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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 Ca®* 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-B oligomers (ABOs), proximal neurotoxins in AD, impair vesicular
transport of axonal brain-derived neurotrophic factor (BDNF). Contrary to a central
paradigm, | 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 Ca*'-
dependent phosphatase. Based on these findings, | investigated Ca*'-dependent
mechanisms that underlie the spatiotemporal progression of ABO-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 3B (GSK3[B), are present in both dendrites and axons, | investigated if
postsynaptic ABO binding impairs dendritic transport prior to FAT disruption. ABROs
induce dendritic and axonal BDNF transport defects simultaneously; however, maximal
dendritic transport defects are observed prior to maximal impairment of FAT. |
correlated the spatiotemporal progression of transport defects with Ca** elevation and
CaN activation in dendrites and subsequently in axons. Postsynaptic CaN activation
converges on axonal Ca?* dysregulation to impair FAT. Specifically, ABOs colocalize
with axonal VGCCs, and blocking VGCCs prevents FAT defects. Finally, BDNF
transport defects are prevented by dantrolene, a compound that reduces Ca**-induced-
Ca” release through ryanodine receptors in axonal and dendritc ER membranes.
Together, these mechanisms activate CaN-PP1-GSK3f 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 Ca®* dysregulation in BDNF

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

Keywords: Alzheimer’'s disease; amyloid-f3 oligomers; axonal transport; intracellular
Ca** dysregulation; KIF1A inhibition; tau-independent toxicity



To my parents, for their unequivocal

understanding, encouragement, and love

vi



Acknowledgements

| am grateful to my senior supervisor, Dr. Michael Silverman, who offered excellent
training and guidance, and who provided me with many invaluable opportunities for
scientific, intellectual, and personal growth throughout my graduate career. | thank the
members of my supervisory committee, Dr. Lynne Quarmby and Dr. Nancy Hawkins, for
their insightful perspectives and encouragement. | also thank L. Chen and E. Fan for
their expert technical assistance, training, and friendship, and the SFU Animal Care staff
for their essential assistance in my experiments. | acknowledge V. Muresan, C.D. Link,
T. Tomiyama, P. Copenhaver, and G. Mofrfini for their critical reading of my manuscripts,

and D. Poburko and C. Krieger for essential discussions.

My research was funded by a C.D. Nelson Memorial Graduate Entrance Scholarship
from Simon Fraser University and a Postgraduate Scholarship from the Natural Sciences

and Engineering Research Council of Canada (NSERC).

Vii



Table of Contents

APPIOVAL ... ii
Partial Copyright LICENSE ......coo o iii
EhiCS StatemMeNt.......cooeeeeeeeeeee iv
Y 011 = V! U %
37T | oF= 1] o PSR Vi
ACKNOWIEAGEMENIS ...t e e e e e e et s e e e e e e e e aar e e e e eaaeeennnes Vil
TaADIE OFf CONMIENTS ...ttt nnnnnes viii
IS o =V o] [ PP Xii
IS o B o [0 =TSP Xiii
IS o o1 0] 010 1 PP XV
Chapter 1. General INtrodUCHION .......oouiiiiiii e e eaaees 1
1.1. Microtubule-based transport in neuronal physiology ..., 1
1.1.1. Neuronal structure and chemical neurotransmission ...........cccccccvvvvvvevnennnn. 1
1.1.2. Axonal transport in development, communication, and survival.................. 2
1.1.3. Structures, functions, and regulation of conventional kinesin-1
(KIF5) and Kinesin-3 (KIFLA) ....ouuuiiiiieee et 3
1.1.4. Structure, functions, and regulation of cytoplasmic dynein......................... 7
1.2. Transport defects in Alzheimer's diSease............oovvvvviiiiiiiiiii e 8
1.2.1. Amyloid-B generation and accumulation .............ccccceeeiieiiniiiiiiie e 8
1.2.2. Failure of amyloid-B clearance in aging and sporadic AD ........................ 12
1.2.3.  Amyloid-B oligomers are the primary neurotoxins in AD ...........cccccevveeee. 14
1.2.4. Physiological and pathogenic roles of tau...........ccccccvvvviiiiiiiiiiiiiiiiiiiiiee, 15
1.2.5. Do FAT defects cause or arise from AD pathology? ..........cccceeeeeieeeniinnnn, 16
1.3. Ca* dysregulation in AlZheimer's diSEaSse.............c.ccevveeeereeeeeceeee e, 17
1.3.1. Physiological roles and mechanisms of Ca* signaling .............c..c.c......... 17
1.3.2. The Ca*" hypothesis of Alzheimer's diSease.............cccocvevvreeeeeveeninnes 18
1.3.3. AROs facilitate Ca®* influx through channels and pores in the
plasma MemDBIane..........cooiiiiiiiiiii 19
1.3.4. APBOs promote Ca®* leakage from the ER ...........ccccoovevveeeiveieeeeeeeeeeen 20
1.3.5. A vicious cycle of Ca** dysregulation and AB generation drives
Cellular tOXICITY iN AD .....uueeiiiiieiiieieiiiieeeeeeeeebeeeeebeeeee bbb eeeeeeeebeeeeneeenne 22
1.4. Calcineurin signaling in Alzheimer's diSease ............cccooe i, 22
1.4.1. Structure and regulation of calcineurin............ccccccoeeeiiiiii i, 22
1.4.2. Physiological roles of calcineurin in neurotransmission and synaptic
PIASTICILY ..o 23
1.4.3. Pathogenic roles of calCineurin...........cccceei i 24
1.5. Phosphorylation-dependent mechanisms of transport impairment........................ 25
1.6. BDNF transport defects mediated by KIF1A impairment may lead to
NEUrOAEJENETIALION ....eiiiiiiiiiiieie et 25
1.7. Hypothesis and Specific ODJECLIVES .........oouuiiiiiii e 26

viii



Chapter 2.

AB oligomers induce tau-independent disruption of BDNF
axonal transport via calcineurin activation in cultured

hippocampal NEUIONS ........cooiiiiiiiiii 29
220 T L o 11 = T A 30
A2 [ 1 1o o 18 Tox 1 o] o N 30
2.3. Materials and METNOGS .........uuuuuuiriiiiiiiiiiiiiiiiiiiieiieeeeeree bbb eeeearerennees 32
2.3.1. Hippocampal cell culture and expression of transgenes .............ccccvvvvenn. 32
2.3.2. ABO, FK506, and GSK3p Inhibitor VIII treatments................uvvvvvmveeennnnnnns 32
2.3.3. Live imaging and analysis of BDNF-mRFP transport..............cccccevvvvvnnnnn. 33
2.3.4.  IMMUNOCYIOCNEMISTIY ... .uieiiiiiiiiiiiieiiiieieeeee bbb nnennenne 34
2.3.5.  IMMUNODBIOLLING .....ccoiieeie e 34
2.3.6. Biochemical quantification of tubulin.............cccccooiii i, 35
2.3.7. In vitro phosphatase actiVity 8SSAYS.........uuuuururrrmrrrmeiriinirnineiinnrieennennnnnnnnns 35
2.3.8.  ATP GSSAY certttuiiii et 36
2.3.9. Statistical analYSES .......uuuiiiiiiii i 36
S o= TS | 37
2.4.1. ABO-induced disruption of axonal transport is hot accompanied by
tau hyperphosphorylation at microtubule binding sites, spatial
redistribution, or fragmentation ..............cooiiiiiiiiii e 37
2.4.2. ABOs disrupt BDNF transport independent of tau............ccccoooevvvrivinnnnnnnn. 39
2.4.3. ABO-induced disruption of BDNF transport is dose- and time-
(o =T o7=T o [= o | AP 41
2.4.4. BDNF transport defects occur independent of changes in
microtubule stability and tubulin post-translational modifications ............. 41
2.4.5. Calcineurin inhibition rescues ABO-induced transport defects ................. 42
2.4.6. Calcineurin activity and protein phosphatase inhibitor-1
dephosphorylation are elevated by ABOs and normalized by FK506 ....... 44
2.4.7. Inhibition of protein phosphatase-1 and glycogen synthase kinase
3B prevents ABO-induced transport defectS..........cooviiviiiiiiiiiiecencceen, 46
2.4.8. ABO-induced activation of calcineurin and disruption of transport
are not mediated by excitotoxic Ca®* signaling ...........c..cccccceeveeeverennnne.. 48
S T I 1Yo 1 1= (o] o 48
2.6, ACKNOWIEUGEIMENLS .....uiiiiiiiiiiiiiiiiiieietieetieeeeeee ettt esnnnnnes 53
2.7. Supplemental Figures and TabIes ...............uuuuiiiiiiiiiiiiiiiiiiiiieees 54
Chapter 3. Dendritic and axonal mechanisms of Ca® elevation regulate
the spatiotemporal progression of BDNF transport defects in
amyloid-p oligomer-treated hippocampal Neurons ...........cccccuvvevvvennne 61
0 I L o 111 T A 62
1 07 | 1o o (11 1 o T 62
3.3. Materials and MEthOUS .........iiiiiiiii e 64
3.3.1. Hippocampal cell culture and expression of transgenes ............cccccvvvvenn. 64
3.3.2. ABO, FK506, VGCC inhibitor, and RyR inhibitor treatments .................... 65
3.3.3. Live imaging and analysis of BDNF-mMRFP transport.............cccccevvveeneenns 65
3.3.4.  IMMUNOCYIOCNEMISTIY ... eeiiiiiiiiiiiiiiiiiiiiieieietbbbbebbbeeeeeeee bbb eeeebeeeneeenneenne 66
3.3.5. FRET analysis of intracellular Ca® .............ccoovevieeeeeeeeeese e 66
3.3.6. In situ proximal ligation @SSAY ..........cuiieeeriiieiiiiiae e 67
3.3.7.  IMMUNONISTOCNEMISIIY .....uiiiiiiiiiiiiiiiiiiiiiieieiiiebeee bbb eeeeeeeeenee 68



B =T U || =P 68
3.4.1. ABOs induce dendritic, calcineurin-dependent transport defects

that precede maximal impairment of FAT .........ccooiiiiii i, 68
3.4.2. ABO-induced elevation of intracellular Ca*" correlates with the
spatiotemporal progression of BDNF transport defects..........ccccccceeeeeennn. 69
3.4.3. ABO-induced calcineurin activation coincides with the
spatiotemporal progression of BDNF transport defects...........cccccceeeei. 72
3.4.4. ABOs bind to axons and colocalize with presynaptic voltage-gated
(072 Gl o1 1 =1 3 Y=Y T 74
3.4.5. Inhibition of presynaptic voltage-gated Ca®* channels prevents
axonal, but not dendritic, BDNF transport defects...............uvvvviiiiiiiniinnnne 76
3.4.6. Ryanodine receptor inhibition prevents axonal BDNF transport
(07 =T ot N 78
T B 1Yo U 13- (o] 80
3.5.1. Dendritic BDNF transport defects may contribute to ABO-induced
CEIIUIAT TOXICITY vttt nennnnnes 80
3.5.2. Dendritic and axonal sources of Ca?* elevation converge to disrupt
BDINF tranSPOIT.....cceieeeeiiii e e e 81
3.5.3. Ca**-dependent mechanisms of motor protein regulation ........................ 83
3.6. ACKNOWIEAGEMENLS ...t e e e e e e e e re e e e e 84
3.7. Supplemental Figures and TabIes ........cccooo i 85

Chapter 4. Glycogen synthase kinase-3f impairs KIF1A motility
independent of tau in amyloid-B oligomer-treated hippocampal

=10 ] 0] o 1 S PP PP 92
o O Y o ] 1 - Vo SRR 93
o 11 1o To 1§ o 1o ) o 1SRRI 94
4.3. Materials and MEthOGS ...........uuuuuuummiiiiiiiii e sannnesnnnnne 95
4.3.1. Hippocampal cell culture and expression of transgenes ...........cccccevvvennnn. 95
4.3.2. ABO and GSK3 inhibitor VIl treatments .............cooovviiiiiiiinieen, 96
4.3.3. Live imaging and analysis of KIF1A transport...........ccccccoveeeiieeeeiieeeninnnnnn. 96
4.3.4. KIF1A immunoprecipitation and GSK3f immunoblotting ...............ccc.eeee. 97
4.3.5. Tandem mass spectrometry and KIF1A phosphosite analysis................. 97
A4, RESUILS ...ttt nnnnnnnnes 98

4.4.1. GSKS3B inhibition prevents ABO-induced KIF1A transport defects
INdepPendent Of TAU..........ccovviiiiiiiiii 98

4.4.2. The KIF1A dimerization domain is phosphorylated at a conserved
GSK3B CONSENSUS SIte ... ieeciieiiiiiiie e 100

4.4.3. The phosphomutant KIF1A-S402A remains motile in ABO-treated
110 (o] 0 T PP PPRPPPT PPN 100
T B o 012 T o PSPPSR 102
4.6. ACKNOWIEAQEMENTS ...t e et e e e e e e eeeee e e e e e eeaeeeenes 106
Chapter 5. Conclusions and future direCtionS.........cccoeeeiiiiiiiiiiin e 107
5.1. Dysregulation of Ca?* signaling impairs BDNF transport independent of tau....... 107
5.2. BDNF transport defects may reduce BDNF secretion............cccoovveeeeiveiiiiiinneeenn. 107



5.3. Non-invasive detection of FAT defects in AD mice and patients by

manganese-enhanced MRI (MEMRI) ... 109
5.4. Analysis of BDNF transport in human stem cell models of AD...........cccccceeee. 110
5.5, ClOSING FEMAIKS......cci e e e e e e e e e e e eae s 112
REfEIrENCES ... 113

Xi



List of Tables

Table 2.1
Table 2.2
Table 2.3
Table 2.4
Table 3.1
Table 3.2
Table 3.3

Disruption of BDNF transport by 500 nM ABOS .......cviiiiiiiiiiiiiiiiieeeee, 57
Disruption of BDNF transport by 100 nM ABOS .......cviiiiiiiiiiiiiiicieee e, 58
Inhibition of PP1 prevents ABO-induced transport defects...................... 59
Inhibition of GSK3 prevents ABO induced transport defects................. 60
Quantitative analysis of dendritic and axonal BDNF transport................. 89
VGCC inhibition prevents ABO-induced transport defects...................... 90
RyR inhibition prevents ABO-induced transport defects ...........ccccce..... 91

Xii



List of Figures

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8
Figure 2.9
Figure 2.10
Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Axonal and dendritiC tranSPOIt............uuuuuuuueiiiiiiiiiiiiii e 3
Structures of KIF5 and KIFLA. ... 6
Proteolytic processing of the amyloid precursor protein (APP) ................. 9
Generation of intracellular amyloid-B (AB) ...vvvvvvvviiiiiiiiiiiiiiiiieieeeeeeeeeeee 11
Ca*" dysregulation in Alzheimer's diSease...........c..cccveeeveeeveeeeeeenaenan. 21

Dysregulation of neuronal Ca** signaling impairs axonal transport
independent of tau in a model of Alzheimer’s disease..................c..oooe 28

ABO-induced disruption of axonal transport is not accompanied by
tau hyperphosphorylation at microtubule binding sites, spatial
redistribution, or fragmentation. ...........cccoooeeiiiiiiiiiin e 38

Tau is not required for ABO-induced disruption of BDNF transport.......... 40
BDNF transport defects occur in the absence of changes in

microtubule stability and tubulin post-translational modifications. ........... 42
Inhibition of calcineurin by FK506 rescues ABO-induced transport

defects independently Of taU............coovviiiiiiiiiiiiii 43
Calcineurin activity is elevated by ABOs and normalized by

FIBOB. .. 45
Inhibition of protein phosphatase-1 and glycogen synthase kinase

3B prevents ABO-induced transport defects. .........ccoovvviiiiiiiiieeiiiiiiinn, 47
Proposed mechanism for fast axonal transport disruption in an
Alzheimer’s disease MOdEl........cccooeeiiiiiiiiiiiii e 53
Supplemental FIQUIe 1 ........oooviiiiiiiiiiiiiiiiieeeeeeee e 54
Supplemental FIQUIE 2 .......cooo i 55
Supplemental FIQUIE 3 .... oo 56

ABOs induce dendritic, calcineurin-dependent transport defects
that precede maximal impairment of FAT. .....ccccooiiiiiiiiiiiie e, 70

ABO-induced elevation of intracellular Ca®* correlates with the
spatiotemporal progression of BDNF transport defects. ...........ccccevvvennnn. 71

ABO-induced calcineurin activation coincides with the
spatiotemporal progression of BDNF transport defects. ..........ccccceeveeenn. 73

ABOs bind to axons and colocalize with presynaptic voltage-gated
€A% CHANNEIS. ..ottt 75

Inhibition of presynaptic voltage-gated Ca** channels prevents
axonal, but not dendritic, BDNF transport defects. ..........cccoooveeiriieiinnnnnnn. 77

Xiii



Figure 3.6

Figure 3.7

Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Ryanodine receptor inhibition prevents axonal BDNF transport

[0 = =T ox £ RS 79
Proposed mechanism for Ca?*-dependent disruption of dendritic

and axonal BDNF tranSpOrt. ........ouvuiiiiieeei e 84
Supplemental FIQUIE L .......ooooviiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeee e 85
Supplemental FIQUIE 2 ........ocoiiieeiee et e e 86
Supplemental FIQUIE 3 .......ooc et 87
Supplemental FIQUIE 4 ........ooovviiiiiiiiiiieieeeeeeeeeeeeeee e 88
Supplemental FIQUIE 5 ......oooiiiiiiiiiieeeeeeeeeeee e 88
GSK3pB inhibition prevents ABO-induced KIF1A transport defects
INdePendent Of TAU ........cooeiiii i 99
The KIF1A dimerization domain is phosphorylated at a conserved

GSK3B CONSENSUS SItE...uvvuiiii it ee ettt e e e e eaaees 101
The phosphomutant KIF1A-S402A remains motile in ABO-treated
(=10 o] 0 3PP PTTTPT 103
Proposed mechanism for KIF1 transport disruption in Alzheimer’s....... 106

Xiv



List of Acronyms

AD
AMPAR
APP
ABO
BACE
BDNF
Ca2+
CaM
CaMKIlI
CaN
Cdk5
CK2
CRISPR

DCV
ER
ERAD
FAD
FAT
GSK3p
hPSC

Alzheimer’s disease
a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptor
Amyloid precursor protein
Amyloid- oligomer

B-site APP cleaving enzyme
Brain-derived neurotrophic factor
Calcium

Calmodulin
Ca?*/calmodulin-dependent kinase |I
Calcineurin

Cyclin-dependent kinase 5

Casein kinase 2

Clustered regulatory interspaced short palindromic repeat-based
endonuclease

Dense core vesicle

Endoplasmic reticulum
Endoplasmic-reticulum-associated protein degradation
Familial Alzheimer’s disease

Fast axonal transport

Glycogen synthase kinase 33
Human pluripotent stem cell
Inhibitor of protein phosphatase-2
Induced neuron

Inositol triphosphate receptor
Induced pluripotent stem cell
c-Jun N-terminal kinase

Kinesin heavy chain

Kinesin

Kinesin light chain

Long-term depression

Long-term potentiation

XV



MAP
MEMRI
mMGIuR
NFT
NMDAR
PP1
PP2B
PS/PSEN
RyR
SAD
SERCA
TALEN
VGCC

Microtubule-associated protein
Manganese-enhanced magnetic resonance imaging
Metabotropic glutamate receptor

Neurofibrillary tangle

N-methyl-D-aspartate receptor

Protein phosphatase-1

Protein phosphatase 2B (calcineurin)

Presenilin

Ryanodine receptor

Sporadic Alzheimer’s disease

Sarcoendoplasmic reticulum Ca?* transport ATPase
Tal effector nuclease

Voltage-gated Ca** channel

XVi



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 Ca?* 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.
lonotropic 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



(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 Rabl0-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 Muncl8, two proteins required for neurotransmitter vesicle exocytosis at

the presynaptic plasma membrane. Loading and unloading of these cargoes is



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.

Distal dendrite

Rough endoplasmic
reticulum

‘ Golgi apparatus
Axon hillock

Transporting
vesicle
RNA-containing

granule

Various transporting
vesicles

Proximal dendrite

| oo} vesicle
Microtubule ‘KI F

|Axon
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body-like organelle

Synaptic vesicle:
precursor

Dendritic y 74 & AR

spine

Microtubule
KIF5 KIF5 KIF5/KIF1Ba KIF3 KIF1A/KIF1BB

Microtubule
KIF5 KIF5 KIF17

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



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.



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 KIFLA 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.



Intriguingly, KIF1A processivity is modulated by the pl150 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).
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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 p150geq Subunit. p150gjeq
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, pl150guq 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.



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-B 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-B (AB) plagues and intracellular
neurofibrillary tangles (NFTs) comprised of aggregated tau protein. AR 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



occurs by one of two pathways. In the prevalent non-amyloidogenic pathway, APP is
first cleaved by a-secretase within the AB domain, thereby preventing AR production.
The larger N-terminal fragment is secreted (sAPPa), whereas the smaller C-terminal
fragment (C83) is further cleaved by y-secretase and is readily degraded. During
amyloidogenic processing, APP is first cleaved by B-secretase (B-site APP cleaving
enzyme 1; BACE). The C-terminal product is subsequently cleaved by y-secretase, a
multi-subunit protein complex in which presenilin 1 (PS1) or PS2 is the catalytic subunit,
producing AB (Citron et al., 1997; Zhang et al., 2013).
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Figure 1.3 Proteolytic processing of the amyloid precursor protein (APP)

(Left) In non-amyloidogenic processing, cleavage by a-secretase releases a large amyloid
precursor protein (SAPPa) ectodomain and an 83-residue C-terminal fragment. C83 is then
digested by y-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 sAPPa. The retained C99 is also a y-secretase
substrate, generating A and AICD. y-Secretase cleavage occurs within the cell membrane,
producing sAPPa and sAPP fragments. AICD is released into the cytoplasm after progressive ¢-
to-y cleavages by y-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 AB is prone to
aggregation. Reproduced with permission from Querforth and LaFerla, 2010. Copyright
Massachusetts Medical Society.

Intracellular AR (iAB) 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, iAB 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 AR
generation by BACE cleavage (Kudo et al., 2006; Roussel et al., 2012; Li et al., 2013).
Aberrant accumulation of iAB in mitochondria leads to impairment of oxidative
phosphorylation, increased ROS production, Ca* mishandling, and activation of
apoptotic cascades (Pagani and Eckert, 2011). Although it is not precisely known how
APP transport regulates A 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 AR 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 iAB and its transport in early AD pathogenesis.

Extracellular AB is generated by APP misprocessing at the plasma membrane.
Cleavage by y-secretase releases two major monomeric AP isoforms: ABi.40
predominates and remains soluble; however, AB,4, 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, AB production shifts from AB1.40 to AB1.42. 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, AB1.40 can impair fibril formation and prevent

10



neuronal death; thus, reduced production of this isoform may impede AR clearance (Zou
et al., 2003; Yan and Wang, 2007; Jan et al., 2008). The normal function of AR 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, AB acquires many toxic properties. Although AR fibrils and plaques are
ubiquitous in AD brain, they correlate poorly with the severity of dementia in transgenic

mouse models and patients (Herrup, 2010).
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Figure 1.4  Generation of intracellular amyloid-B (AB)

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 AR 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, 3-secretase
(BACEZ1), 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. AB generated at the plasma membrane
may be released (4), and extracellular AR may be internalized and degraded through the
endosome-lysosome pathway (5).
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1.2.2.  Failure of amyloid-B 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 AR clearance (8.3% per hour in humans) than
production (7.6%), regulating AB steady-state levels and limiting its accumulation under
physiological conditions (Bateman et al., 2006). In AD patients, AB 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 (Ilhara 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 AR 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. AB 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 AR accumulation (Nixon, 2007;

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

Extracellular removal of AB 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 AB-degrading proteases have been identified, many of which
are classified as zinc-metalloproteases or cysteine proteases and hydrolyze monomeric,
oligomeric and fibrillar forms of AB. Neprilysin, the most extensively investigated and
characterized Ap-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 AB. 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 (Ilwata et al., 2004). Levels of AR correlate inversely with the gene dosage and
enzymatic activity of neprilysin. Inhibition of neprilysin significantly elevates endogenous
AB in rat and mouse brain (lwata et al., 2002; Dolev and Michaelson, 2004), and
neprilysin overexpression reduces AR 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 A promotes its accumulation and contributes to sporadic AD.
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1.2.3. Amyloid-B oligomers are the primary neurotoxins in AD

Substantial evidence suggests that the soluble, oligomeric form of AR (ABO)
accumulates in AD brain prior to detectable formation of A plagues and NFTs (Nishitsuji
et al.,, 2009; Tomiyama et al., 2010) and is the most potent neurotoxin in AD (Ferreira
and Klein, 2011). APBOs 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 ABO 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 Ca** elevation, appear to be centrally involved:; inhibition or removal of surface
AMPA (a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate) receptors reduces ABRO
binding to dendrites (Zhao et al., 2010), and metabotropic glutamate receptors (MGIuR5)
participate in ABO binding and clustering at synapses (Renner et al., 2010). Additionally,
N-methyl-D-aspartate receptors (NMDARS) coimmunoprecipitate with ABOs from rat
synaptosomal membranes (De Felice et al., 2007), and ABO binding is abolished in
dendrites of NMDAR knock-down neurons (Jurgensen et al.; Decker et al., 2010Db).
Chronic ABO 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, ABOs cause general neuronal
dysfunction. Such impacts include Ca®* 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, ABOs
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 (lttner 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 ABO toxicity and FAT disruption (lttner
and Gotz, 2011; Bloom, 2014). ABOs induce hyperphosphorylation of tau (p-tau),
promoting its dissociation from microtubules and aggregation into neurofibrillary tangles
(NFTs) (De Felice et al., 2008). ABOs 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 ABO toxicity. Tau ” neurons are resistant to Ap-
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 ABO-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 nhormal 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 ABOs 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-3f (GSK3p) (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-Mapt™""/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-Mapt™""/J tau™ mice suitable for
evaluating the role of tau in ABO-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-3
(AB)-induced mechanisms of cellular toxicity. Many studies indicate that pathological
forms of APP, PS1, AB 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 - and y-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 AR production, and promotes its intracellular accumulation (Stokin et al.,
2005). This critical finding implies that early FAT defects can induce AB toxicity.
Recently, a novel, unbiased genetic screen identified KLC1 splice variant E (KLC1vVE) as
a modifier of AR 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. Ca’" dysregulation in Alzheimer’s disease

1.3.1.  Physiological roles and mechanisms of Ca** signaling

Ca®" 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 Ca®* 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 Ca®" is maintained by NMDARs, AMPARs, and voltage-gated Ca*
channels. Ca”" 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 Ca*, enabling them to excite
each other and generate Ca?* waves during the amplification and propagation of Ca**
signals. Neurons express a large number of Ca®* 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
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properties of Ca*" signals are shaped by their rapid binding to these cytosolic buffers.
The ER buffers enable accumulation of large amounts of Ca®* necessary for rapid cell
signaling. Mitochondria also act as cytosolic buffers by taking up excess Ca*" through
the mitochondrial Ca?* uniporter (Baughman et al., 2011; De Stefani et al., 2011). Ca*
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 Ca*" concentration: insufficient Ca®* impairs synaptic function, whereas
excessive Ca?" causes cell death (Berridge et al., 1998). Such fluctuations can be

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

1.3.2. The Ca®" hypothesis of Alzheimer’s disease

The Ca®" hypothesis of Alzheimer’s disease, proposed by Khachaturian (1989)
and further developed by Berridge (2010), states that sustained perturbations in
intracellular Ca** homeostasis are a proximal cause of neurodegeneration in AD.
Activation of the amyloidogenic pathway remodels neuronal Ca*" signaling pathways
responsible for cognition by enhancing the entry of extracellular Ca®* and the release of
internal Ca*" (Figure 1.5). Indeed, resting Ca** 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 Ca®* regulation are commonly observed in AD patients (Emilsson et al., 2006;
Stutzmann et al., 2007; Bezprozvanny and Mattson, 2008). In apparent contradiction,
resting Ca** levels in cortical neurons from Tg APP/PSEN1 mice are elevated only within
a small fraction of dendritic spines located near amyloid-p deposits (Kuchibhotla et al.,
2008; Chakroborty et al., 2012). This supports the notion that AB plaques do not
contribute significantly to Ca**-induced neurotoxicity. Rather, sustained Ca®" elevation
may be induced by accumulation of diffusible extracellular and/or intracellular ABOs and
excessive Ca** leakage through RyRs (see Sections 1.3.3 and 1.3.4). These processes
may be exacerbated by normal aging. Ca*" dysregulation underlies many diagnostic
features, genetic mutations, and risk factors associated with AD (Chakroborty and
Stutzmann, 2011; Berridge, 2013). Importantly, it often precedes detectable AR
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.  ABOs facilitate Ca*" influx through channels and pores in the
plasma membrane

It is widely accepted that treatment of cultured neurons with ABOs triggers
unregulated Ca*" influx through the plasma membrane (Khachaturian, 1987; Demuro et
al., 2005). This is largely mediated by direct or indirect interactions between ABOs and
endogenous Ca?* channels, including NMDARs and voltage-gated Ca* channels
(VGCCs), or by insertion of ABOs into the plasma membrane to form non-selective, high
conductance cation pores. NMDARs are highly permeable to Ca** (Garaschuk et al.,
1996). ABOs 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 ABO exposure increases NMDAR-mediated Ca®" influx (De
Felice et al., 2007), leading to increased ROS production and aberrant calpain activation
(Kelly and Ferreira, 2006). Chronic ABO exposure reduces NMDAR cell-surface
expression, Ca?" 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 ABO preparation, length of exposure, and model system employed (Ramsden et al.,
2002). In cultured cerebellar granule cells and cortical neurons, ABOs markedly
increase VGCC Ca** currents after 24 h of treatment. Blocking N-type currents with
conotoxin GVIA prevents this increase, indicating ABO-mediated facilitation of Ca**
entry. Inhibition of dendritic L-type currents does not reverse this facilitation (Price et al.,
1998; MacManus et al., 2000). Conversely, a stable ABO globulomer preparation
decreases the isolated P/Q-type Ca*" 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 Ca*" influx and protects against Ap-induced

toxicity.

ABOs 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 Ca** ions through such pores could

rapidly perturb cellular homeostasis. The existence of ABO 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 ABO pores in the plasma membrane of post-
mortem brains of AD patients, but not in healthy patients (Inoue, 2008). Recent studies
with mutant AR peptides enabled identification of key residues involved in cholesterol
binding and pore formation; cholesterol promoted insertion of ABs into the plasma
membrane, induced formation of a-helical structures, and forced the peptide to adopt a
tited topology that favoured oligomerization. Pore formation is prevented by

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

1.3.4. ABOs promote Ca*" leakage from the ER

ER Ca* signaling is compromised in AD and impairs synaptic plasticity (Fitzjohn
and Collingridge, 2002; Bardo et al., 2006). Dysregulated Ca?" efflux is mediated by
mutant forms of presenilin and modulation of IP3R and RyR activity by ABOs. Mutations
in the PSEN1 and PSEN2 genes that encode presenilin, a catalytic subunit of the y-
secretase complex, result in familial AD (FAD). These FAD mutations elevate y-
secretase activity, increasing AB production and independently perturbing intracellular
Ca** signaling (Bezprozvanny, 2013; Wu et al., 2013). Wild type presenilin functions as
an ER Ca” leak channel (Tu et al., 2006), which maintains ER Ca®** homeostasis by
constantly leaking Ca** into the cytosol and balancing SERCA pump activity. FAD
mutations disrupt this leak function, leading to overfilling of the ER and exaggerated Ca**
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 Ca** homeostasis modulators identified an essential role for
presenilins in mediating ER Ca®* leakage (Bandara et al., 2013; Bezprozvanny, 2013),
corroborating those findings. Furthermore, PSEN1 mutations enhance IP3-mediated
liberation of Ca®* in cortical neurons (Stutzmann et al., 2004). ABOs injected into
Xenopus oocytes induce local transients and global Ca** waves that are suppressed by
IP3R antagonists; additionally, stimulation of IP3 production leads to excitotoxic Ca**
liberation from the ER by intracellular ABOs (Demuro and Parker, 2013). ER Ca*'
leakage also occurs through RyRs, which are activated by cytosolic Ca** and amplified
by regenerative Ca”*-induced-Ca®*-release (CICR) (Finch et al., 1991). NMDAR-
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mediated Ca®" 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 Ca*" 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).
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Figure 1.5  Ca” dysregulation in Alzheimer’s disease

Activation of the amyloidogenic pathway remodels neuronal ca” signaling pathways responsible
for cognition by enhancing the entry of extracellular Ca** and the release of internal Ca**. ABOs
facilitate Ca®* influx through NMDARs, AMPARSs, VGCCs, and cation pores in the plasma
membrane. Ca”*-induced-Ca*" release promotes ca* leakage from the ER through RyRs and
IP3Rs. Mutations in the PSEN1 and PSEN2 genes that encode presenilin, a catalytic subunit of
the y-secretase complex, exaggerate ca®* 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.  Avicious cycle of Ca®* dysregulation and AB generation
drives cellular toxicity in AD

Many studies have demonstrated a bidirectional relationship between Ca?
signaling and the amyloidogenic pathway (Green and LaFerla, 2008). As discussed
previously, AB remodels neuronal Ca** signaling pathways by enhancing the entry of
extracellular Ca®" and the release of internal Ca?*. On the other hand, age-associated
changes in Ca?* concentrations and dynamics can alter AR production in sporadic AD.
In vitro, Ca®** stimulates the formation of AB.s These peptides preferentially
oligomerize, similar to mutant AR peptides associated with early-onset AD in the
presence or absence of Ca®" (Itkin et al., 2011). Elevated cytosolic Ca®* increases AB
generation (Querfurth and Selkoe, 1994) and induces transient phosphorylation of APP,
which promotes further intracellular AR production (Pierrot et al., 2006). A vicious cycle
of Ca®" dysregulation and AB 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 Ca*-
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). Ca** binding to CaNB induces a conformational change in CaNA, which exposes
the CaM binding site (Yang and Klee, 2000). Ca®*-CaM then activates CaN by
displacing the autoinhibitory domain from the catalytic domain (Shen et al., 2008). CaN
has a 