control and AβO-treated 

tau+/+ and tau-/- neurons.  No significant differences in KIF1A-S402A flux, velocity, and 

run length were observed for either genotype upon AβO treatment, implicating S402 

phosphorylation in transport impairment (Figure 4.3). Conversely, we induced a Ser-to-

Glu point mutation to create a phosphomimic of S402 (S402E) and imaged transport 

similarly.  Unexpectedly, KIF1A-S402E flux was not diminished in control neurons, and 

its transport was only weakly perturbed in AβO-treated neurons (data not shown).  This 

could be attributed to the presence of endogenous wild type KIF1A, which may dimerize 
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with S402E monomers or preferentially bind to cargo, thus masking any effects of the 

mutation on KIF1A motility.  RNAi experiments are underway to characterize KIF1A-

S402E transport in the absence of endogenous KIF1A. 

 

Figure 4.2 The KIF1A dimerization domain is phosphorylated at a conserved 
GSK3β consensus site 

A) Detection of 12 phosphopeptides, six of which conform to sites targeted by kinases that are 
aberrantly activated in AD, such as MAPK, casein kinase II, and GSK3β. B) Tandem mass 
spectroscopy on KIF1A isolated from AD model mouse (APPswe) brain identified a phospho-
peptide within the dimerization domain (amino acids 394-413). Phospho-serine 402 in this peptide 
conforms to a GSK3β site according to Phosida (phosida.com) and Phosphonet (kinexus.ca). 
Sequence alignment shows that Ser 402 is conserved between zebrafish, mouse, rat, and 
human. C) Basic schematic of KIF1A, a kinesin-3 family member. KIF1A has a similar “body plan” 
to other characterized kinesins. 

 Furthermore, our collaborator (K. Verhey, Univ. of Michigan) will employ a 

FRET-based strategy to confirm that the S402E mutation hinders KIF1A dimerization 

and cargo binding. Wild type and mutant KIF1A will be tagged with monomeric versions 

of FRET donor (mCFP) and acceptor (mCitrine) fluorescent proteins either at the N-

terminus to measure the proximity of the motor domains or at the C-terminus to measure 

the proximity of the tail (cargo-binding) domains.  The motors will be recruited to early 

endosomes, which typically exhibit low motility, by placing the PH domain of KIF16B 

(PX) on the tail of KIF1A.  Wild type KIF1A should exhibit high FRET efficiencies, 

consistent with motor dimerization irrespective of where the FRET pairs are placed.  
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KIF1A recruitment to early endosomes and subsequent activation should result in cargo 

transport to the cell periphery.  KIF1A-S402A, which is resistant to inhibitory 

phosphorylation, should behave similarly.  In contrast, low levels of FRET may be 

detected for KIF1A-S402E if it indeed fails to dimerize and bind cargo.  Collectively, 

these experiments would support a critical role for inhibitory phosphorylation of KIF1A in 

AβO-induced FAT disruption.  

4.5. Discussion 

FAT disruption is an early pathological manifestation that leads to loss of 

synapse function and axonal degeneration in AD (Millecamps and Julien, 2013).  AβOs 

are central to AD pathology and impair axonal organelle transport (Morfini et al., 2002; 

Decker et al., 2012; Ramser and Gan et al., 2013; Vossel et al., 2010; Tang et al., 2012; 

Wang et al., 2010).  KIF1A, the primary kinesin motor required for vesicular BDNF 

transport, is implicated in neurodegeneration; however, phosphorylation-dependent 

mechanisms that regulate KIF1A are unclear, and their contribution to AD pathogenesis 

has not been investigated.  Here, through direct assessment of trafficking at high spatial 

and temporal resolution in living neurons, we demonstrate that AβOs impair KIF1A 

motility independent of tau in the absence of microtubule stabilization or cell death as in 

our previous studies.  This implies that the microtubule-binding capacity and signaling 

properties of pathological tau are not required for AβO-induced disruption of KIF1A 

transport.  We combined multiple approaches, including live imaging, 

coimmunoprecipitation, immunoblotting, and tandem mass spectrometry, to demonstrate 

that inhibition of GSK3β prevents KIF1A transport defects, and that aberrant 

phosphorylation at a conserved GSK3β consensus site within the dimerization domain of 

KIF1A reduces its motility.  Our findings implicate GSK3β in phosphorylation-dependent 

KIF1A dysregulation during early AD pathogenesis. 
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Figure 4.3 The phosphomutant KIF1A-S402A remains motile in AβO-treated 
neurons 

KIF1A-GFP Ser 402 Ala flux is comparable to wild type KIF1A in tau
+/+

 and tau
-/-

 neurons treated 
with 500 nM AβOs. 
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According to the “GSK3 hypothesis of AD”, abnormal activation of GSK3β 

predominantly accounts for many pathological hallmarks of the disease, including 

increased Aβ production, tau hyperphosphorylation, and impaired learning and memory 

(Hooper et al., 2008).  Traditionally, FAT defects were thought to arise from axonal 

dystrophy, microtubule dissolution, tau aggregation, and tau-induced kinase activation 

during later stages of disease progression (Mandelkow et al., 2003; Stokin and 

Goldstein, 2006; LaPointe et al., 2009; Morfini et al., 2009; Kanaan et al., 2011).  

However, we and others have shown that transport defects can occur independent of 

tau, prior to overt morphological decline and cell death (Ramser et al., 2013; Pigino et 

al., 2003; Lazarov et al., 2007; Stokin et al., 2008; Rodrigues et al., 2012; Goldstein, 

2012).  These studies support the notion that GSK3β also mediates FAT disruption by 

earlier, subtler mechanisms that involve inhibitory phosphorylation of motor proteins (see 

Chapter 2 for an extensive discussion).   

We show that AβOs induce phosphorylation of KIF1A at a conserved GSK3β 

consensus site (S402) within its dimerization domain.  This may impair KIF1A motility by 

two distinct mechanisms.  First, aberrant or excessive S402 phosphorylation may 

prevent KIF1A dimerization and activation.  Some models contend that KIF1A is 

monomeric in the inactive state, and that activation results from concentration-driven 

dimerization prior to cargo binding or on the cargo surface (Klopfenstein et al., 2002; 

Tomishige et al., 2002).  Other findings show that KIF1A is dimeric in the inactive state 

and is therefore not activated by cargo-induced dimerization (Hammond et al., 2009); 

rather, KIF1A motors are autoinhibited, and dimeric KIF1A motors are activated by cargo 

binding (Soppina et al., 2014).  Because only dimeric KIF1A motors undergo ATP-

dependent, superprocessive motility (Soppina et al., 2014), failure to dimerize may 

preclude cargo binding and permit only diffusive movement of KIF1A monomers along 

the microtubule surface.  Second, placement of a negative charge at S402 through 

phosphorylation could alter the flexibility of the neck coil domain and favor the folded, 

autoinhibited conformation of KIF1A.  Indeed, phosphorylation of S137 within the motor 

domain of KIF5 stabilizes the ionic interaction between the tail and motor domains, 

promoting KIF5 autoinhibition and decreasing the applied force required for motor 

stalling (DeBerg et al., 2013).  Moreover, Aurora-B-dependent phosphorylation of S196 

diminishes the interaction between the C-terminal domain of kinesin-13 and its neck coil, 
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opening its conformation.  This results in decreased kinesin-13 affinity for microtubules 

(Ems-McClung et al., 2013).  Thus, constitutive phosphorylation of KIF1A at S402 may 

impair DCV transport by preventing motor dimerization and activation, blocking cargo 

binding, and reducing motor processivity along microtubules. 

Based on our previous findings (Decker et al., 2010; Ramser and Gan et al., 

2013) and present data, we propose the following model for BDNF/KIF1A transport 

dysregulation in Alzheimer’s disease (Figure 4.4).  AβOs bind to dendrites and axons, 

dysregulating Ca2+ homeostasis and triggering intracellular signaling cascades that 

converge on GSK3β.  Upon activation, GSK3β disrupts BDNF transport by aberrantly 

phosphorylating KIF1A at S402.  This may prevent motor dimerization and activation, 

block cargo binding, and reduce KIF1A processivity.  Additional research is required to 

determine if transport impairment contributes to synapse loss and axonal degeneration 

in AD.  In the adult brain, BDNF enhances synaptic transmission, facilitates synaptic 

plasticity, and increases the size and number of dendritic spines.  KIF1A dysregulation 

may deplete the synaptic pool of BDNF available for release; thus, preventing or 

rescuing FAT defects may aid in synaptic repair.  Furthermore, a constant neurotrophin 

supply is required to maintain dendritic and axonal morphology and function.  Transport 

defects may deprive processes of BDNF and lead to degeneration by inducing 

cytoskeletal-based retraction, increasing endocytosis, and promoting microtubule 

destabilization.  Finally, impaired FAT of other KIF1A cargoes, such as synaptic vesicle 

precursors containing synapsin and bassoon required for synaptic maintenance (Waites 

et al., 2013), may reduce neurotransmission and lead to synaptic loss in AD.  

Therapeutic interventions designed to restore KIF1A motility may exhibit fewer off-target 

effects compared to upstream, ubiquitous signaling proteins and be more effective at 

preventing or reversing cell death. 
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Figure 4.4 Proposed mechanism for KIF1 transport disruption in Alzheimer’s 
disease 
 

At dendrites, AβOs aberrantly activate NMDARs and induce Ca
2+

 influx, elevating cytosolic Ca
2+

. 
Activated calcineurin relieves inhibition of PP1, which activates GSK3β. GSK3β may inhibit motor 
protein activity by disrupting motor dimerization (1), via motor-cargo interactions (2), and/or 
preventing the motor-cargo complex from binding microtubules (3). 
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Chapter 5. Conclusions and future directions 

5.1. Dysregulation of Ca2+ signaling impairs BDNF transport 
independent of tau 

The purpose of this research was to investigate Ca2+-dependent mechanisms of 

FAT disruption in a cellular model of AD.  I discovered that AβOs perturb axonal BDNF 

transport by non-excitotoxic activation of CaN-GSK3β signaling.  Contrary to the 

dominant paradigm, I found that these defects occur independent of tau, microtubule 

destabilization, and acute cell death.  I correlated the onset, severity, and spatiotemporal 

progression of dendritic and axonal BDNF transport impairment with Ca2+ elevation and 

CaN activation first in dendrites and subsequently in axons. Importantly, I demonstrated 

that postsynaptic CaN activation converges with mechanisms of axonal Ca2+ 

dysregulation to disrupt FAT.  Specifically, AβOs colocalize with axonal VGCCs, and 

blocking VGCCs prevents FAT defects.  Despite the multitude of extracellular routes for 

AβO-induced Ca2+ influx, normal BDNF transport is maintained by dantrolene, a clinical 

compound that reduces CICR through RyRs that are present in dendritic and axonal ER 

membranes.  Finally, I showed that AβOs reduce the motility of KIF1A, the primary motor 

required for BDNF transport.  This is accomplished by phosphorylation at S402, a highly 

conserved GSK3β consensus site within the dimerization domain of KIF1A.  Inhibitory 

phosphorylation by GSK3β may disrupt motor-cargo interactions and/or prevent the 

motor-cargo complex from binding microtubules.  Collectively, this thesis establishes 

novel roles for Ca2+ dysregulation in BDNF transport disruption and tau-independent 

toxicity during early AD pathogenesis. 

5.2. BDNF transport defects may reduce BDNF secretion 

Although FAT defects were first observed in neurodegenerative diseases over 35 

years ago, it is still unclear how defects in transport mechanisms compromise neuronal 
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health and survival.  A possible physiological consequence of FAT disruption is reduced 

secretion of neurotransmitters and neuropeptides.  In the adult brain, BDNF enhances 

synaptic transmission, facilitates synaptic plasticity, and increases the size and number 

of dendritic spines (Rothman and Mattson, 2012; Lu et al., 2013).  In AD, KIF1A 

dysregulation may deplete the synaptic pool of BDNF available for release (Kondo et al., 

2012); thus, preventing or rescuing FAT defects may aid in synaptic repair.  To 

determine if BDNF transport defects reduce BDNF secretion from pre- and postsynaptic 

sites, control and AβO-treated neurons may be cultured in chambers that permit fluidic 

isolation of dendrites and axons, and enzyme-linked immunosorbent assays (ELISAs) 

may be conducted on cell culture media collected from either compartment.  If BDNF 

secretion is indeed significantly impaired, the role of FAT in synaptic resupply may be 

investigated at high resolution by live cell imaging.  Although DCVs are readily tracked 

within postsynaptic sites, they are densely arranged within presynaptic sites, obscuring 

detection of individual vesicles.  Hence, the photoconvertible tag Dendra2 can be used 

to unequivocally track incoming vesicles and normalize variable BDNF expression 

between cells.  Neurons may be co-transfected with BDNF-Dendra2, which converts 

from green to red upon exposure to blue light (Baker et al., 2010), and synapsin-BFP to 

mark presynaptic sites.  Following treatment with vehicle and AβOs, unconverted (green) 

BDNF-Dendra2 may be imaged within synaptic sites and proximal axon segments.  The 

cells may then be depolarized with KCl to rid terminals of DCVs and create new docking 

sites for incoming DCVs (Wong et al., 2012).  BDNF-Dendra2 may be photoconverted 

within an axonal segment distal to the synapse.  A green image may be acquired to 

verify DCV clearance and represent total BDNF, followed by a red stream to visualize 

motile DCVs entering the synapse. The ratio of red to green vesicles would represent 

the normalized, mobile fraction of BDNF that enters the synapse. If BDNF presynaptic 

transport is impaired in AβO-treated neurons, non-phosphorylatable forms of KIF1A may 

be expressed to prevent or rescue these defects. 
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5.3. Non-invasive detection of FAT defects in AD mice and 
patients by manganese-enhanced MRI (MEMRI) 

Compounds that restore Ca2+ homeostasis can improve learning and memory in 

transgenic AD animal models (Demuro et al., 2010; Oules et al., 2012).  Amelioration of 

Ca2+-dependent FAT defects in vivo may underlie improved cognitive function; thus, the 

transport apparatus may constitute a novel target for the detection and treatment of 

early-stage AD.  I demonstrated that FK506, VGCC inhibitors, and dantrolene can 

prevent or rescue AβO-induced FAT defects in cultured neurons.  To translate these 

findings to preclinical models, manganese-enhanced magnetic resonance imaging 

(MEMRI) may be employed to detect FAT defects in live AD mice and determine if 

intraperitoneal administration of Ca2+ channel and CaN inhibitors restores normal 

transport.  MEMRI enables in vivo assessment of axonal transport due to unique 

properties of Mn2+; as a Ca2+ analog, Mn2+ enters neurons through VGCCs, flows into 

the ER, and ultimately leaves in membrane-bound organelles that undergo microtubule-

based transport (Inoue et al., 2011). MEMRI has predominantly focused on axonal 

transport in the fascicles of the olfactory bulbs, and recent work identified a deficit in 

olfactory bulb axonal transport in aged and AD model mice (Minoshima and Cross, 

2008; Kim et al., 2011; Smith et al., 2011).  Significantly, FAT defects were observed by 

MEMRI in APPswe/PS1dE9 mice prior to Aβ plaque formation and extensive p-tau 

(Minoshima and Cross, 2008). Non-invasive MEMRI studies can be performed 

repeatedly on live animals and will enable longitudinal measurements of FAT throughout 

AD progression, unlike traditional approaches using cell tracer dyes (Inoue et al., 2011).  

Cellular toxicity has prevented the extension of MEMRI into human use; however, the 

recent development of new Mn2+-based contrast agents and the increased Mn2+ 

detection sensitivity of scanners with lower magnetic fields will lessen the risk of Mn2+-

based toxicity.  Ultimately, MEMRI may become a powerful in vivo method to diagnose 

early-stage AD and test clinical compounds that prevent or treat FAT defects. 

MEMRI may be performed in combination with optogenetics studies to correlate 

FAT defects with impaired synaptic transmission in AD brain.  Optogenetics uses light to 

excite or inhibit neurons expressing opsin-based ion channels and pumps.  This 

revolutionary technique permits manipulation of electrical activity in genetically or 
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functionally defined neurons with high temporal precision (Tye and Deisseroth, 2012).  

To initiate and optimize these studies in vitro, an optogenetic probe may be expressed 

and activated by light in AβO-treated neurons that exhibit reduced KIF1A-dependent 

transport of synaptic vesicle precursors (SVPs).  Miniature excitatory postsynaptic 

responses (mEPSPs) could then be measured by whole cell patch-clamp recording to 

determine if synaptic transmission is simultaneously impaired in neurons with reduced 

SVP transport.  If these processes are indeed interdependent, pharmacological rescue 

of transport may also restore neurotransmission.  To translate these findings to 

preclinical models, a promoter-dependent optogenetic probe may be delivered into the 

hippocampi of wild type and transgenic AD mice by viral injection.  Subsequent 

illumination of the CA3 hippocampal region may fail to activate postsynaptic CA1 

neurons in AD mice, which exhibit severe FAT defects as diagnosed by MEMRI studies.  

Intraperitoneal administration of Ca2+ channel and CaN inhibitors may ultimately rescue 

neurotransmission in vivo. 

5.4. Analysis of BDNF transport in human stem cell models 
of AD 

Although vertebrate and invertebrate models have provided important insights 

into AD, studies are often confounded by overexpression artefacts, and mutations 

introduced into endogenous genes fail to recapitulate all phenotypes and behaviours 

associated with human AD pathology (Duff and Suleman, 2004; Young and Goldstein, 

2012)).  Human pluripotent stem cells (hPSCs) are valuable to disease research 

because they can differentiate into all cell types, and genes of interest are expressed at 

endogenous levels.  Recent advances in reprogramming technology have enabled the 

expression of defined factors in somatic cells, such as skin fibroblasts, from an individual 

patient to induce a pluripotent stem cell state (iPSCs) (Takahashi et al., 2007).  These 

iPSCs can be differentiated into neurons that retain the unique genetic background of 

the individual.  Alternatively, patient fibroblasts can be exposed to forebrain transcription 

factors that directly convert them to neurons (induced neuronal cells, iNs) (Young and 

Goldstein, 2012).  This strategy bypasses the time-consuming and potentially mutagenic 

IPSC reprogramming process; however, it cannot generate a self-renewing, stable 
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progenitor population.  IPSC models of neurodegeneration were first created for 

monogenic disorders or versions of polygenic diseases caused by known mutations, 

such as Parkinson’s disease (Soldner et al., 2009) and amyotrophic lateral sclerosis 

(Dimos et al., 2008). IPSC and iN models of AD have only recently been developed due 

to the complex nature of the disease.  They are derived from presenilin point mutations 

(PS1 A246E, PS2 N141) (Yagi et al., 2011) and APP gene duplications (Rovelet-Lecrux 

et al., 2006) associated with familial forms of AD.  Sporadic AD genomes confer similar 

cellular phenotypes: neurons from a sporadic AD patient exhibit elevated levels of Aβ1-40, 

increased GSK3β activity, and tau hyperphosphorylation compared to neurons from age-

matched, normal individuals (Israel et al., 2012). 

Several strategies could be designed to characterize and attenuate BDNF 

transport defects in human stem cell models of AD.  First, iPSCs or iNs derived from wild 

type patients may be transfected with BDNF-mRFP and treated with extracellular AβOs 

to impair BDNF transport, as described previously.  If similar Ca2+-dependent 

mechanisms regulate BDNF transport in human neurons, treatment with compounds that 

maintain Ca2+ homeostasis and inhibit CaN-GSK3β signaling may prevent and/or rescue 

BDNF transport defects.  Second, BDNF transport could be assessed in iPSCs 

generated from familial AD patients or well characterized sporadic AD genomes and 

compared to age-matched, wild type controls.  These experiments may define a novel 

role for presenilin point mutations, APP duplication, and intracellular Aβ overproduction 

in BDNF transport impairment and further characterize the sporadic AD phenotype.   

Third, patient-specific hPSCs may be modified using genome editing techniques, 

such as Tal effector nucleases (TALENs) and clustered regulatory interspaced short 

palindromic repeat-based endonucleases (CRISPR/Cas systems), to establish causal 

roles for motor proteins and their regulators in AD pathogenesis.  These techniques are 

superior to knockdown by RNA interference, which is often incomplete, varies between 

experiments and laboratories, has unpredictable off-target effects, and provides only 

temporary inhibition of gene function.  Briefly, TALEN and CRISPR/Cas systems induce 

targeted DNA double-strand breaks that stimulate cellular DNA repair mechanisms to 

alter the gene of interest.  Error-prone non-homologous end joining (NHEJ) yields small 

insertion or deletion mutations to disrupt the target gene, whereas homology directed 



 

112 

repair (HDR) in the presence of a donor plasmid introduces transgenes to correct or 

replace existing genes (Gaj et al., 2013).  For BDNF trafficking studies in human stem 

cells, TALEN or CRISPR/Cas systems may be used to knock down tau and GSK3β to 

determine if they regulate BDNF transport.  Furthermore, point mutations may be 

introduced within GSK3β phosphorylation sites on KIF1A to normalize BDNF transport in 

an AD mutant background.  Recent work suggests that alternative splicing of motor 

proteins plays a causal role in AD pathogenesis (Morihara et al., 2014).  Thus, potential 

KIF1A splice variants that are overexpressed in the disease state and perturb BDNF 

transport by compromising cargo binding or preferentially adopting an autoinhibited 

conformation may also be reduced by genome editing.  Because KIF1A is highly 

enriched in the brain, approaches designed to restore its motility may exhibit minimal off-

target effects compared to targeting upstream, ubiquitous Ca2+ signaling proteins.  

Collectively, these functional studies may help to identify mechanisms of transport 

dysregulation in AD patients and unveil new therapeutic avenues. 

5.5. Closing remarks 

My thesis establishes novel roles and a translational basis for Ca2+ dysregulation 

in tau-independent FAT disruption.  It challenges dogmatic perspectives on mechanisms 

of Aβ toxicity and their subcellular sites of action.  Despite its importance for neuronal 

survival and synaptic plasticity, learning, and memory, the role of impaired BDNF 

trafficking in early AD progression has received little attention, and my work contributes 

substantially to this field.  From a clinical perspective, my findings are significant 

because intracellular Ca2+ dysregulation and FAT impairment precede late-stage 

hallmarks of AD, such as Aβ plaque deposition and neurofibrillary tangle formation.  

Compounds and genetic interventions targeted to these early disease mechanisms may 

be more effective at preventing or reversing axonal pathologies, synapse loss, and cell 

death.  
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