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 ABSTRACT 

Angeline Lim 

 

Transport of Neuropeptides in Drosophila Axons 

 

Microtubule motor proteins are known to drive long distance organelle 

transport in neurons, but there are many motor species and many organelle types, so 

specific transport mechanisms remain largely undefined.  To gain insight into the 

transport mechanism for dense core vesicles (DCV) that carry neuropeptides, we 

studied three motors in axons.  Our prior work showed that inhibition of Unc-104 

(kinesin-3) greatly reduced anterograde and retrograde DCV flux in motor axons, and 

caused defects in both anterograde and retrograde run parameters (duty cycles, run 

velocities, and run lengths).  Here, using time-lapse imaging of whole, live 

Drosophila larvae, we report that inhibition of Khc (kinesin-1), well known as a 

mitochondrial motor, reduces DCV flux in both directions, but inhibits just 

anterograde run parameters.  Specific inhibition of Khc-driven mitochondrial 

transport by Milton RNAi had little influence on DCV transport, and sedimentation 

tests showed that both kinesin-1 and -3 co-fractionate with DCVs.  These findings 

suggest that both kinesin-1 and -3 contribute directly to DCV transport, that their 

functions on anterograde DCVs are interdependent, and that their influences on the 

retrograde DCV motor are distinct.  Additional tests identified cytoplasmic dynein as 

a third motor and showed that it is needed for anterograde as well as retrograde 
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transport.  Overall, our data suggest a mechanism in which both kinesins have 

interdependent but distinct roles in DCV distribution -- kinesin-3 has a major role in 

moving neuropeptide DCVs from the cell body into axons.  Then kinesin-1 and -3 

work together in a dynein-dependent manner to drive highly processive DCV 

transport toward the axon terminal.  Dynein, activated by one or both kinesins, carries 

excess DCVs that have not been secreted back to the cell body. 
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CHAPTER 1 : INTRODUCTION 

 

1.1  AXONAL TRANSPORT   

 

Neurons are undeniably one of the most morphologically and functionally 

asymmetrical cell types.  A typical neuron has a nucleus-containing cell body from 

which multiple processes project (neurites).  Among these neurites, there is usually a 

single long axon that branches into presynaptic terminals that include rounded 

structures known as boutons.  Dendrites, the other non-axonal neurites, tend to be 

shorter with extensive branched structures.  Dendrites receive information from other 

neurons or sensory cells and the axon integrates and propagates the information as 

action potentials over long distances rapidly.  The action potential reaches the 

synaptic bouton and causes the release of chemical neurotransmitters or small 

polypeptides into the synapse, which then transmit the signals to dendrites of 

neighboring neurons. 

 

Because the synaptic terminal and its boutons tend to be located far from the 

cell body, neurons are heavily dependent on axonal transport to provide the terminal 

with an uninterrupted supply of materials synthesized in the cell body.  This ensures a 

steady stream of organelles and neurotrophic factors that maintains the synapse and 

allows for neurotransmission.  Similarly, axonal transport allows excess materials, 
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senescent organelles and components of the endocytic pathway to make their way 

from the terminal and axon to the cell body for signaling purposes, recycling or 

degradation (reviewed in (Franker and Hoogenraad, 2013)).    

 

The first experimental evidence of axonal transport came from a seminal work 

by Paul Weiss and Helen Hiscoe in 1948 (Weiss and Hiscoe, 1948).  In their studies, 

when a partial constriction was placed around a nerve, the axons proximal to the 

constriction swelled dramatically.  This led them to postulate that there was a flow of 

material from the cell body that, when obstructed by a constriction, swelled like water 

behind a dam (Figure 1-1).  Components of the “dammed up” materials were later 

identified as membrane bound vesicles such as dense core vesicles and (Van Breemen 

et al., 1958) enzymes such as acetylcholinesterase, acetyltransferase (Friede, 1959) 

and proteins (Koenig, 1958; Droz and Leblond, 1962; Koenig and Droz, 1971).  

Swellings were also observed in axons distal to constriction sites, suggesting that 

axonal transport is bidirectional (Lasek, 1967; Zelena, 1968; Lubinska, 1971).  This 

was further confirmed in isolated axons that showed organelles moving in both 

directions (Cooper and Smith, 1974).  Thus, axonal transport functions as the “supply 

line” between the neuronal cell body with its nucleus and the distal parts of the axon.     

 

Following the discovery by Weiss and Hiscoe in 1948, many key advances 

have contributed to identifying the components required for axonal transport.  These 

studies include the identification of microtubules as the cytoskeletal structure 
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essential for long-distance, fast axonal transport and the discovery of families of 

force-generating motor proteins that bind to and transport various cargoes such as 

mitochondria, vesicles, degradative organelles, and mRNA particles (mRNP).  The 

following sections will provide an overview of axonal microtubules, motor proteins 

and on a specific type of transported cargo, neuropeptide-carrying dense core vesicles 

(DCVs).  
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Figure 1-1 A composite diagram showing fiber deformations proximal to a 
constriction.  
The black box represents the site of constriction. “Deformations” of axons (grey) 
were seen proximal on the cell body side of the constriction (left).  This figure was 
adapted from Weiss and Hiscoe (Weiss and Hiscoe, 1948). 
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1.2  CYTOSKELETAL MICROTUBULES ARE “TRACKS” FOR FAST   

AXONAL TRANSPORT 

 

The cytoplasm of a cell is organized by the cytoskeleton, a dynamic matrix of 

polymers that is critical for maintaining cell shape, division and transport.  The 

neuronal cytoskeleton is comprised of microtubules, microfilaments and 

neurofilaments.  Microfilaments are polymers of actin that form a mesh like, 

branched structure.  They are abundant beneath the axonal plasma membrane, in the 

axon hillock, in growth cones and in nerve terminals (Goldman, 1983; Matus et al., 

1982; Watanabe et al., 2013).  In contrast, microtubules and neurofilaments form 

long, unbranched polymers aligned parallel to the length of the axon (reviewed in 

(Brown, 2013)).  As early as 1971, drawing on an analogy from the acto-myosin 

system in muscle contraction, it was proposed that organelles bind to filaments with 

mobile cross bridges for fast axonal transport (Ochs, 1971, 1974).  Biochemical and 

microscopy studies supported a role for microtubules as “tracks” for axonal transport.  

A key finding was that drugs or treatments that disrupted microtubules also inhibited 

fast transport (Banks et al., 1971; Edstrom and Hanson, 1975; Friede and Ho, 1977; 

Hammond and Smith, 1977).  In addition, electron microscope ultrastructural 

analyses of axons revealed frequent association of moving organelles with 

microtubules, but not with neurofilaments (Figure 1‐2) (Miller and Lasek, 1985)   
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Figure 1-2 Electron micrographs showing examples of vesicles in close proximity to a 
microtubule filament.   
The arrowhead points to a cross bridge between a vesicle and a microtubule.  Small 
arrows point to structures similar to cross bridges extending from vesicles, but not 
attached to microtubules.  Scale bar = 0.25um.  Figure adapted from (Miller and 
Lasek, 1985). 
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One of the unique features of the neuron lies in the organization of 

microtubules in the axon.  Polymers are formed from a head-to-tail association of 

α/β-tubulin dimers that gives rise to microtubules with a structural polarity.  The 

microtubule end with β-tubulin exposed is known as the “plus” end while α-tubulin 

marks the “minus” end.  The original technique for determining microtubule 

orientation, developed by Heidemann and McIntosh, is known as hooking 

(Heidemann and McIntosh, 1980).  Under specific buffer conditions, tubulin subunits 

preferentially add all along the sides of microtubules instead of at the ends.  The new 

protofilaments curve around the existing microtubule and, when viewed in cross 

section, curve like hooks decorating the microtubule.  When viewed with electron 

microscopy, microtubule sections with clockwise hooks correspond to the plus end 

pointing away from the observer (Figure 1‐3).  In axons, microtubules have their plus 

ends oriented away from the cell body, pointing toward the distal terminals (Burton 

and Paige, 1981; Heidemann et al., 1981). This uniform polarity is important for 

determining the directionality for axonal transport, as will be discussed later.  It is 

also essential to note that although microtubules can be very long, they are not 

continuous along the entire length of the axon.  Instead, there is considerable overlap 

of shorter microtubule filaments that ensures uninterrupted transport.  

 

In contrast, the orientation of microtubules in dendrites is less uniform than in 

axons.  Olfactory neurons in frogs (Burton, 1985) (Burton and Paige, 1981)and retinal 

cone cells in teleosts (Troutt and Burnside, 1988) have dendrites with microtubule 
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minus-ends away from the cell body.  However, later studies in cultured rat 

hippocampal neurons and sympathetic neurons showed dendrites with microtubules 

of mixed polarity.  The distal dendritic tips have mostly plus-end out microtubules 

while dendrites proximal to the cell body have mostly minus-end out microtubules 

(Wang et al., 1996).  However in Drosophila neurons, almost all microtubules in 

dendrites are oriented minus-ends out, while axons contain microtubules with their 

plus-ends out (Stone et al., 2008).  Thus it appears that the orientation of microtubules 

in axons (plus-end out/ distal) is conserved in both vertebrate and invertebrate 

neurons but the same cannot be said for dendrites.  The uniform orientation of axonal 

microtubules, coupled with the extreme lengths and narrow widths of axons, provides 

an ideal situation for the study of intracellular transport. 
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Figure 1-3 Electron micrograph of a cat lumbar colonic nerve section viewed with the 
distal (synaptic terminal) side away from the viewer.   
Tubulin “hooks” show microtubule orientation.  The clockwise hooks (arrow) show 
microtubules with plus ends pointed away from the viewer.  In these axons, ~68% of 
the microtubules display hooks, with >95% of those showing clockwise hooks.  An 
arrowhead points to an example of a rare counterclockwise hook. Image adapted from 
(Heidemann et al., 1981). 
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1.3  MOTOR PROTEINS DRIVE FAST AXONAL TRANSPORT 

 

Motor proteins are the force generating molecules responsible for intracellular 

transport.  There are three main classes of motor proteins – kinesins and dyneins, 

which bind microtubules, and myosins, which bind microfilaments (reviewed in 

(Woehlke and Schliwa, 2000)).  All motor proteins studied to date are unidirectional.  

Most kinesins move toward the plus-ends and dyneins move toward the minus ends 

of microtubules (reviewed in (Woehlke and Schliwa, 2000)).  Most myosins move 

toward plus-ends of microfilaments, except for Myosin VI, which is minus-end 

directed.   

 

While there are many differences between these three motors, they also share 

some general features that make them ideal for transport functions.  Each motor is a 

multimeric protein complex consisting of two force-generating heavy chains that 

usually bind associated proteins that serve as cargo likers and/or regulators.  The 

heavy chain includes a globular ATPase motor domain that creates force and motion 

along with a stalk/tail region that confers functional diversity (Figure  1‐4).  The 

globular head is small for kinesins (~350 amino acids), larger for myosin (~800 

amino acids) and largest for dyneins (~4000 amino acids).  ATP hydrolysis in a head 

results in a conformation change that shifts the stalk-tail forward along a microtubule 

or microfilament.  The dimerization of heavy chains allows them to move 

processively (continuously) for relatively long distances along microtubules.  For 
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example, kinesin-1 moves in a “hand-over-hand” manner using its 2 heavy chains.  

When a motor domain binds a microtubule, ADP is released, ATP binds, and the 

partner motor domain shifts forward (toward the plus end) to find the next available 

binding site on the microtubule (Yildiz et al., 2004).   

 
 

The organization of filaments is a crucial element of all motility processes.  

Because microfilaments are in a random meshwork and microtubules are arranged in 

long unipolar bundles in axons, it is reasonable to suspect that the long distance 

axonal transport motors are kinesins and dyneins.  Indeed, many studies have shown 

that inhibition of kinesins or dyneins have dramatic effects in fast axonal transport 

(Brady et al., 1990; Waterman-Storer et al., 1997; Martin et al., 1999; Pilling et al., 

2006; Barkus et al., 2008; Djagaeva et al., 2013).  There is little evidence supporting a 

direct role of myosin in fast axonal transport.  Instead, studies have suggested that 

myosin can control the interaction of kinesin/dynein cargos with microtubules and 

that it is important for short range movement and anchoring of cargos in actin rich 

areas near the synaptic terminals (Ali et al., 2008).  My thesis work has focused on 

long-distance fast axonal transport driven by kinesin and dynein, so the following 

sections will focus on them.  
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Figure 1-4 Figure showing the general structures of the 3 microtubule motor family 
types.   
All 3 motors consist of a heavy chain dimer.  The catalytic domain (yellow) binds and 
hydrolyzes ATP.  The stalk (blue) forms extended coiled-coils in myosin and kinesin.  
Each motor usually has associated polypeptides (pink) that are important for cargo 
recognition.  Figure adapted from a review by (Woehlke and Schliwa, 2000). 
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1.3.1  The Dynein Family 

 
Dynein was originally identified as an ATPase in the cilia of Tetrahymena 

pyriformis and was named from “dyne” – a common unit of force (Gibbons, 1963; 

Gibbons and Rowe, 1965).  The isolation of other dynein-like proteins in the 

cytoplasm suggested a dynein family of proteins that were either associated with 

axonemes in cilia and flagellar, or associated with non-axonemal microtubules in 

cytoplasm (Weisenberg and Taylor, 1968; Pratt, 1980).  Later, cytoplasmic ATPases 

from bovine brain and from C. elegans were characterized and found to be similar in 

size and biochemistry to axonemal dynein (Lye et al., 1987; Paschal et al., 1987).  

The bovine brain ATPase, MAP1C, which is now known as cytoplasmic dynein was 

subsequently shown to be a minus-end directed motor thought to be responsible for 

retrograde fast axonal transport (Paschal and Vallee, 1987).  

 

Dynein belongs to the AAA+ superfamily (ATPase Associated with diverse 

Activities).  Dynein heavy chain (Dhc), the force producing subunit is a massive 

protein of ~500kDa.  Two Dhcs dimerize through their amino-terminal tails that also 

provide a platform for binding to several other associated subunits that mediate cargo 

interactions either directly or by the recruitment of other adaptor proteins.  The motor 

domain of Dhc is a hexameric ring of 6 AAA+ modules (AAA1 to AAA6).  AAA1 – 

AAA4 have nucleotide binding capability.  Mutagenesis and biochemical experiments 

suggest that AAA1 contains the force-generating ATP binding pocket.  An anti-
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parallel coiled-coil stalk protruding from AAA4 binds microtubules in an ATP-

sensitive manner.  Another protrusion from the adjacent AAA5, called the strut 

(buttress) interacts with the stalk (Figure  1‐5).  Through the AAA+ ring, ATP 

hydrolysis in AAA1 produces long range structural changes resulting in a power 

stroke (Roberts et al., 2013).  The main mechanical element behind the power stroke 

is the linker domain arching over the AAA+ ring.  Based on various structures from 

D. discoideum, S. cerevisiae and  C. reinhardtii, a model for how the linker generates 

the power stroke has been proposed (Figure 1‐6).  In an ATP bound state, the linker 

arches over and interacts with AAA2.  The power stroke is initiated by AAA1 ATP 

hydrolysis, which causes the linker to straighten and lie over AAA4, before docking 

at AAA5.  Completion of the power stroke occurs with the loss of ADP (Kon et al., 

2012; Roberts et al., 2012; Schmidt et al., 2012; Roberts et al., 2013). 
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Figure 1-5 A 3-D model of a single cytoplasmic dynein heavy chain bound to a 
microtubule.   
Because there is not yet a high resolution structure for Dhc bound to microtubules, 
this model is a composite of the crystal structure of D. discoideum Dhc and a cryo-
EM model of the mouse Dhc microtubule-binding domain bound to tubulin.  The 6 
AAA+ modules are numbered (1-6).  Model adapted from (Roberts et al., 2013). 
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Figure 1-6 Generation of a power stroke by the Dhc linker domain (purple).  
During the ATP bound state, the linker is bent towards AAA2 and is mobile (purple 
arcs).  The red lines represent 2 hairpins in AAA2 that contact the linker (left).  
Release of the ATP gamma phosphate drives structural changes, resulting in the 
power stroke.  The linker now lies over AAA4 (middle image, yellow).  When the 
linker docks at AAA5 (right), the ATP binding pocket in AAA1 (dark blue) becomes 
“open” allowing ADP to leave. See text for details. Figure adapted from (Roberts et 
al., 2013) 
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Phylogenetic analysis has identified 9 major classes of dynein (Wickstead and 

Gull, 2007).  Two of them are cytoplasmic dyneins (DYNC1H1 and DYNC2H1 in 

humans).  DYNC1H1 is used in nearly all minus-end directed transport in eukaryotic 

cell cytoplasm.  DYNC2H1 is found in cells that build axonemes and is a motor for 

intraflagellar transport.  The remaining 7 major dynein classes are axonemal dyneins 

required for ciliary beating.  I studied DYNC1H1 in my thesis research, and will refer 

to it simply as dynein or Dhc. 

 

The function diversity of dynein has been attributed mainly to the huge array 

of subunits that associate with the dynein tail complex.  There are 5 known classes of 

subunits, the intermediate chain, the light intermediate chain, and 3 light chains 

(TCTEX, LC8 and Roadblock).  In addition, there are three regulators known to 

associate with dynein, LIS1, NUDE and the dynactin complex (Roberts et al., 2013). 

 

The main cellular functions of dynein can be assigned to three categories, 

namely, organelle transport, organelle positioning and cell division.  Being the main 

minus-end directed microtubule motor in most cells, dynein is involved in moving a 

number of organelles such as mitochondria (Pilling et al., 2006), endosomes (Driskell 

et al., 2007), lysosomes (Jordens et al., 2001), melanosomes (Gross et al., 2002), 

peroxisomes (Kural et al., 2005), lipid droplets (Gross et al., 2000) and 

autophagosomes (Kimura et al., 2008).  It is also involved in ER to Golgi trafficking 

(Presley et al., 1997) and endosome fusion (Aniento et al., 1993).  Dynein is 
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important for the maintenance of organelle structure.  Disruption of the 

dynein/dynactin interaction results in dispersion of the Golgi complex (Burkhardt et 

al., 1997).  Dynein plays a number of essential roles in cell division.  It is required for 

spindle assembly and chromosome segregation; it localizes to the kinetochore and is 

thought to have a checkpoint function by delaying anaphase until all chromosomes 

are attached to the spindle (Howell et al., 2001). 

 

1.3.2  The Kinesin Superfamily 

 
The first kinesin (Kinesin-1/Khc/conventional kinesin) was isolated from 

squid axoplasm and bovine brains (Brady, 1985; Vale et al., 1985).  Subsequently, 

kinesin has been isolated from other organisms, including sea urchin (Scholey et al., 

1985), Drosophila (Saxton et al., 1988) and pig (Amos, 1987).  Some of the initial 

hints of an extended kinesin family came from analysis of proteins involved in cell 

division (Enos and Morris, 1990) and nuclear fusion (Meluh and Rose, 1990).  

Genomic approaches have since identified kinesin homologs in all eukaryotes 

(Wickstead and Gull, 2006).  All kinesins contain a 350 amino acid region that is 

homologous to the catalytic or "motor" domain of Drosophila kinesin-1.  Beyond the 

motor domain, kinesin related proteins show no similarity to kinesin-1 suggesting that 

the highly conserved motor domain has been adapted for many functions.  The 

number of kinesin families has expanded to 14-16 plus 1 orphan class (Lawrence 

2004; Wickstead, 2006).  Members of each kinesin family have similar domain 
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organization, share some common sequences outside the motor domain, move with 

comparable rates and have similar cellular functions. 

 

1.3.3  Cellular Functions of the Kinesin Superfamily 

 
 Kinesins generate force for many cellular processes, including organelle 

transport, intraflagellar transport, chromosome alignment and spindle formation 

(Table  1) (reviewed by (Endow, 1993; Hirokawa et al., 1998)).  Because axonal 

transport is the focus of this thesis, the following sections will focus on the organelle 

kinesins.  Three kinesin families, kinesin-1, -2 and -3, are clearly involved in 

cytoplasmic organelle transport (Moore and Endow, 1996).  Kinesin-1 was originally 

discovered as an anterograde motor in neurons (Brady, 1985; Vale et al., 1985).  

Kinesin-2 motors function in cilia where they drive anterograde intraflagellar 

transport (Scholey, 2013) but they also contribute to cytoplasmic organelle transport:  

e.g. the movement of melanophores in Xenopus (Rogers et al., 1997) and the transport 

of choline acetyltransferase in Drosophila axons (Ray et al., 1999).  Kinesin-3 is 

involved in transport of vesicles that carry neuropeptides and membrane proteins to 

the synaptic terminals of axons (Hall et al., 1993; Barkus et al., 2008).  There have 

been a few reports suggesting that other members of the kinesin family have roles in 

cytoplasmic organelle transport but their functions seem generally restricted to only 1 

species.  Kif4, a kinesin-4 in mouse is concentrated in growth cones and may be 

involved in axonal transport (Sekine et al., 1994).  Kinesin-8 (klp67A) was found co-
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localized with some mitochondria in dividing cells, but its primary function is not in 

long distance mitochondria transport in post-mitotic axons (Pereira et al., 1997).  My 

thesis work touches on kinesins -2 and -3, but has focused more on kinesin-1.   

 

1.3.4  Kinesin-1 

 
In the early 1980s, the molecular mechanism of fast axonal transport was 

unknown.  At that time, the only known force producing ATPases were myosin-II 

(actomyosin muscle contraction motor) and axonemal dynein (flagella and cilia 

bending motor).  A key finding that pointed to the presence of a yet unidentified 

translocator came from studies showing that AMP-PNP, a non-hydrolyzable analogue 

of ATP, stopped vesicle transport in axoplasm leaving vesicles bound to microtubules 

(Lasek and Brady, 1985).  In contrast, AMP-PNP caused dissociation of myosin and 

axonemal dynein from actomyosin and microtubules respectively (Greene and 

Eisenberg, 1980; Satir et al., 1981).  The unknown axoplasmic ATPase, with 

enzymatic properties different from myosin or dynein was subsequently identified by 

2 different groups as a microtubule-stimulated ATPase, and named Kinesin (now 

called kinesin-1) (Brady, 1985; Vale et al., 1985).  

 

Structure: Kinesin-1 is a heterotetramer made up of 2 identical heavy chains 

(~110kd) and 2 light chains (~70kd).  The kinesin heavy chain has 3 distinct regions:  

a highly conserved motor domain at the amino terminal, an alpha-helical stalk, and a 
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globular tail at the carboxyl terminal (Figure  1‐7).  The ~350 amino acid motor 

domain is the main force generating site, containing the ATPase and microtubule 

binding activities (Yang et al., 1990)  Single molecule studies using optical traps have 

shown that dimerized kinesin heads walk along microtubules with an 8nm step size, 

which corresponds to the size of a tubulin dimer (Svoboda et al., 1993; Yildiz and 

Selvin, 2005).  Dimerization of Khc is mediated by the stalk, which is made up of 2 

coiled-coil forming regions, separated by a flexible proline-glycine ‘hinge’ that 

allows the kinesin dimer stalk to bend.  Kinesin can exist in either an extended 

conformation or folded with its head and tail domains in close proximity (Hisanaga et 

al., 1989; Hackney et al., 1992).  The conformation states of kinesin have an 

autoregulatory function; when folded, the C-terminal tail inhibits the N-terminal head 

and inhibits its ATPase activity (Coy et al., 1999).  Cargo binding may relieve the 

tail-head inhibition and activate the motor (Friedman and Vale, 1999).  A recent 

kinesin-1 motor-tail crystal structure suggests that the tail forms cross links at two 

positions with the motor domains that inhibit stepping (Kaan et al., 2011).   
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Figure 1-7. Figure showing the general structure of kinesin-1.  
The Khc motor domains at the N-terminus are represented in purple here, and are 
separated from the C-terminal tail domains (magenta) by a ~70nm stalk (grey).  The 
kinesin light chains (in green) mediate cargo binding and, with the Khc tails, 
regulates the motor domains.  The tetratricopeptide (TPR) motifs on the light chain 
interact with proteins such as JIPs (Jun-N-terminal kinase (JNK) interacting proteins).  
Figure adapted from (Vale, 2003). 
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Functions: Kinesin-1 is ubiquitously expressed and is essential for viability 

(Saxton et al., 1991).  Its expression pattern suggests that kinesin-1 has important 

functions in all cells.  The first in vivo functional studies were done in Drosophila.  

Kinesin heavy chain (Khc) mutations resulted in larval lethality, abnormal growth and 

distal paralysis (Saxton, 1991).  In contrast to Drosophila, which has only one Khc, 

there are three Khc subtypes (Kif-1A, -1B and -1C) in mammals.  Although highly 

similar, these isoforms differ in their expression patterns.  Kif-1A and -1C are 

expressed only in neurons and Kif-1B is expressed in all tissues (Kanai, 2000).  Kif-

1A knockout mice die shortly after birth due to lung inflation abnormalities.  Kif-1B 

knockout mice do not survive past 11.5days post-coitum (Xia, 2003; Tanaka, 1998).  

Kif-1C knockout mice appear normal except for a small decrease in brain size and 

motor neuron numbers (Kanai, 2000).   

 

Kinesin-1 plays essential roles in cytoplasmic organization during all stages of 

development such as in ooplasmic streaming, mRNA localization, axonal transport, 

and nuclear positioning in skeletal muscle (Hurd and Saxton, 1996; Brendza et al., 

1999; Brendza et al., 2002; Pilling et al., 2006 Serbus, 2005; Metzger 2012; Wang 

2013).  Studies using electron microscopy and immunofluorescence localization 

indicated that kinesin-1 associates with membrane bound organelles (Hollenbeck, 

1989; Leopold et al., 1992).  Also, perfusion of squid axoplasm with antibodies to 

kinesin-1, or mutation of Khc disrupted axonal organelle movements and distribution 

(Brady et al., 1990; Hurd and Saxton, 1996).  Kinesin-1 is now known to be the 
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anterograde motor for mitochondria (Pilling et al., 2006), peroxisomes (Kural et al., 

2005), synaptic vesicle precursors (Pilling, unpublished data), neurofilaments (Uchida 

et al., 2009) and mRNPs (Ling et al., 2004).  In addition to axonal transport, kinesin-1 

also contributes to the movement of other cytoplasmic components.   These include 

Golgi-ER trafficking (Lippincott-Schwartz, 1995; Gupta, 2008) and lysosome 

transport (Nakata, Hirokawa, 1995).  More recently, kinesin-1 was shown to be 

important at synaptic terminals, where it mediates the delivery, removal and 

distribution of AMPA receptors (Frédéric J. Hoerndli, 2013).  Clearly, kinesin-1 has 

important roles in the organization of the cytoplasm in many cell types and in many 

cellular processes.     
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Table 1 Kinesin superfamily proteins and some of their reported functions.   
b shows the number of kinesin members in Human/ Drosophila/ C. elegans/ 
Arabidopsis/ Dicyostellium genomes.  Table adapted from (Miki et al., 2005). 
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1.4 CURRENT QUESTIONS ABOUT THE MECHANISMS OF AXONAL 

TRANSPORT 

 
Despite the wealth of information we have on motor proteins that drive transport, 

we are still in the process of understanding the basic mechanisms underlying axonal 

transport.  How is transport spatially and temporally regulated?  Determination of the 

contributions of motors to axonal transport is complicated by the diversity of motors, 

their largely unknown cargo interaction mechanisms, and functional interactions 

between different motors on the same cargo.  For example, mitochondria transport is 

highly saltatory, their movements are frequently interrupted with pauses and their 

destinations along the axon can be influenced by local signaling from growth factors, 

ATP levels, and local calcium concentrations (Overly et al., 1996; Pilling et al., 2006; 

Wang and Schwarz, 2009).  To circumvent the complexities associated with 

mitochondria, this thesis is focused on defining the transport characteristics of a 

relatively simple axonal cargo, dense core vesicles (DCVs).  In contrast to 

mitochondria, DCVs are a well-defined type of vesicular organelle with a single 

axonal transport destination, the synaptic terminal.  DCVs therefore offer an excellent 

opportunity to study a physiologically important but relatively simple transport 

process.  The following section will briefly survey the current literature on the 

biogenesis, characteristics and transport of DCVs. 
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1.5  DENSE CORE VESICLES 

 
Neurons and endocrine cells are dependent on secretion for cell-cell 

communication.  A regulated secretory pathway transports neuropeptides in DCVs to 

the cell surface for secretion triggered by some stimulus.  Endocrine organs use 

DCVs to regulate many key physiological processes including growth, appetite, 

mood, stress and cognition. (Guan 1997; Pacak & Palkovits 2001; Stanley et al 2005; 

Kenna et al 2009).  In neurons, vesicles in the regulated secretory pathway include 

both DCVs and neurotransmitter-filled synaptic vesicles (SV).  Together the contents 

released by DCVs and SVs mediate and modulate neurotransmission.  Because of 

their roles in neurotransmission and endocrine function, the abnormal biogenesis, 

trafficking or secretion of DCVs and SVs can result in severe debilitating disorders 

(Gondre-Lewis et al., 2012). 

 

The formation of DCVs is a multistep process that is similar in neurons and 

endocrine cells.  In the nervous system, DCVs contain small neuropeptides and 

hormones such as endorphins and neurotrophic growth factors (BDNF, NGF and 

somatostatin).  Similar to pepetides and hormones secreted by other cell types, 

neuropeptides are synthesized in a precursor form (pre-pro-neuropeptide) and are 

subsequently cleaved to the active form.  Analogous to alternative mRNA splicing, 

the cleavage site targeted by the processing enzymes can give rise to several different 
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active peptides.  In humans, there are ~100s of neuropeptides encoded by 

approximately 90 different genes (reviewed by (Gondre-Lewis et al., 2012)). 

 

A highly regulated, post-translational process orchestrates the packing of 

peptides in their respective vesicles.  Secretory proteins are synthesized at the rough 

ER and are then directed to the Golgi apparatus where they undergo post-translational 

modifications and proteolytic cleavage.  It is at that point that neuropeptide precursors 

are sorted into their respective vesicles.  A detailed understanding of the sorting 

mechanism for DCV formation is still lacking but it is clear that sorting involves 

aggregation in the TGN at an acidic pH in a calcium dependent manner.  After 

sorting, membrane budding forms immature DCVs (Dannies, 2012; Orci et al, 1987; 

Hutton 1983).  DCVs then mature by acidification to pH ~5.5 and precursor peptides 

are processed into active forms.  Mis-sorted proteins and proteins no longer required 

by DCVs are removed by a clathrin-dependent process (Tooze and Tooze 1986; 

Teuchert 1999).  Mature DCVs are stored in “reserve pools” and upon external 

stimulation, Ca2+ influx triggers the secretion of DCV peptides into the extracellular 

environment (Orci, 1987) (Figure 1‐8).  

 

The movement of newly formed DCVs from the TGN to the cell cortex for 

secretion is largely dependent on microtubule based transport (Rudolf et al., 2001; 

Alexander et al., 2005).  DCVs are transported to distal release sites along 

microtubules and then are transferred and docked onto cortical actin filaments.  There 
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is debate as to which motors are required for DCV movement along microtubules.  In 

beta cells, the transport of insulin-filled DCVs to the cell periphery is kinesin-1 

dependent; inhibition of kinesin-1 with RNAi led to a loss of long-term glucose 

stimulated release of insulin (Varadi et al., 2002; Varadi et al., 2003).  In contrast, in 

C.elegans, Drosophila and cultured hippocampal neurons, kinesin-3 is a primary 

anterograde motor for the axonal transport of DCVs (Zahn 2004; Barkus, 2008; Lo, 

2011).  In these studies, function disruption of kinesin-3 by genetic approaches or 

RNAi dramatically reduced the number of mobile DCVs.  The differences between 

these studies could be cell type dependent, but the use of different anterograde motors 

points to the possibility that two or more kinesin family members may transport 

DCVs.   

 

As described earlier, DCVs are essential organelles responsible for a myriad 

of cellular and physiological processes. However the mechanism underlying the 

regulation and distribution of neuronal DCVs remains unknown.  Before we can 

further our understanding on DCV transport, we have to first identify all the force 

producing components responsible for DCV movement.  Chapter 2 describes the 

identification of motor proteins essential for DCV transport in Drosophila axons.  

Chapter 3 describes ongoing work on the consequences axonal DCV transport defects 

and how they relate to neurodegeneration. 
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Figure 1-8 Two distinct secretory pathways are present in neuroendocrine and 
endocrine cells. 
Constitutive (left) and regulated (right) secretion pathways are illustrated.  DCVs 
belong to the regulated secretion pathway (right).  Figure modified from (Kim et al., 
2006).   
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CHAPTER 2 : MOTOR PROTEINS IN AXONAL TRANSPORT OF 

NEUROPEPTIDE VESICLES 

 

2.1 INTRODUCTION 

 
Because the biogenesis of many RNAs, proteins, and organelles occurs in or 

near the cell body, neurons rely heavily on long-distance microtubule-based transport 

to build and maintain their axons.  The transport is bidirectional, driving regulated 

streams of fresh components toward synaptic terminals (anterograde) and of aged or 

endocytosed materials back toward the cell body (retrograde) (Brown, 2013).  There 

is intense interest in axonal transport, both because it offers paradigms for 

cytoplasmic transport mechanisms in all cell types, and because defects in transport 

mechanisms have been shown to cause synaptic transmission inhibition, axon 

degeneration, paralysis, and death (Gho et al., 1992; Hurd and Saxton, 1996; Martin 

et al., 1999; Hafezparast et al., 2003; Puls et al., 2003; Crimella et al., 2012) 

(reviewed by De Vos et al., 2008; Morfini et al., 2009; Perlson et al., 2010). 

 

Motor proteins create force that drives bidirectional transport along 

microtubules.  Anterograde movement is driven by plus-end directed N-terminal 

kinesins and retrograde movement is driven by minus-end directed dyneins (Franker 

and Hoogenraad, 2013).  There are at least 14 different kinesin families (Lawrence et 

al., 2004; Wickstead and Gull, 2006; Hirokawa et al., 2010) but in axons, it appears 
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that most anterograde transport is driven by kinesin-1, -2 or -3 heavy chains 

complexed with various cargo-specific linkers and regulators (Goldstein et al., 2008).  

Cytoplasmic dynein heavy chain-1 (DYNC1H1:  referred to as dynein below) is the 

most prominent minus-end motor.  It too has a variety of associated proteins that are 

thought to serve as cargo-specific linkers and regulators (Schiavo et al., 2013).   

 

  The transport characteristics of cellular cargoes are largely dictated by the 

combined actions of multiple motors attached to the cargoes.  The net transport 

direction is the result of multiple motors of opposite polarity (anterograde vs 

retrograde motors) and is also dependent on the overall forces generated by motors of 

similar polarity (such as multiple copies of the same or different kinesins).  Studies in 

vitro and in vivo agree that having multiple motors of the same polarity on a cargo 

increases its run length but has negligible effects on its run velocity (Howard, 1989; 

Derr, 2012; Shubeita, 2008).  However, motors with different run velocities can 

cooperate to produce intermediate velocities (Ou, 2005; Pan, 2006; Larson, 2008).  

With regards to motors of opposite polarities, it is apparent that opposing anterograde 

and retrograde motors are often present on the same organelle (Welte et al., 1998; 

Gross et al., 2000; Ligon et al., 2004; Soppina et al., 2009; Encalada et al., 2011).  

Tests of various transport processes indicate that opposing motors on an organelle 

usually have strong positive influences on one another, rather than antagonistic 

influences (Brady et al., 1990; Martin et al., 1999; Ling et al., 2004; Pilling et al., 

2006; Barkus et al., 2008; Ally et al., 2009; Uchida et al., 2009).  Two hypotheses for 
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this surprising interdependence have been suggested:  1) opposing motors have 

biochemical relationships that activate one another and perhaps also coordinate them 

to avoid antagonism (Martin et al., 1999; Deacon et al., 2003; Ligon et al., 2004; 

Kwinter et al., 2009; Fu and Holzbaur, 2013) or 2) motors have biophysical 

relationships such that force generation by a motor or team of motors is activated by 

strain created by a weaker opposing motor on the same cargo (Ally et al., 2009; 

Welte, 2010). 

 

The definition of axonal transport mechanisms, beyond the common need for 

microtubules and motors, remains challenging.  This is in large part due to the 

diversity of cargos and their potential motors, to complex regulatory control of 

delivery rates and destinations, and to the unsolved puzzles of motor-motor 

interdependence (Schlager and Hoogenraad, 2009; Brown, 2013).  To gain new 

insights, we have focused on the characterization of a single organelle, neuropeptide-

filled dense core vesicles (DCVs), in the axons of motor neurons in living 

Drosophila.  DCV behavior is simple with resolute fast movement between the two 

endpoints of the transport path; the cell body and synaptic terminals.  It is also robust; 

persisting through harsh treatment of the animal.  Using function inhibition and time-

lapse imaging of motor axons, our results indicate that kinesin-1, kinesin-3, and 

dynein are the motors for long-distance DCV transport and exhibit unique motor-

motor interdependence.  We find that two different anterograde motors, kinesin-1 and 

kinesin-3 are functionally dependent on each other for DCV transport.  We discuss a 
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model in which kinesin-3 (Unc-104) carries DCVs from sites of biosynthesis in the 

neuronal cell body into the initial segment of the axon where it and kinesin-1 (Khc) 

cooperate to drive fast processive runs toward the synaptic terminal.  Similar to 

previous studies on motor interdependence, we find that anterograde process requires 

dynein as an activator.  Dynein carries unused DCVs retrograde in a process activated 

differentially by kinesin-1 and -3.  The distinct activation influences of the two 

kinesins cannot be explained by simple biophysical strain, thus favoring a 

biochemical activation mechanism.   
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2.2 MATERIALS AND METHODS 

 
Drosophila strains. 

Drosophila were cultured with 12hr light-dark cycles at 22-25C, according to 

standard protocols (http://flystocks.bio.indiana.edu/Fly_Work/media-

recipes/bloomfood.htm).  The transgenes P[w+mC UAS-GFPmito]AP.3 (Pilling et al., 

2006) and P[w+mC UAS-ANFGFP]3 (Rao et al., 2001) were expressed in motor 

neurons using Gal4 “driver” transgenes (either P[GawB]D42 or P[GawB]VGlutOK371) 

to load GFP into the mitochondria matix or the DCV lumen respectively.  For 

biochemical fractionation, P[w+mC UAS-ANFGFP]3 was expressed using P[tubP-

GAL4]LL7.  Kinesin-1 mutants were constructed using hypomorphic point mutations 

(Khc6, or Khc17) with a null (Khc27) (Brendza et al., 1999).  Hypomorphic dynein 

mutants were constructed using Dhc64C6-10 and Dhc64C4-19 (Gepner et al., 1996).  

For RNAi, fly strains carrying Gal4-UAS controlled transgenes capable of expressing 

hairpin RNAs specific for Khc (P[TRiP.GL00330]attP2), for Dhc64C 

(P[TRiP.HMS01587]attP2), and for Milton (P[TRiP.JF03022]attP2) were obtained 

from the Transgenic RNAi Project (TriP. Harvard University, 

http://www.flyrnai.org/TRiP-HOME.html).  To enhance the efficacy of Milton RNAi, 

Dicer was co-expressed from the P[w#+mC]=UAS-Dcr-2.D]1 transgene. 
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Immunofluorescence imaging. 

Neuromuscular systems were prepared from wandering 3rd instar larvae, fixed, 

and stained as described previously (Hurd and Saxton, 1996).  Mouse monoclonal 

anti-cysteine string protein (CSP) was used at 1:500 (dCSP-2(6D6)-c; Drosophila 

Hybridoma Bank, University of Iowa).  Alexa coupled anti-mouse secondary was 

used at 1:1000 (Invitrogen, Carlsbad, CA).  Stained larvae were mounted on slides in 

VectaShield (Vector Laboratories).  Imaging was done with an inverted spinning disk 

confocal fluorescence microscope (Nikon/Perkin Elmer/Improvision Ultraview) 

equipped with a Hamamatsu C9100-50 EM CCD camera.  Nerve terminals at muscle 

pairs 6/7 and 12/13 were imaged in segments 4-6.  Control and mutant preparations 

were fixed and stained using identical procedures and were imaged using identical 

acquisition settings. 

 

Live imaging. 

Time-lapse imaging of GFP-loaded organelles in axons was done with living 

third instar larvae 4-5 days after egg lay.  A larva was placed in an imaging chamber 

modified from Fuger et al. (Fuger et al., 2007) and anesthetized by injecting 50ul of 

chilled Desflurane (Baxter) into the chamber, then sealing it.  For each animal, 

segmental nerve 7 or 8 passing through segments A4-A5 was imaged through the 

ventral body wall with the spinning disk microscope using a 60X 1.4Na objective 

(Nikon).  Images of DCVs and mitochondria were collected at 2 frames/sec and 1 

frame/sec respectively for at least 500 frames.  After imaging, larvae were returned to 
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normal culture medium.  Data were analyzed only from larvae that survived the 

procedure and recovered crawling mobility.  Although larvae can survive in the 

anesthesia chamber for hours, imaging was restricted to the initial 30min to minimize 

the potential for physiological stress. 

 

Fractionation of Drosophila cytoplasm and western blotting. 

To fractionate DCVs, 2g of adult flies with ANF::GFP expression driven by 

the P#tubP-GAL4]LL7 driver were homogenized on ice using a mortar and pestle in 

10ml of homogenization buffer (250mM sucrose, 100mM K-acetate, 40mM KCl, 

20mM HEPES, 10mM Tris, 5mM EGTA, 5mM MgCl2, 1mM MgATP, 1 complete 

mini-EDTA free protease inhibitor tablet (Roche Diagnostics, Indianapolis, IN), pH 

7.4).  Despite the ubiquitous expression pattern of P#tubP-GAL4]LL7 (O'Donnell et 

al., 1994), larval ANF::GFP expression was detected only in the nervous system, 

suggesting that the mRNA or protein is unstable in non-neuronal cells.  To remove fly 

debris, homogenate was filtered through a nitex mesh (pore size=140µm) and then 

clarified by centrifugation twice at 1300 x g for 5min.  Most mitochondria were then 

eliminated by centrifugation for 10min at 5000 x g.  Post mitochondrial supernatants 

from two preparations were pooled and DCVs were pelleted by centrifugation at 

100,000 x g for 20min.  The pellet was resuspended in 1ml homogenization buffer, 

overlaid on a 20-60% sucrose gradient prepared on The Gradient Station (Biocomp 

Instruments), and centrifuged at 134,000 x g for 90min in a swinging bucket rotor. 
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Fractions were collected from the top of the gradient and analyzed by SDS-

PAGE and western blotting.  After blocking in Tris-buffered saline/Tween20 with 5% 

non-fat milk, blots were incubated with primary antibodies diluted in blocking 

solution: rabbit anti-Imac/Unc-104 1:1000 (Pack-Chung et al., 2007), rabbit anti-

Drosophila Khc 1:1000 (Cytoskeleton), mouse anti-GFP 1:1000 (Clonetech), mouse 

anti-cytochrome c 1:100 (Neomarkers).  Blots were washed in blocking solution and 

incubated with secondary antibodies: horse radish peroxidase (HRP)-conjugated goat 

anti-rabbit IgG (1:10,000) and HRP-conjugated goat anti-mouse IgG (1:10,000) 

(Jackson ImmunoResearch Laboratories) diluted in blocking solution.  Secondary 

antibodies were detected using chemiluminescence (GE Healthcare). 

 

Flux, particle tracking, and statistics. 

To measure overall transport of ANF-GFP DCVs from time-lapse image 

series, a line was drawn perpendicular to one nerve and the number of particles 

passing that line in each direction was counted for 200 frames.  The counts were 

divided by time to derive anterograde and retrograde flux values.  A Student's t-test 

was used to distinguish significant flux differences between control and mutant 

genotypes. 

 

Individual DCV tracking was done using Image J 1.38x with the Manual 

Tracker plugin (Rasband, 1997).  Automated tracking was not effective due to the 

high density of DCVs in nerves.  In pilot tests with data from tracking all organelles 
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in many time-lapse series, we previously determined that a sample size of 5 particles 

in each direction from each of 10 animals (one nerve each) provides a robust 

statistical analysis that is not substantially changed by increased sample sizes (Pilling 

et al., 2006; Barkus et al., 2008).  In the present study, 5 anterograde and 5 retrograde 

particles were tracked per nerve for as long as each particle remained in the plane of 

focus or in the field of view.  Position-time data were analyzed as described 

previously (Pilling et al., 2006).  Each particle track was parsed into 2 states: runs or 

pauses.  A run was defined as a period of continuous motion for a minimum of 3 

frames.  Because DCV movement was highly processive in controls, pauses were rare 

and measured run distances were often limited by the field of view.  Thus, our mean 

run lengths for controls are underestimates.  Run velocity is derived from run distance 

divided by time.  Duty cycle refers to the fraction of time a particle spends in runs or 

pauses over its total tracked duration.  A run in the primary direction for a particular 

DCV is a forward run, i.e. an anterograde DCV in the anterograde direction or a 

retrograde DCV in the retrograde direction.  Because DCVs showed very few reverse 

runs, reverse run data were excluded in our duty cycle analyses.  To determine if a 

single transport parameter was significantly different due to genotype, linear contrast 

analysis was carried out using SPSS Version 18.0 (SPSS Inc., Chicago) (Pilling et al., 

2006).  All data presented here represent means and standard errors. 
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2.3 RESULTS  

2.3.1 Kinesin-1 is required for DCV distribution and transport in neurons  

 
 To identify microtubule motors that contribute to DCV transport, we used 

RNAi to test candidate kinesins in Drosophila larvae.  RNAi transgenes specific for 

either Khc (kinesin-1), Klp64D (kinesin-2), or Unc-104 (kinesin-3) transcripts were 

expressed in neurons along with a neuropeptide-GFP fusion protein (ANF::GFP) that 

is targeted to the lumens of DCVs (Rao et al., 2001; Barkus et al., 2008; Djagaeva et 

al., 2013).  Klp64D RNAi caused no discernable changes in larval behavior or DCV 

distribution.  In contrast, Unc-104 RNAi caused lethality and a decrease in the 

amount of ANF::GFP in axons, and an increase in the amount of ANF::GFP in the 

ventral ganglion, where motor neuron cell bodies reside.  This is consistent with 

previous studies that identified kinesin-3 as an important anterograde motor for DCVs 

in neurons (Zahn et al., 2004; Barkus et al., 2008; Lo et al., 2011).  Khc RNAi in 

motor neurons caused distal paralysis ("tail flipping"), lethality, and an accumulation 

of ANF::GFP in nerves, suggesting that kinesin-1 is also important in axonal DCV 

transport.  To examine this further, Khc6, a well characterized hypomorphic missense 

allele that changes Coil 2 of the Khc stalk, was combined with a nonsense null allele 

(Khc27).  Examined in dissected neuromuscular preparations, ANF::GFP in mutants 

was concentrated in axonal focal accumulations (Figure 2-1A) and was abnormally 

low in axon terminal boutons (Figure 2-1A).  These observations confirmed that 

kinesin-1 influences axonal DCV distribution. 
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To determine if kinesin-1 influences DCV movement, ANF::GFP in the axons 

of live anesthetized larvae was imaged using time-lapse confocal microscopy and flux 

was quantified (Figure 2-1C, D Table 2, Movies 1 and 2 – see Supplemental Files).  

Khc6/Khc27 caused a 6-fold reduction in anterograde flux (5.9±1.3DCV/min vs 

35.7±4.6 DCV/min in control) and a 14-fold reduction in retrograde flux (0.7±0.2 

DCV/min vs 10±2.5 DCV/min in control).  Khc17, a missense allele that changes 

Loop 11 of the motor domain (Brendza et al., 1999), when placed over the null, 

caused 2-fold and 6-fold reductions in anterograde and retrograde flux, respectively 

(Table 2).  A Khc RNAi transgene expressed specifically in motor neurons allowed 

almost no flux in either direction.  These results show that kinesin-1 is required for 

anterograde transport of axonal DCVs.  The effect on retrograde DCV return is 

interesting but not surprising, since interdependence of anterograde and retrograde 

transport has been reported for a variety of processes (Martin et al., 1999; Ling et al., 

2004; Pilling et al., 2006; Barkus et al., 2008; Uchida et al., 2009; Encalada et al., 

2011). 

 

To examine the effects of Khc inhibition on run behavior, DCVs that moved 

in Khc mutant nerves were tracked individually.  In wild-type axons, forward runs 

were long and reverse runs were rare.  Thus we focused on run-pause duty cycles, 

forward run velocities, and forward run lengths (Figure 2-2Table  2).  Anterograde 

DCVs in Khc mutants spent 3-fold more time in pauses (15±5 vs 5±3% for control), 
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and the average length of runs was reduced 3-fold (6.2±2.1 vs 19.1±1.5 µm for 

control).  Anterograde run velocity in Khc mutants was significantly reduced 

(0.67±0.09 vs 0.96±0.03µm/s).  These effects on specific anterograde DCV transport 

parameters are consistent with kinesin-1 as an anterograde axonal transport motor for 

DCVs.  
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ANTEROGRADE 
DCVs         Duty Cycle 

Genotype 
LarvaΨ 
(runs) 

Flux 
(DCV/min) 

Run 
Length 
(µm) 

Run 
Velocity 
(µm/s) 

Fwd 
Run 
(%) 

Pause 
(%) 

Control (for Khc) 
 

10 (95) 
 

35.72±4.64 
 

19.1±4.74 
 

0.96±0.1 
 

94±3.5 
 

5.0±3.2 
 

Khc6/Khc27 10 
(174) 

5.9±1.3 6.2±2.09 
*** 

0.67±0.09 
*** 

85±5.7 
** 

15±5.4 

Khc17/Khc27 10 
(182) 

16.52±2.01 
*** 

10.4±3.73 
*** 

0.8±0.11 
*** 

86±5.1 
** 

14±5.1 

Control (for Dhc) 10 
(108) 

50.47±3.49 20.9±4.46 1.02±0.09 87±6.8 13±6.8 

cDhc64C610/ 
cDhc64C4-19 

7 (86) 9.6±1.41 
*** 

11.3±4.04 
*** 

0.81±0.12 
*** 

97±2.8 
** 

3.0±2.2 
*** 

RETROGRADE 
DCVs 

      

Control (for Khc) 10 
(161) 

10.08±2.49 -8±2.34 -0.97±0.1 87±3.8 11±3.2 

Khc6/Khc27 7 (50) 0.7±0.24 
*** 

-5.5±1.49 -0.85±0.1 80±8.9 18±7.9 

Khc17/Khc27 9 (94) 1.56±0.62 
*** 

-9.7±3.67 -1.0±0.1 80±7.3 
* 

15±5.4 

Control (for Dhc) 10 
(155) 

18.85±2.28 -8.2±2.66 -0.89±0.1 66±11 31±9.8 

cDhc64C6-10/ 
cDhc64C4-19 

5 (61) 0.84±0.45 
*** 

-2.4±0.83 
*** 

-0.51±0.1 
*** 

87±4.4 10±3.5 
*** 

Table 2 DCV transport parameters in Drosophila axons.  
All values represent means (± SE).  Statistical comparison of flux values was done 
using a Student's t-test.  All other comparisons were done by linear contrast. (* p < 
0.05, ** p < 0.01, *** p < 0.001). Ψ Refers to the number of animals analyzed for 
each genotype and the total number of runs are indicated in brackets. 
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Figure 2-1 Kinesin-1 influences the distribution and flux of axonal DCVs.  
ANF::GFP, which concentrates in the lumens of DCVs, was expressed in neurons of 
control and Khc mutant (Khc6/Khc27) larvae using the P[GawB]D42 driver.   
A) Confocal images of fixed control and Khc mutant segmental nerves in segments 
A4-5 showing ANF::GFP (green) and CSP (red), which is a vesicle associated 
synaptic terminal protein.  Note the shift from evenly distributed punctate 
fluorescence in the control to focal axon accumulations in the mutant.   
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B) Synaptic terminals on muscles 6/7 of control or Khc mutant larvae.  Scale bar = 
12µm. 
B’) Higher magnifications of the boxed areas in (B) showing just ANF::GFP signal.  
Note the reduced presence of ANF::GFP in the boutons of the Khc mutant (right). 
Scale bar = 3µm. 
C) Representative kymographs generated from 100sec of time lapse recording (2 
frames/sec) of control and Khc mutant segmental nerves in live anesthetized larvae 
showing ANF::GFP position (x-axis) as a function of time (y-axis).  Negative slopes, 
positive slopes and vertical lines indicate anterograde, retrograde and stationary 
DCVs respectively. Note the reduced number of anterograde and retrograde DCV 
tracks in the Khc mutant. Scale bar = 5µm.   
D) Quantification of flux, which is the number of DCVs moving past a given point in 
one segmental nerve per minute.  Bars show mean (± SE) for n=10 animals per 
genotype (1 nerve per animal).  Brackets show significant differences between Khc 
mutant and control values determined by a Student's t-test (*** p < 0.001).   
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Figure 2-2 Kinesin-1 influences anterograde DCV run behaviors. 
ANF::GFP was expressed in neurons of control and Khc mutant (Khc6/Khc27) larvae 
using the P[GawB]D42 driver.  DCVs in axons of segmental nerves were imaged in 
live animals, then individually tracked, and run behaviors were quantified. 
A) DCV transport duty cycles, shown as the mean percent time (± SE) spent in either 
runs or pauses for control and Khc mutants.  n=10 animals per genotype (1 nerve per 
animal).   
B) Frequency histograms showing run lengths (top, bin size=1µm) and run velocities 
(bottom, bin size=0.1µm/s) in axons of Khc mutant and control larvae.  Arrows 
indicate means.  n = 10 larvae for each genotype (1 nerve per animal).  Note the shift 
to shorter run lengths and slower velocities for anterograde DCVs in Khc mutants.   
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Brackets show significant differences as determined by linear contrast (**p < 0.01, 
*** p < 0.001).  
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2.3.2 Evidence for a direct Kinesin-1 DCV relationship 

 
Kinesin-1, well known as a motor for mitochondria (Pilling et al., 2006), has 

not been reported as a motor for axonal DCVs.  To determine if the influence of Khc 

inhibition on DCVs could be due to defects in axonal mitochondria distribution and 

thus in the availability of ATP from oxidative phosphorylation, we used RNAi to 

inhibit Milton a mitochondria-Khc linker protein (Schwarz, 2013).  Consistent with 

previously reported zygotic Milton mutant studies (Glater et al., 2006), motor neuron-

specific Milton RNAi severely reduced the number of mitochondria in distal regions 

of the axons, far from the cell bodies contained within the ventral ganglion, 

Mitochondria were observed in axons near the ventral ganglion (segments A2-3), but 

not more distally, and transport was minimal (Figure 2-3A, Movies 3 and 4 see 

Supplemental Files).  In contrast, axonal DCV distribution, anterograde flux, and 

transport behavior was robust, including in distal segments (Figure 2-3 B, C, Movies 

5 and 6 see Supplemental Files).  This shows that the effects of Khc mutations on 

anterograde DCV transport are not due to defects in mitochondria distribution. 

 

Our Milton inhibition data raise two additional issues.  First, Milton RNAi 

reduced retrograde DCV flux by a factor of 2.  This is a mild effect relative to those 

caused by Khc inhibition, but it indicates that Milton and/or mitochondria distribution 

influences the number of DCVs that can move retrograde.  This could be due to 

inhibition of the retrograde transport machinery or to increased release of 
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neuropeptides from terminals leaving fewer DCVs available for retrograde transport.  

The second puzzle comes from the observation that Milton RNAi severely limits 

mitochondria presence in distal axons, yet anterograde DCV transport there is normal.  

What is the source of energy for anterograde DCV movement in distal axons?  Recent 

studies showed that small vesicle transport in axons uses vesicle associated glycolysis 

as the main source of energy (Zala et al., 2013), so perhaps anterograde DCV motors 

likewise rely on glycolysis as a source of ATP.  

 

If kinesin-1 is a motor for DCVs, it must physically associate with them.  To 

test this, we generated lysates of flies expressing ANF::GFP and looked for co-

fractionation of Khc with DCVs during sucrose gradient sedimentation.  Western 

blots show a peak of Khc that co-fractionated with ANF::GFP and with Unc-104, the 

previously identified anterograde DCV motor (Figure 2-4).  Cytochrome C was not 

detected in that peak, indicating that the presence of Khc was not due to 

contamination by mitochondria.  Overall, our results indicate a direct role for kinesin-

1 as an anterograde DCV motor. 
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Figure 2-3 Milton does not influence anterograde DCV run behavior.   
Milton RNAi was induced specifically in motor neurons of larvae expressing either 
mito-GFP or ANF::GFP using the P[GawB]VGlutOK371 motor neuron driver.  Larvae 
were anesthetized and fluorescence in segmental nerves was imaged by time lapse 
microscopy. 
A) Kymograph generated from a 200sec time lapse recording (1 frame/sec) of mito-
GFP showing mitochondria transport in axons of control or Milton RNAi (Milt) 
larvae in nerves near the ventral ganglion which contains the motor neuron cell 
bodies segments (A2-3).  Note that Milton RNAi eliminated most mitochondrial 
movement.  Few or no axonal mitochondria were seen in nerves more distally. 
B) Kymographs generated from a 100sec time lapse recording (2 frames/sec) showing 
ANF::GFP transport in axons of control or Milton RNAi larvae in distal segments 
A5-6.  Scale bars = 5µm.   
C) Quantification of DCV flux in control (n=6) and Milton RNAi (n=8) larvae (1 
nerve per animal) in segments A5-6.  The 2-fold decrease in retrograde DCV flux was 
marginally significant (Student's t-test, * p < 0.05). 
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Figure 2-4 Co-fractionation of kinesin-1 and kinesin-3 with DCVs. 
Homogenate of adult flies expressing ANF::GFP was fractionated by differential 
centrifugation and then by sucrose gradient sedimentation. Fractions were collected 
from the top of the gradient. A western blot shows the distribution of ANF::GFP in 
the gradient relative to a mitochondria marker (Cytochrome C), kinesin-1 (Khc) and 
kinesin-3 (Unc-104). Note that both kinesins co-fractionate with the ANF::GFP 
marker for DCVs.  
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2.3.3 Dynein is required for DCV transport in both directions 

 
To test the influence of dynein on DCV distribution, we studied the effects of 

a hypomorphic dynein allele combination, Dhc64C6-10/Dhc64C4-19 known to inhibit 

the transport of axonal mitochondria (Gepner et al., 1996; Pilling et al., 2006).  

Comparison of ANF::GFP fluorescence with anti-CSP staining in dynein mutant 

larval neuromuscular preparations revealed large focal accumulations of ANF::GFP 

in segmental nerve axons (Figure 2-5A) and an enrichment of ANF::GFP in the 

boutons of axon terminals (Figure 2-5B).  These results are consistent with previously 

reported effects of dynein mutations on the distribution of axonal mitochondria, 

which are a known dynein cargo (Pilling et al., 2006).  To determine if Dhc64C 

mutations alter DCV flux, time lapse imaging of ANF::GFP in axons was performed 

in anesthetized larvae (Figure 2-5C, D, Movies 7, 8 see Supplemental Files).  Mutant 

nerves averaged a 22-fold reduction in retrograde flux (0.84±0.5 vs 18.9±2.3 

DCV/min in control), and also a 5-fold reduction in anterograde flux (9.6±1.4 vs 

50.5±3.5 DCV/min in control).  Motor neuron Dhc64C RNAi had similar effects, 

indicating that these phenotypes reflect dynein function in neurons. 
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 Figure 2-5 Influence of Dynein on the distribution and flux of DCVs. 
 ANF::GFP was expressed in neurons of control and cDhc64C6-10/cDhc64C4-19 mutant 
(Dhc) larvae using the P[GawB]D42 neuronal driver.  
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A) Confocal images of segmental nerves (n) and motor neuron terminal boutons 
(arrowheads) in segments A5-6 of fixed larvae showing ANF::GFP (green) and 
immunostaining for CSP (red).  Note the shift from faint punctate fluorescence in the 
control to focal axon accumulations in the mutant nerves.   
B) Another view of synaptic terminals (muscles 6/7). Note the increased ANF::GFP 
signal in mutant boutons.  Scale bar = 12µm for A, B. 
C) Kymographs generated from 100sec time lapse recordings (2 frames/sec) of 
ANF::GFP in control (top) and Dhc mutant (bottom) segmental nerves. The large 
vertical bands in the mutant reflect focal accumulations of ANF::GFP.  Scale bar = 
5µm.   
D) Quantification of DCV flux in single nerves of control and Dhc mutants.  Mean (± 
SE), n=10 control and 7 Dhc mutant animals (1 nerve per animal).  Brackets show 
significant differences in both anterograde and retrograde flux determined by a 
Student's t-test (*** p < 0.001).    
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To determine if dynein inhibition influences DCV run parameters, tracking 

analysis was performed (Figure 2-6Table 2).  Retrograde DCVs in mutants spent 3-

fold more time in pauses (30±10 vs. 10±3.5% in controls).  The increased pausing 

correlated with substantially reduced retrograde run lengths (2.4± 0.83 vs.8.2± 2.7µm 

in control) and retrograde run velocities were reduced by 40% (0.51±0.11 vs. 

0.89±0.09µm/s in control).  These defects in specific retrograde transport parameters, 

combined with the dramatic retrograde flux inhibition and altered DCV distribution, 

indicate that dynein is the retrograde motor for axonal DCVs. 

 

It is interesting that Dhc64C mutations also caused anterograde parameter 

changes (Figure 2-6Table 2).  Anterograde DCVs in mutants spent 4-fold more time 

in pauses (13±6.8 vs. 2.6±2% in control), anterograde run lengths were reduced 2-fold 

(11.3±4.0 vs. 20.9±4.46µm in controls), and anterograde run velocities were reduced 

by 20% (0.81± 0.12 vs. 1.02± 0.09µm/s in controls).  These changes are substantial as 

well as significant, indicating that dynein is important for kinesin-1 and/or kinesin-3 

transport of anterograde axonal DCVs. 
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Figure 2-6 Dynein influences axonal DCV run behaviors. 
ANF::GFP was expressed in axons of motor neurons of control and cDhc64C6-

10/cDhc64C4-19 mutant larvae using the P[GawB]D42 neuronal driver.  DCVs in 
segmental nerves were imaged then individually tracked and their run behaviors were 
quantified. 
A) DCV transport duty cycles, shown as the mean percent time (± SE) spent in either 
runs or pauses for control and cDhc64C mutants.   Brackets show significant 
differences between control and mutant values as determined by linear contrast (***p 
< 0.001.) .  
B) Frequency histograms showing run lengths (bin size=1µm) and run velocities (bin 
size=0.1µm/s) from control and Dhc mutant larvae.  Arrows indicate means.  
Brackets show significant differences between Dhc mutant and control values.  n=10 
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control and 7 Dhc mutant animals (1 nerve per animal).  *** p < 0.001.  Note the shift 
to shorter run lengths and slower velocities for both anterograde and retrograde DCVs 
in mutants.   
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2.4 DISCUSSION   

 
Long distance movement of mRNAs, various vesicles, mitochondria and other 

organelles is crucial for the proper growth and function of axons.  Transport 

mechanisms for different types of cargoes, beyond the shared use of microtubules as 

tracks, vary substantially and none are understood in detail.  To help establish a 

detailed mechanism for a single axonal transport process, we have focused on the 

neuropeptide filled DCV, a physiologically important organelle that should use a 

relatively simple transport system.  The expectation of simplicity stems from the 

observation that DCVs formed in the cell body have a single axonal transport 

destination; the presynaptic terminal (Gondre-Lewis et al., 2012) and thus should not 

need complex regulatory transport mechanisms.  In keeping with this, anterograde 

DCVs in axons move rapidly via exceptionally long runs with few pauses (Zahn et 

al., 2004; Barkus et al., 2008; Lo et al., 2011). 

 

 Our results indicate that axonal DCVs employ three different microtubule 

motors.  We previously identified Drosophila Unc-104, a kinesin-3, as an important 

anterograde motor (Barkus et al., 2008).  Our work here identifies Khc, a classic 

kinesin-1, as a second anterograde motor, and cytoplasmic dynein as the retrograde 

motor.  It is especially interesting that bidirectional transport flux defects are caused 

by inhibition of any one of these motors, raising important questions about why and 

how they influence one another's functions. 
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2.4.1 Opposing MT motor interdependence:  

 
 Studies of various transport phenomena have shown that inhibition of either 

kinesin-1 or dynein can stop transport in both directions, suggesting that anterograde 

and retrograde motors are functionally interdependent in some processes (Brady et 

al., 1990; Waterman-Storer et al., 1997; Martin et al., 1999; Ling et al., 2004; Pilling 

et al., 2006; Kim et al., 2007).  On the other hand, inhibition of the anterograde 

melanosome motor, kinesin-2, does not impair retrograde transport by dynein (Gross 

et al., 2002), and inhibition of dynein actually facilitates kinesin-1 driven cytoplasmic 

streaming (Serbus et al., 2005).  Perhaps some motility processes have evolved with a 

motor pairing strategy to optimize balanced bidirectional transport (Welte, 2010).   

 

 The mechanistic basis of opposing motor interdependence is a subject of 

ongoing debate.  One possibility is that different types of motors have important 

biochemical associations, forming discrete assemblies in which opposing motors act 

on one another as allosteric activators (Welte et al., 1998; Shubeita et al., 2008; 

Welte, 2010).  Biochemical associations between some subunits of opposing motors 

have been found (Deacon et al., 2003; Ligon et al., 2004; Kwinter et al., 2009; Fu and 

Holzbaur, 2013), but a complex that includes the heavy chains of dynein and kinesin-

1 and/or kinesin-3 has not been reported.  Perhaps such associations are especially 

labile and thus are difficult to isolate.  Another possibility is that biochemical 
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associations are not important for interdependence; rather opposing motors activate 

one another biophysically.  For example, full activity of forward motors requires 

strain from an opposing motor attached to the same cargo (Ally et al., 2009).  This 

raises questions about how opposing motors avoid antagonistic paralysis, but 

theoretical studies suggest that efficient bidirectional transport could be accomplished 

by competing sets of motors, with productive motion in one direction determined 

simply by a moderate force advantage by one set or the other (Muller et al., 2008; 

Derr et al., 2012).  Strong evidence of such a biophysical strain activated mechanism 

has been shown for peroxisomes in Drosophila S2 cultured cells, where activation of 

a microtubule motor can be accomplished by any opposing motor that is engineered 

for peroxisome attachment, regardless of its identity (Ally et al., 2009). 

 

 Our current and past results show that normal dynein-driven retrograde DCV 

transport requires two anterograde motors, kinesin-1 and kinesin-3.  It is particularly 

interesting that kinesin-1 and -3 inhibitions caused different defects in retrograde 

transport.  Kinesin-1 inhibition that caused a 6-fold decrease in anterograde flux 

caused a severe reduction in retrograde flux (Khc6/null = 14 fold decrease), but 

decreases in specific retrograde run parameters were insignificant.  In contrast, a 

kinesin-3 inhibition that caused a 5-fold inhibition in anterograde flux caused a 

relatively mild reduction in retrograde flux (Unc-104O3.1/null = 3-fold decrease), and 

caused substantial defects in specific retrograde run parameters (Table 1, Barkus et 

al., 2008).  So in the case of dynein-driven retrograde DCV transport, the influences 
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of the two kinesins are markedly different.  This does not support a simple 

biophysical strain mechanism for activation of dynein by any opposing anterograde 

DCV motor.  The contrast with the peroxisome results (Ally et al., 2009) could be due 

to different motor activation mechanisms for the different organelles, or to the 

different approaches used.  Tests of in vivo domain swaps between Khc and Unc-104 

could produce interesting new insights. 

 

2.4.2 A requirement for two DCV kinesins 

 
 Regarding the issue of why inhibition of either kinesin-1 or kinesin-3 causes 

substantial decreases in anterograde run velocity (20-40%) and run length (2-3-fold), 

it is worth considering an unusual feature of kinesin-3 motor structure and function.  

Initial biochemical analysis of the Unc-104 homolog Kif1A suggested that it could 

function as a monomeric motor (Nangaku et al., 1994).  Subsequent single molecule 

tests showed that Unc-104 monomers are not capable of fast processive motion unless 

artificially dimerized (Tomishige et al., 2002).  Tests with liposomes showed further 

that Unc-104 clustering in lipid rafts facilitates fast processive movement 

(Klopfenstein et al., 2002).  These results suggest that axonal DCVs carried solely by 

kinesin-3 will have difficulty sustaining long runs if motor copy number is low or if 

clustering is not robust.  Thus, strongly dimerized kinesin-1 motors on DCVs could 

be important for bridging gaps in processive kinesin-3 activity. 
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 Another reason for employing two anterograde motor types on a single vesicle 

could be to function along different parts of the transport path.  A precedent for that 

sort of sequential transport with two different kinesin-2 motors has been found in 

sensory cilia of C. elegans neurons.  Osm-3 and kinesin-II both function on a single 

intraflagellar transport (IFT) particle for anterograde movement along proximal 

axoneme doublet microtubules.  Then Osm-3 alone continues IFT along distal singlet 

microtubules (Snow et al., 2004; Ou et al., 2005; Pan et al., 2006).  It is evident that 

Unc-104 inhibition causes vesicle accumulation in neuronal cell bodies, but not in 

axons (Hall and Hedgecock, 1991; Pack-Chung et al., 2007; Barkus et al., 2008; Zala 

et al., 2013) while Khc mutations cause aberrant vesicle accumulation in axons 

(Figure 1 and Hurd and Saxton, 1996; Pilling et al., 2006), but not in cell bodies (our 

unpublished observations), suggesting that Unc-104 and Khc make different 

contributions along different parts of the transport path. 

 

 Post-translational microtubule modification could provide a molecular basis 

for this.  Kinesin-1 preferentially transports vesicles along stable, acetylated 

microtubules as opposed to more dynamic, non-acetylated microtubules, while 

kinesin-3 functions well on both (Cai et al., 2009).  Newly formed, dynamic 

microtubules predominate proximal to the cell body, while older, more stable 

microtubules predominate in the main axon (Brown et al., 1992).  Thus kinesin-3 may 

be especially important for the initial movement of DCVs along dynamic 

microtubules from the cell body into the main axon.  Then, both kinesin-1 and -3 
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could function cooperatively to drive fast processive transport along the main axon 

toward the terminal. 
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CHAPTER 3  AUTOPHAGY AND AXONAL SWELLINGS 

3.1 INTRODUCTION 

 
Axonal degeneration is a contributing factor to many neurodegenerative 

diseases.  One of the early signs of neuronal stress is the appearance along axons of 

discrete swellings, also known as focal accumulations or spheroids.  These axonal 

swellings accompany neurodegenerative diseases such as Alzheimer’s (Ohgami et al., 

1992), lysosomal storage disorders (Walkley et al., 1991), infantile neuroaxonal 

dystrophy (INAD) (Yagishita, 1978) and motor neuron disorders such as amyotrophic 

lateral sclerosis, Charcot-Marie-Tooth disease (CMT), and spastic paraplegia 

(Carpenter, 1968; Toyoshima et al., 1998; Kasher et al., 2009).  In addition, axonal 

swellings have been observed accompanying other pathological conditions such as 

tumors, vascular lesions and demyelination-related disorders suggesting that they are 

common in neurons under duress and precede neuronal death (Yagishita, 1978).  

Despite the prevalence of axonal swellings, their biogenesis and how they influence 

neurodegeneration remains unknown. 

 

Studies of axons have provided some insights into the composition of axonal 

swellings.  Post-mortem analyses of tissues from patients with neurodegenerative 

diseases have shown that swellings are heterogeneous both in size and cytoplasmic 

contents.  Electron micrographs revealed that they frequently contain all or a 
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combination of:  interconnected membrane tubules, glycogen granules, abnormal 

neurofilaments, vesicles, mitochondria, multivesicular bodies and other darkly stained 

prelysosomal complexes (Yagishita, 1978).  Because axonal swellings contain 

components carried by axonal transport, they were suspected to be secondary to 

axonal transport defects (Yagishita and Kimura, 1975).   

 

Indeed, mutations in some genes encoding proteins essential for axonal 

transport have been shown to cause axonal swellings.  Studies in Drosophila 

identified axonal swelling phenotypes in both kinesin-1 and dynein mutants (Figure 

3‐1) (Gepner et al., 1996; Hurd and Saxton, 1996; Martin et al., 1999).  In addition, 

mutations or RNAi for genes that encode Klc, Milton, Aplip1, Unc76 and Roadblock, 

proteins that interact with kinesin-1 or dynein, can also cause swellings (Bowman et 

al., 1999; Martin et al., 1999; Gindhart et al., 2003; Horiuchi et al., 2005).  The 

swellings in kinesin-1 and dynein mutants have similar contents:  mitochondria, small 

vesicles, membrane tubules, large multivesicular bodies (MVBs), and darkly stained 

vacuoles.  The morphologies of the vacuoles and MVBs suggest that they are part of 

the autophagosome-lysosome degradation pathway.   Mutations in the Kif5A gene, 

which encodes the anterograde kinesin-1 motor, have been found to cause some 

forms of spastic paraplegia (Reid et al., 2002) and CMT (Goizet et al., 2009; Crimella 

et al., 2011).  Mutations of the retrograde motor dynein have been found to cause 

some cases of ALS (Munch et al., 2004) and SBMA (Puls et al., 2005).  These studies 

of humans confirm that when axonal transport machinery is disrupted, discrete 
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swellings form along axons filled with organelles, including MVBs and dark vacuoles 

that suggest increased autophagy activity.  
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Figure 3-1 Mutations in kinesin-1 and dynein cause swellings in axons.   
Transmission electron micrographs of segmental nerve cross sections from (A) wild-
type, (B) kinesin-1 mutant, (C) wild-type, and (D) dynein mutant larvae.  In A and B, 
arrowheads mark the plasma membranes of single axons.  In C and D, normal axons 
are marked by arrows while swollen axons are marked by arrowheads.  Scale 
bars=500nm.  G, glial cells; gn, peripheral glial cell nucleus; M, mitochondria; p or 
PLV, prelysosomal vacuoles; MV, multivesicular body.  A and B are images from 
(Hurd and Saxton, 1996).  C and D are images from (Martin et al., 1999). 
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Autophagy is a pathway for the breakdown of organelles and macromolecules.  

It has important housekeeping functions within the cell by constitutively removing 

damaged organelles and larger macromolecular complexes such as protein aggregates 

(Deter et al., 1967; Jaeger and Wyss-Coray, 2009; Yang and Klionsky, 2010; Nixon, 

2013).  Increased autophagy activity can be triggered by metabolic stresses, including 

nutrient deprivation (Seglen and Gordon, 1982) and hypoxia (Figure 3‐3) (review in 

(Nixon, 2013)).  The mechanism of autophagy is complex with molecular details that 

are not yet well understood.  In general, it starts with the initiation of an isolation 

membrane (phagophore) near the cytoplasm targeted for degradation (degradation 

substrates), perhaps by the fusion of vesicles (Suzuki et al., 2001).  The phagophore 

membrane expands, growing around and enclosing the degradation substrates in a 

double membrane autophagosome.  The autophagosome then may fuse with 

endosomes to form multivesicular bodies called amphisomes (Tooze et al., 1990; 

Punnonen et al., 1993; Eskelinen, 2005).  Finally, fusion of amphisomes with 

lysosomes initiates degradation (Figure  3‐2) (reviewed by (Mizushima, 2007)).  

Autophagy induction is negatively regulated by TOR (Target of Rapamycin), so 

inhibition of TOR increases autophagy and activation of TOR inhibits autophagy  

(Figure  3‐3) (Blommaart et al., 1995; Noda and Ohsumi, 1998).  The mTOR 

inhibitor, rapamycin can reduce neurodegeneration in various transgenic mouse 

disease models including Huntington’s, Alzheimer’s, prion, and Parkinson’s diseases, 

and spinocerebellar ataxia type 3 (Ravikumar et al., 2002; Ravikumar et al., 2004; 

Menzies et al., 2010; Spilman et al., 2010).  It is believed that autophagy promotes the 
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clearance of the protein aggregates common to these diseases and thus has beneficial 

effects on diseased neurons.  This interpretation is clouded by questions about 

whether the aggregates are toxic or are actually protective (Nixon, 2013).  However, 

the fact remains that TOR inhibition by rapamycin has a protective effect in some 

models of neurodegenerative disease.   

 

The rapamycin results, along with the abundance of MVBs and other 

autophagosomal organelles in axonal swellings and the fact that axonal transport 

defects cause swellings and axon degeneration led me to the following hypothesis 

about the relationships between transport, swellings, autophagy, and degeneration:  1) 

poor transport causes aberrant delivery/retrieval dynamics of organelles resulting in 

their abnormal distribution in axons,  2) the abnormal distribution causes aberrant 

physiology that results in axonal swellings and causes degeneration; and  3) 

autophagy is activated to suppress swellings by clearing mislocalized organelles, and 

to thus suppress axon degeneration.   To test these ideas, undergrad colleagues and I 

used various approaches to inhibit or overactivate autophagy pathway proteins in 

Drosophila motor neurons that had swellings caused by overexpression of 

JIP1/Aplip1, a kinesin-1 interacting protein.  Our results show that treatments that 

should activate autophagy (inhibition of TOR or overexpression of Atg1) decrease 

JIP1/Aplip1 induced axonal swellings, while treatment that should suppress 

autophagy (TOR up-regulation) increased axonal swellings.  These results suggest 

that increasing autophagy can remove axonal swellings. 
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Figure 3-2 Macroautophagy in mammalian cells.   
An isolation membrane forms around a portion of the cytoplasm or organelles 
targeted for degradation.  The completed double membrane autophagosome can fuse 
with other endosomes.  Eventually, fusion with lysosomes causes acidification and 
degradation of the autophagosome contents.  Image adapted from (Mizushima, 2007). 
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Figure 3-3 TOR signaling pathway in mammals. 
There are two main TOR signaling pathways -- The rapamycin sensitive mTORC1 
(Mammalian TOR Complex 1) controls downstream events that determine cell size.  
Rapamycin insensitive mTORC2 (Mammalian TOR Complex 2) is involved in actin 
organization which determines cell shape.  mTORC1 responds to growth factors, 
stress and nutrients.  It is unclear whether mTORC2 responds to the same factors as 
mTORC1.  Arrows represent activation, bars represent inhibition.  Figure from 
(Wullschleger et al., 2006).  
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3.2 MATERIALS AND METHODS  

 
Fly Stocks 

 Drosophila were cultured with 12hr light-dark cycles at 22-25C, according to 

standard protocols (http://flystocks.bio.indiana.edu/Fly_Work/media-

recipes/bloomfood.htm ).  Fly lines carrying UAS-transgenes with small hairpin 

RNAs for RNAi whose expression can be induced by Gal4 were obtained from the 

Transgenic RNAi Project (TriP): P{TRiP.HMS00904}attP2 (TOR), 

P{TRiP.HMS01114}attP2 (TOR), P{TRiP.GL00047}attP2 (Atg1), 

P{TRiP.HMS01244}attP2 (Atg5), P{TRiP.HMS01358}attP2 (Atg7), 

P{TRiP.HMS01328}attP2 (Atg8a), P{TRiP.HMS01245}attP2 (Atg8b), 

P{TRiP.HMS01246}attP2 (Atg9), P{TRiP.HMS01153}attP2 (Atg12), 

P{TRiP.HMS01193}attP2 (Atg18).  Other fly strains used were UAS-Rheb, genotype 

w[*]; P{w[+mC]=UAS-Rheb.Pa}3.  The UAS-Atg1 line, yw; UAS Atg1[6B] was a 

gift from Thomas Neufeld.    

 

 Previous studies showed that expression of P{UAS-Aplip1.FLAG} using the 

D42 motor neuron driver P{GawB}D42, causes larval tail flipping behavior, 100% 

lethality by the pupa stage, and axonal swellings that contain vesicle proteins and 

Aplip1 (Horiuchi et al., 2005).  In my work, axonal swellings were imaged in neurons 

of live larvae using a neuropeptide-GFP fusion protein (ANF::GFP) that is targeted to 

the lumens of DCV (Rao et al., 2001). P{w+mC UAS-ANFGFP}3 was expressed in 
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motor neurons using the neuron specific D42 driver.  To image autophagosomes, 

P{UASp-mCherry-Atg8a} was recombined with the motor neuron driver 

P{GawB}VGlutOK371 (Ok371) on chromosome 2.  Except where noted, all stocks were 

obtained from the Bloomington Drosophila stock center. 

 

RNAi Screen 
 
 Standard meiotic recombination was used to generate a chromosome 3 

carrying the D42 motor neuron driver, the P{w+mC UAS-ANFGFP}3 responder and 

P{UAS-Aplip1.FLAG}, which causes axonal swellings (Horiuchi et al., 2005).  The 

recombinant chromosome, which will be referred to as D42, Aplip1, ANFGFP was 

balanced over TM6B, P{tubP-GAL80}OV3,Tb1.  We tested each candidate UAS-

RNAi by crossing its fly stock to the D42, Aplip1, ANFGFP / TM6B, P{tubP-

GAL80}OV3,Tb1 stock.  The non-tubby larvae carried both a candidate RNAi and 

D42, Aplip1, ANFGFP.  The overexpression of Aplip1 specifically in motor neurons 

causes axonal swellings that contained ANF::GFP.  The non-tubby larvae were 

imaged by time-lapse spinning disc confocal microscopy to assess levels of axonal 

swellings in their segmental nerves.  

 

Live Imaging 

 Imaging was done with a Nikon Eclipse TE2000-E Inverted Spinning Disk 

Laser Confocal Fluorescence Microscope.  The nervous systems of third instar larvae 

were viewed by placing live larvae ventral side down in 50ul of halocarbon oil.  A 
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cover slip, spaced by two layers of clear packing tape on each edge was placed over 

the larvae and partially sealed with wax.  An anesthetic, desflurane (Baxter), was 

wicked underneath the cover slip and then the wax seal was finished.  Images of 

nerves in abdominal segments were recorded using a 10x (NA 0.3) objective lens in 

the anterior, middle, and posterior regions.   Exposure time for each image was 

500ms. The laser and other settings of the microscope system were kept consistent 

through all imaging sessions.  

 

Imaging Dissected and Fixed Neuromuscular Systems 

 DCVs filled with ANF::GFP were imaged in 3rd instar larvae 

neuromuscular preparations that were dissected in standard phosphate buffered saline 

(PBS) and fixed in 4% paraformaldehyde/PBS for 10 minutes.  Fixed neuromuscular 

preps were mounted on glass slides with 50ul of VectaShield (Vector Laboratories), 

covered with a glass coverslip, and sealed with nail polish.  Images were recorded 

using the spinning disk confocal microscope using a 40X (NA 0.75) dry lens.  Image 

exposure time was 500ms.  The laser and other microscope system settings were kept 

consistent during all imaging sessions.   
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3.3 RESULTS 

3.3.1 Autophagic membranes are localized in focal accumulations in axons 

 
If the large osmiophilic (darkly stained) vacuoles seen to dominate the centers 

of axonal swellings by transmission electron microscopy (Hurd and Saxton, 1996; 

Martin et al., 1999) are part of the autophagy pathway, we should see an 

accumulation of autophagic proteins in swellings.  Atg8 is a transmembrane protein 

involved in membrane expansion during autophagy and is a standard marker for 

autophagosomes (Mizushima, 2004).  To determine if the axonal swellings contain 

autophagosomes, P{UAS-Aplip1.FLAG}, UAS-ANFGFP and UASp-mCherry-Atg8a 

were coexpressed in Drosophila motor neurons using the D42 and Ok371 motor 

neuron drivers.  In control animals that did not carry the Aplip1 transgene, ANF::GFP 

was uniformly distributed along nerves.  mCherry-Atg8 fluorescence appeared 

somewhat punctate in cell bodies of the ventral ganglion but was mostly diffuse in 

axons.  In animals that overexpressed Aplip1, axonal swellings filled with ANF::GFP 

were abundant along the nerves and mCherry-Atg8 punctae were present in the 

ventral ganglion, in the nerves, and were abundant in axonal swellings (Figure 3‐4).  

This suggests heightened autophagy activity in neurons that suffer from transport 

defects, especially in axonal swellings. 
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Figure 3-4 mCherry-Atg8 is detected in axonal swellings.   
A) Nerve from a control animal expressing ANF::GFP and the autophagosome 
marker, mCherry-Atg8 (red) is shown.  B) In animals that coexpress Aplip1, axonal 
swellings of ANF::GFP are visible throughout the nerve. mCherry-Atg8 is commonly 
localized in these ANF::GFP swellings.  Scale bar=5µm  
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Figure 3-5 Design of RNAi screen to identify modifiers of axonal swellings. 
Standard meiotic recombination was used to put the UASAplip1, UASANFGFP 
transgenes together with the motor neuron D42 GAL4 driver on the same 
chromosome.  This stock was crossed to different candidate UASRNAi lines.  The 
progeny (non‐tubby larvae, shown in box) that carried the Aplip1 and UASRNAi 
transgenes were then imaged live for changes in axonal swellings compared to 
larvae without UASRNAi expression. 
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3.3.2 TOR inhibition reduces axonal swellings  

 
The concentration of autophagosomes in axonal swellings is consistent with 

our hypothesis that autophagy has a role in suppressing swellings.  To test this, we 

used neuron-specific RNAi to inhibit the expression of proteins in the autophagy 

pathway and then imaged axons in live larvae.  Nerves from larvae that carried 

Aplip1, ANFGFP and a candidate RNAi were compared to controls, which did not 

carry the RNAi Figure  3‐5.  If autophagy contributes to the clearance of axonal 

swellings, inhibition of autophagy by RNAi should lead to more swellings.  If 

autophagy has no functional role in axonal swellings, RNAi of autophagy (Atg) 

proteins should have little influence on axonal swellings. 

 
 We tested the influences of 9 different proteins that function in the autophagy 

pathway (Figure  3‐6).  Starting with TOR, whose inhibition activates autophagy 

(Noda and Ohsumi, 1998; Ravikumar et al., 2004), we studied two different TOR 

RNAi constructs.  Both caused a reduction in the size and number of Aplip1-induced 

axonal swellings.  To check this with higher quality images, we dissected and fixed 

3rd instar larvae and imaged the exposed nerves (Figure 3‐7).  Consistent with the 

live animal tests, there was a clear decrease in the amount and size of axonal 

swellings in TOR RNAi nerves. 
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Figure 3-6  A decrease in axonal swellings in living TOR RNAi larvae.  
ANF::GFP expression in neurons (D42 GAL-driver) was used to reveal axonal 
swellings.  Nerves of live 3rd instar larvae over expressing Aplip1 plus one candidate 
RNAi were imaged in the anterior (A, D, G, J), middle (B, E, H, K), and posterior (C, 
F, I, L) regions.  Representative images from the different RNAi genotypes are 
shown.  (A-C) Aplip1 controls (Aplip1 OE).  (D-F)  TOR RNAi larvae showed a 
marked reduction in the number of axonal swellings (arrows).   (G-I) Atg7 or (J-L) 
Atg12 RNAi did not cause a similar reduction in the number of swellings.  V = 
ventral ganglion, sg = salivary glands.  These images are representative of 3 live 
animals examined for each genotype.  Scale bar = 100µm. 
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Figure 3-7  TOR RNAi effects seen in dissected and fixed larval neuromuscular 
systems.  
ANF::GFP expression in neurons (D42 GAL-driver) was used to reveal axonal 
swellings.  3rd instar larvae were dissected to optimize imaging of their nerves.  
Nerves were imaged in the anterior (A, D, G), middle (B, E, H), and the posterior (C, 
F, I) regions of larvae.  (A-C) Images from larvae overexpressing Aplip1 (Aplip1 
OE).  (D- F) Images from a larva overexpressing Aplip1 plus TOR RNAi show a 
reduced number of swellings.  (G-I) Images from larvae expressing TOR RNAi 
without APLIP1 overexpression.  The small GFP foci in (G, H, I) is also seen in wild 
type animal when ANF::GFP is expressed with the D42 driver and is likely not an 
effect of the RNAi.  These images are representative from the following sample sizes: 
Aplip1 OE, n=15, Aplip1 OE+TOR RNAi n=7, TOR RNAi, n=10.   Scale bar = 20µm 
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3.3.3 TOR activation increases axonal swellings  

 
 If inhibition of TOR expression reduces swellings, over activity of TOR might 

cause an increase in swellings.  Previous studies have shown that TOR 

overexpression has a dominant negative effect, resulting in phenotypes similar to 

TOR inhibition (Hennig and Neufeld, 2002), so a direct approach will not work.  To 

circumvent this, we overexpressed Rheb, an upstream activator of TOR (Hennig and 

Neufeld, 2002).  When Rheb and Aplip1, ANFGFP were coexpressed in larval motor 

neurons, there was a clear increase in the number and size of axonal swellings, 

compared to control animals (Figure 3‐8).  Along with the TOR inhibition tests, this 

suggests that TOR activity facilitates the formation of or inhibits the removal of 

axonal swellings caused by Aplip1 overexpression. 

 

3.3.4 Atg1 overexpression suppresses axonal swellings 

 
 TOR controls important cellular processes other than autophagy, including: 

protein synthesis, ribosome biogenesis and mRNA transcription (Wullschleger et al., 

2006).  This raised the question of whether or not the TOR influences on swellings 

that we observed were specific to its activity in the autophagy pathway.  To address 

this, we tested Atg1, a downstream target of TOR and an early component of 

autophagy activation.  Loss of Atg1 inhibits autophagy while overexpression of Atg1 

is sufficient to activate autophagy, independent of TOR (Scott et al., 2004).  To 
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overexpress Atg1, UAS-Atg1 was induced in Drosophila motor neurons along with 

Aplip1, using the OK371 Gal4 driver.  Axonal swellings were reduced, compared to 

control animals (Figure  3‐9).  This effect was similar to that of TOR inhibition.  

These findings, along with the TOR results described above, support a role for 

autophagy in suppressing axonal swellings. 
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Figure 3-8 Rheb overexpression increases the number and size of axonal swellings in 
larvae over expressing Aplip1.  
ANF::GFP expression in neurons (D42 GAL-driver) was used to reveal axonal 
swellings.  3rd instar larvae were dissected, fixed and their nerves were imaged in the 
anterior (A,D,G), middle (B,E,H) and the posterior (C,F,I) regions of the animals.  
(A-C) show images from a larva overexpressing Aplip1 (Aplip1 OE).  (D-F) show 
images from a larva overexpressing both Aplip1 and Rheb (Aplip1 OE+Rheb OE).  
(G-I) show images from a larva overexpressing Rheb (Rheb OE).  These images are 
representative of the average results from the following sample sizes: Aplip1 OE, n= 
9, Aplip1 OE+Rheb OE n= 15, Rheb OE, n=7.  Scale bar = 20µm. 
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Figure 3-9 Atg1 overexpression decreases the size and number of axonal swellings in 
larvae overexpressing Aplip1.  
ANF::GFP expression in neurons (D42 GAL-driver) was used to reveal axonal 
swellings.  3rd instar larvae were dissected, fixed and their nerves were imaged in the 
anterior (A,D), middle (B, E), and posterior (C, F) region of the animal.  (A-C) are 
images from a larva overexpressing Aplip1 (Aplip1 OE).  (D-F) are images from a 
larva overexpressing both Aplip1 and Atg1 (Aplip1 OE+Atg1 OE).  These images are 
representative of the average results from the following sample sizes: Aplip1 OE, n= 
6.  Aplip1 OE+Atg1 OE,  n= 15.  Comparison with Atg1 expression alone was not 
done, because the animals died before developing to the third instar larval stage.  
Scale bar = 20µm.    
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3.4 DISCUSSION AND FUTURE EXPERIMENTS 

 

 Axonal swellings have long been observed to be associated with degenerating 

or injured neurons.  However, the cell biology of swellings and their functional 

relationship to neurodegeneration remain unknown.  The axonal swellings of kinesin-

1 and dynein mutants are filled with structures resembling components of the 

lysosomal-degradative pathway (Figure  3‐1).  Using mCherry-Atg8, we saw 

accumulations of the autophagy-lysosomal pathway marker in axonal swellings 

marked by ANFGFP.  In addition, two different approaches to activation of 

autophagy, TOR inhibition or Atg1 overexpression, suppressed swellings, and 

inhibition of TOR by Rheb overexpression increased swellings.  These results suggest 

that autophagy either inhibits the biogenesis of or facilitates the clearance of axonal 

swellings. 

  

 If this interpretation is accurate, swellings from axonal transport defects 

caused by inhibition of any component of the transport machinery (e.g.: Khc, Klc, 

Milton, and Dhc) should also be reduced by autophagy activation.  My preliminary 

studies of swellings in animals have generated mixed results.  TOR RNAi did 

suppress Khc RNAi swellings, however Atg1 overexpression did not.  More tests need 

to be done, but if these results are accurate they suggest differences between 

swellings caused by Aplip1 overexpression and Khc inhibition.  One interesting 

explanation could be that the primary functions  of  Khc  and  Aplip1  are  different.  
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Khc is the kinesin‐1 force generator that influences virtually all axonal transport 

cargoes, while Aplip1 is a linker between Khc and a subset of its axonal cargoes.  

Therefore, the effects of TOR and Atg1 on axonal swelling may be different between 

swellings caused by a defective motor and those caused by a defective cargo linker.  

Future work will test the influences of TOR and Atg1 on axonal swellings caused by 

inhibition of Aplip1, as well as by inhibition of Klc, Milton, and Dhc. 

  

 The question of whether the removal of axonal swellings via autophagy can 

prevent the lethality commonly associated with mutations that cause swellings 

remains open.  Recent studies from our lab showed that when kinesin-1 mutants were 

grown in nutrient restricted conditions, there was an increase in the number of larvae 

surviving to the pupal stage (Djagaeva et al., 2013).  Since autophagy can be induced 

by nutrient-poor conditions (Seglen and Gordon, 1982; Klionsky and Emr, 2000; 

Chang et al., 2009), the increase in kinesn-1 mutant survival could be a result of 

autophagy-induced suppression of axon swellings and degeneration.  However, my 

preliminary tests suggest that axonal swellings in kinesin-1 mutants are not reduced 

by nutrient restriction (data not shown).  Thus, the increased survival of kinesin-1 

mutants under nutrient restriction may be due to changes in physiology that are not 

influenced by axon degeneration and autophagy.  

 

 Interestingly, in our Atg1 studies, we found that expression of Atg1 in motor 

neurons in a background without Aplip1 overexpression causes severe development 



87 

defects.  Animals overexpressing Atg1 in motor neurons showed severely reduced 

growth rates and most died by the 3rd instar larval stage.  This is consistent with a 

previous report that showed that cells with Atg1 overexpression were TUNEL 

positive and displayed caspase activation, suggesting that Atg1 can promote cell 

death (Scott et al., 2007).  Why does co-overexpression of Aplip1 suppress these 

Atg1 phenotypes?   

  

 Collectively, my preliminary data suggest that axonal swellings, which are 

associated with neurodegeneration, can be reduced by an increase in autophagy.  

Clearly, the causal relationship of swellings and neurodegeneration requires further 

study.   Future work will focus on the effects of TOR RNAi and Atg1 expression on 

the survival of Aplip1 defective mutants (Aplip1Ek4) and with the UAS-Aplip1 

transgene).  Another focus will be on addressing the effects of TOR and Atg1 on 

axonal swellings – does autophagy prevent the formation of axonal swellings or 

accelerate the removal of swellings?  Lastly, is the relationship between Atg1 and 

Aplip1 via autophagy?  By answering these questions, we can get a better 

understanding of the relationship of axonal swellings, autophagy, and axon 

degeneration in diseased neurons. 
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SUPPLEMENTAL FILES   

Available at http://tinyurl.com/saxtonlab‐angelinelim‐supp01 
 

All movies are oriented such that the ventral ganglion is located to the left; therefore, 
DCV or mitchondria movement from left to right represents anterograde transport and 
movement from right to left represents retrograde transport. The D42 motor neuron 
driver controls expression of the UAS-ANF::GFP responder in Movie 1 and 2.  The 
Ok371 motor neuron driver controls expression of the UAS responders in Movies 3 to 
8.    
 

Movie 1 

Axonal transport of ANF::GFP labeled DCVs in segmental nerve of a control larva.    
 (playback at 5x realtime) 
 

Movie 2 

Axonal transport of ANF::GFP labeled DCVs in a segmental nerve of a Khc mutant 
larva (Khc6/Khc27).   
(playback at 5x realtime) 
 

Movie 3 

Mitochondria labeled with GFP shows normal transport in a segmental nerve of a 
control larva.      
(playback at 10x realtime) 
 

Movie 4 

Mitochondria labeled with GFP are mostly absent in the motor neurons of larvae 
expressing Milton RNAi.  The few mitochondria imaged are mostly stationary. 
(playback at 10x realtime) 
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Movie 5    

Axonal transport of ANF::GFP labeled DCVs in a segmental nerve of a control larva.    
(playback at 5x realtime) 
 

Movie 6 

Axonal transport of ANF::GFP labeled DCVs in a segmental nerve of a larva 
expressing Milton RNAi in motor neurons.  Note that the movement of DCVs in the 
Milton RNAi larval nerve is very similar to those in the control larva in Movie 5. 
(playback at 5x realtime) 
 

Movie 7   

Axonal transport of ANF::GFP labeled DCVs in a segmental nerve of a control larva.  
 (playback at 5x realtime) 
 

Movie 8 

ANF::GFP transport of ANF::GFP labeled DCVs in segmental nerve of a Dhc mutant 
larva. 
(playback at 5x realtime) 
 

 

 

 

 

 

 

 

 

 



90 

 

REFERENCES 

Alexander K, Nikodemova M, Kucerova J, Strbak V (2005) Colchicine treatment 
differently affects releasable thyrotropin-releasing hormone (TRH) pools in 
the hypothalamic paraventricular nucleus (PVN) and the median eminence 
(ME). Cell Mol Neurobiol 25:681-695. 

Ali MY, Lu H, Bookwalter CS, Warshaw DM, Trybus KM (2008) Myosin V and 
Kinesin act as tethers to enhance each others' processivity. Proc Natl Acad Sci 
U S A 105:4691-4696. 

Ally S, Larson AG, Barlan K, Rice SE, Gelfand VI (2009) Opposite-polarity motors 
activate one another to trigger cargo transport in live cells. J Cell Biol 
187:1071-1082. 

Amos LA (1987) Kinesin from pig brain studied by electron microscopy. J Cell Sci 
87 ( Pt 1):105-111. 

Aniento F, Emans N, Griffiths G, Gruenberg J (1993) Cytoplasmic dynein-dependent 
vesicular transport from early to late endosomes. J Cell Biol 123:1373-1387. 

Banks P, Mayor D, Mitchell M, Tomlinson D (1971) Studies on the translocation of 
noradrenaline-containing vesicles in post-ganglionic sympathetic neurones in 
vitro. Inhibition of movement by colchicine and vinblastine and evidence for 
the involvement of axonal microtubules. J Physiol 216:625-639. 

Barkus RV, Klyachko O, Horiuchi D, Dickson BJ, Saxton WM (2008) Identification 
of an axonal kinesin-3 motor for fast anterograde vesicle transport that 
facilitates retrograde transport of neuropeptides. Mol Biol Cell 19:274-283. 

Blommaart EF, Luiken JJ, Blommaart PJ, van Woerkom GM, Meijer AJ (1995) 
Phosphorylation of ribosomal protein S6 is inhibitory for autophagy in 
isolated rat hepatocytes. J Biol Chem 270:2320-2326. 

Bowman AB, Patel-King RS, Benashski SE, McCaffery JM, Goldstein LS, King SM 
(1999) Drosophila roadblock and Chlamydomonas LC7: a conserved family 
of dynein-associated proteins involved in axonal transport, flagellar motility, 
and mitosis. J Cell Biol 146:165-180. 

Brady ST (1985) A novel brain ATPase with properties expected for the fast axonal 
transport motor. Nature 317:73-75. 



91 

Brady ST, Pfister KK, Bloom GS (1990) A monoclonal antibody against kinesin 
inhibits both anterograde and retrograde fast axonal transport in squid 
axoplasm. Proc Natl Acad Sci U S A 87:1061-1065. 

Brendza KM, Rose DJ, Gilbert SP, Saxton WM (1999) Lethal kinesin mutations 
reveal amino acids important for ATPase activation and structural coupling. J 
Biol Chem 274:31506-31514. 

Brendza RP, Serbus LR, Saxton WM, Duffy JB (2002) Posterior localization of 
dynein and dorsal-ventral axis formation depend on kinesin in Drosophila 
oocytes. Curr Biol 12:1541-1545. 

Brown A (2013) Axonal transport. In: Neuroscience in the 21st century (Pfaff DW, 
ed), pp 255-308. New York: Springer. 

Brown A, Slaughter T, Black MM (1992) Newly assembled microtubules are 
concentrated in the proximal and distal regions of growing axons. J Cell Biol 
119:867-882. 

Burkhardt JK, Echeverri CJ, Nilsson T, Vallee RB (1997) Overexpression of the 
dynamitin (p50) subunit of the dynactin complex disrupts dynein-dependent 
maintenance of membrane organelle distribution. J Cell Biol 139:469-484. 

Burton PR (1985) Ultrastructure of the olfactory neuron of the bullfrog: the dendrite 
and its microtubules. J Comp Neurol 242:147-160. 

Burton PR, Paige JL (1981) Polarity of axoplasmic microtubules in the olfactory 
nerve of the frog. Proc Natl Acad Sci U S A 78:3269-3273. 

Cai D, McEwen DP, Martens JR, Meyhofer E, Verhey KJ (2009) Single molecule 
imaging reveals differences in microtubule track selection between Kinesin 
motors. PLoS Biol 7:e1000216. 

Carpenter S (1968) Proximal axonal enlargement in motor neuron disease. Neurology 
18:841-851. 

Chang YY, Juhasz G, Goraksha-Hicks P, Arsham AM, Mallin DR, Muller LK, 
Neufeld TP (2009) Nutrient-dependent regulation of autophagy through the 
target of rapamycin pathway. Biochem Soc Trans 37:232-236. 

Cooper PD, Smith RS (1974) The movement of optically detectable organelles in 
myelinated axons of Xenopus laevis. J Physiol 242:77-97. 

Coy DL, Hancock WO, Wagenbach M, Howard J (1999) Kinesin's tail domain is an 
inhibitory regulator of the motor domain. Nat Cell Biol 1:288-292. 



92 

Crimella C, Baschirotto C, Arnoldi A, Tonelli A, Tenderini E, Airoldi G, Martinuzzi 
A, Trabacca A, Losito L, Scarlato M, Benedetti S, Scarpini E, Spinicci G, 
Bresolin N, Bassi MT (2011) Mutations in the motor and stalk domains of 
KIF5A in spastic paraplegia type 10 and in axonal Charcot-Marie-Tooth type 
2. Clin Genet 82:157-164. 

Crimella C, Baschirotto C, Arnoldi A, Tonelli A, Tenderini E, Airoldi G, Martinuzzi 
A, Trabacca A, Losito L, Scarlato M, Benedetti S, Scarpini E, Spinicci G, 
Bresolin N, Bassi MT (2012) Mutations in the motor and stalk domains of 
KIF5A in spastic paraplegia type 10 and in axonal Charcot-Marie-Tooth type 
2. Clin Genet 82:157-164. 

De Vos KJ, Grierson AJ, Ackerley S, Miller CC (2008) Role of axonal transport in 
neurodegenerative diseases. Annu Rev Neurosci 31:151-173. 

Deacon SW, Serpinskaya AS, Vaughan PS, Lopez Fanarraga M, Vernos I, Vaughan 
KT, Gelfand VI (2003) Dynactin is required for bidirectional organelle 
transport. J Cell Biol 160:297-301. 

Derr ND, Goodman BS, Jungmann R, Leschziner AE, Shih WM, Reck-Peterson SL 
(2012) Tug-of-war in motor protein ensembles revealed with a programmable 
DNA origami scaffold. Science 338:662-665. 

Deter RL, Baudhuin P, De Duve C (1967) Participation of lysosomes in cellular 
autophagy induced in rat liver by glucagon. J Cell Biol 35:C11-16. 

Djagaeva I, Rose DJ, Lim A, Venter CE, Brendza KM, Moua P, Saxton WM (2013) 
Three routes to suppression of the neurodegenerative phenotypes caused by 
kinesin heavy chain mutations. Genetics 192:173-183. 

Driskell OJ, Mironov A, Allan VJ, Woodman PG (2007) Dynein is required for 
receptor sorting and the morphogenesis of early endosomes. Nat Cell Biol 
9:113-120. 

Droz B, Leblond CP (1962) Migration of proteins along the axons of the sciatic 
nerve. Science 137:1047-1048. 

Edstrom A, Hanson M (1975) The mechanisms of fast axonal transport: a 
pharmacological approach. Neuropharmacology 14:181-188. 

Encalada SE, Szpankowski L, Xia CH, Goldstein LS (2011) Stable kinesin and 
dynein assemblies drive the axonal transport of mammalian prion protein 
vesicles. Cell 144:551-565. 



93 

Endow SA (1993) Chromosome distribution, molecular motors and the claret protein. 
Trends Genet 9:52-55. 

Enos AP, Morris NR (1990) Mutation of a gene that encodes a kinesin-like protein 
blocks nuclear division in A. nidulans. Cell 60:1019-1027. 

Eskelinen EL (2005) Maturation of autophagic vacuoles in Mammalian cells. 
Autophagy 1:1-10. 

Franker MA, Hoogenraad CC (2013) Microtubule-based transport - basic 
mechanisms, traffic rules and role in neurological pathogenesis. J Cell Sci 
126:2319-2329. 

Friede RL (1959) Transport of oxidative enzymes in nerve fibers: a histochemical 
investigation of the regenerative cycle in neurons. Exp Neurol 1:441-466. 

Friede RL, Ho KC (1977) The relation of axonal transport of mitochondria with 
microtubules and other axoplasmic organelles. J Physiol 265:507-519. 

Friedman DS, Vale RD (1999) Single-molecule analysis of kinesin motility reveals 
regulation by the cargo-binding tail domain. Nat Cell Biol 1:293-297. 

Fu MM, Holzbaur EL (2013) JIP1 regulates the directionality of APP axonal 
transport by coordinating kinesin and dynein motors. J Cell Biol 202:495-508. 

Fuger P, Behrends LB, Mertel S, Sigrist SJ, Rasse TM (2007) Live imaging of 
synapse development and measuring protein dynamics using two-color 
fluorescence recovery after photo-bleaching at Drosophila synapses. Nat 
Protoc 2:3285-3298. 

Gepner J, Li M, Ludmann S, Kortas C, Boylan K, Iyadurai SJ, McGrail M, Hays TS 
(1996) Cytoplasmic dynein function is essential in Drosophila melanogaster. 
Genetics 142:865-878. 

Gho M, McDonald K, Ganetzky B, Saxton WM (1992) Effects of kinesin mutations 
on neuronal functions. Science 258:313-316. 

Gibbons IR (1963) Studies on the Protein Components of Cilia from Tetrahymena 
Pyriformis. Proc Natl Acad Sci U S A 50:1002-1010. 

Gibbons IR, Rowe AJ (1965) Dynein: A Protein with Adenosine Triphosphatase 
Activity from Cilia. Science 149:424-426. 

Gindhart JG, Chen J, Faulkner M, Gandhi R, Doerner K, Wisniewski T, Nandlestadt 
A (2003) The kinesin-associated protein UNC-76 is required for axonal 
transport in the Drosophila nervous system. Mol Biol Cell 14:3356-3365. 



94 

Glater EE, Megeath LJ, Stowers RS, Schwarz TL (2006) Axonal transport of 
mitochondria requires milton to recruit kinesin heavy chain and is light chain 
independent. J Cell Biol 173:545-557. 

Goizet C, Boukhris A, Mundwiller E, Tallaksen C, Forlani S, Toutain A, Carriere N, 
Paquis V, Depienne C, Durr A, Stevanin G, Brice A (2009) Complicated 
forms of autosomal dominant hereditary spastic paraplegia are frequent in 
SPG10. Hum Mutat 30:E376-385. 

Goldman JE (1983) Immunocytochemical studies of actin localization in the central 
nervous system. J Neurosci 3:1952-1962. 

Goldstein AY, Wang X, Schwarz TL (2008) Axonal transport and the delivery of pre-
synaptic components. Curr Opin Neurobiol 18:495-503. 

Gondre-Lewis MC, Park JJ, Loh YP (2012) Cellular mechanisms for the biogenesis 
and transport of synaptic and dense-core vesicles. Int Rev Cell Mol Biol 
299:27-115. 

Greene LE, Eisenberg E (1980) Dissociation of the actin.subfragment 1 complex by 
adenyl-5'-yl imidodiphosphate, ADP, and PPi. J Biol Chem 255:543-548. 

Gross SP, Welte MA, Block SM, Wieschaus EF (2000) Dynein-mediated cargo 
transport in vivo. A switch controls travel distance. J Cell Biol 148:945-956. 

Gross SP, Tuma MC, Deacon SW, Serpinskaya AS, Reilein AR, Gelfand VI (2002) 
Interactions and regulation of molecular motors in Xenopus melanophores. J 
Cell Biol 156:855-865. 

Hackney DD, Levitt JD, Suhan J (1992) Kinesin undergoes a 9 S to 6 S 
conformational transition. J Biol Chem 267:8696-8701. 

Hafezparast M, Klocke R, Ruhrberg C, Marquardt A, Ahmad-Annuar A, Bowen S, 
Lalli G, Witherden AS, Hummerich H, Nicholson S, Morgan PJ, Oozageer R, 
Priestley JV, Averill S, King VR, Ball S, Peters J, Toda T, Yamamoto A, 
Hiraoka Y, Augustin M, Korthaus D, Wattler S, Wabnitz P, Dickneite C, 
Lampel S, Boehme F, Peraus G, Popp A, Rudelius M, Schlegel J, Fuchs H, 
Hrabe de Angelis M, Schiavo G, Shima DT, Russ AP, Stumm G, Martin JE, 
Fisher EM (2003) Mutations in dynein link motor neuron degeneration to 
defects in retrograde transport. Science 300:808-812. 

Hall DH, Hedgecock EM (1991) Kinesin-related gene unc-104 is required for axonal 
transport of synaptic vesicles in C. elegans. Cell 65:837-847. 



95 

Hall K, Cole DG, Yeh Y, Scholey JM, Baskin RJ (1993) Force-velocity relationships 
in kinesin-driven motility. Nature 364:457-459. 

Hammond GR, Smith RS (1977) Inhibition of the rapid movement of optically 
detectable axonal particles colchicine and vinblastine. Brain Res 128:227-242. 

Heidemann SR, McIntosh JR (1980) Visualization of the structural polarity of 
microtubules. Nature 286:517-519. 

Heidemann SR, Landers JM, Hamborg MA (1981) Polarity orientation of axonal 
microtubules. J Cell Biol 91:661-665. 

Hennig KM, Neufeld TP (2002) Inhibition of cellular growth and proliferation by 
dTOR overexpression in Drosophila. Genesis 34:107-110. 

Hirokawa N, Noda Y, Okada Y (1998) Kinesin and dynein superfamily proteins in 
organelle transport and cell division. Curr Opin Cell Biol 10:60-73. 

Hirokawa N, Niwa S, Tanaka Y (2010) Molecular motors in neurons: transport 
mechanisms and roles in brain function, development, and disease. Neuron 
68:610-638. 

Hisanaga S, Murofushi H, Okuhara K, Sato R, Masuda Y, Sakai H, Hirokawa N 
(1989) The molecular structure of adrenal medulla kinesin. Cell Motil 
Cytoskeleton 12:264-272. 

Hollenbeck PJ (1989) The distribution, abundance and subcellular localization of 
kinesin. J Cell Biol 108:2335-2342. 

Horiuchi D, Barkus RV, Pilling AD, Gassman A, Saxton WM (2005) APLIP1, a 
kinesin binding JIP-1/JNK scaffold protein, influences the axonal transport of 
both vesicles and mitochondria in Drosophila. Curr Biol 15:2137-2141. 

Howell BJ, McEwen BF, Canman JC, Hoffman DB, Farrar EM, Rieder CL, Salmon 
ED (2001) Cytoplasmic dynein/dynactin drives kinetochore protein transport 
to the spindle poles and has a role in mitotic spindle checkpoint inactivation. J 
Cell Biol 155:1159-1172. 

Hurd DD, Saxton WM (1996) Kinesin mutations cause motor neuron disease 
phenotypes by disrupting fast axonal transport in Drosophila. Genetics 
144:1075-1085. 

Jaeger PA, Wyss-Coray T (2009) All-you-can-eat: autophagy in neurodegeneration 
and neuroprotection. Mol Neurodegener 4:16. 



96 

Jordens I, Fernandez-Borja M, Marsman M, Dusseljee S, Janssen L, Calafat J, 
Janssen H, Wubbolts R, Neefjes J (2001) The Rab7 effector protein RILP 
controls lysosomal transport by inducing the recruitment of dynein-dynactin 
motors. Curr Biol 11:1680-1685. 

Kaan HY, Hackney DD, Kozielski F (2011) The structure of the kinesin-1 motor-tail 
complex reveals the mechanism of autoinhibition. Science 333:883-885. 

Kasher PR, De Vos KJ, Wharton SB, Manser C, Bennett EJ, Bingley M, Wood JD, 
Milner R, McDermott CJ, Miller CC, Shaw PJ, Grierson AJ (2009) Direct 
evidence for axonal transport defects in a novel mouse model of mutant 
spastin-induced hereditary spastic paraplegia (HSP) and human HSP patients. 
J Neurochem 110:34-44. 

Kim H, Ling SC, Rogers GC, Kural C, Selvin PR, Rogers SL, Gelfand VI (2007) 
Microtubule binding by dynactin is required for microtubule organization but 
not cargo transport. J Cell Biol 176:641-651. 

Kim T, Gondre-Lewis MC, Arnaoutova I, Loh YP (2006) Dense-core secretory 
granule biogenesis. Physiology (Bethesda) 21:124-133. 

Kimura S, Noda T, Yoshimori T (2008) Dynein-dependent movement of 
autophagosomes mediates efficient encounters with lysosomes. Cell Struct 
Funct 33:109-122. 

Klionsky DJ, Emr SD (2000) Autophagy as a regulated pathway of cellular 
degradation. Science 290:1717-1721. 

Klopfenstein DR, Tomishige M, Stuurman N, Vale RD (2002) Role of 
phosphatidylinositol(4,5)bisphosphate organization in membrane transport by 
the Unc104 kinesin motor. Cell 109:347-358. 

Koenig H (1958) The synthesis and flow of peripheral axoplasm. Transactions of the 
American Neurological Association 83. 

Koenig HL, Droz B (1971) Effect of nerve section on protein metabolism of ganglion 
cells and preganglionic nerve endings. Acta Neuropathol 5:Suppl 5:119-125. 

Kon T, Oyama T, Shimo-Kon R, Imamula K, Shima T, Sutoh K, Kurisu G (2012) 
The 2.8 A crystal structure of the dynein motor domain. Nature 484:345-350. 

Kural C, Kim H, Syed S, Goshima G, Gelfand VI, Selvin PR (2005) Kinesin and 
dynein move a peroxisome in vivo: a tug-of-war or coordinated movement? 
Science 308:1469-1472. 



97 

Kwinter DM, Lo K, Mafi P, Silverman MA (2009) Dynactin regulates bidirectional 
transport of dense-core vesicles in the axon and dendrites of cultured 
hippocampal neurons. Neuroscience 162:1001-1010. 

Lasek RJ (1967) Bidirectional transport of radioactively labelled axoplasmic 
components. Nature 216:1212-1214. 

Lasek RJ, Brady ST (1985) Attachment of transported vesicles to microtubules in 
axoplasm is facilitated by AMP-PNP. Nature 316:645-647. 

Lawrence CJ, Dawe RK, Christie KR, Cleveland DW, Dawson SC, Endow SA, 
Goldstein LS, Goodson HV, Hirokawa N, Howard J, Malmberg RL, McIntosh 
JR, Miki H, Mitchison TJ, Okada Y, Reddy AS, Saxton WM, Schliwa M, 
Scholey JM, Vale RD, Walczak CE, Wordeman L (2004) A standardized 
kinesin nomenclature. J Cell Biol 167:19-22. 

Leopold PL, McDowall AW, Pfister KK, Bloom GS, Brady ST (1992) Association of 
kinesin with characterized membrane-bounded organelles. Cell Motil 
Cytoskeleton 23:19-33. 

Ligon LA, Tokito M, Finklestein JM, Grossman FE, Holzbaur EL (2004) A direct 
interaction between cytoplasmic dynein and kinesin I may coordinate motor 
activity. J Biol Chem 279:19201-19208. 

Ling SC, Fahrner PS, Greenough WT, Gelfand VI (2004) Transport of Drosophila 
fragile X mental retardation protein-containing ribonucleoprotein granules by 
kinesin-1 and cytoplasmic dynein. Proc Natl Acad Sci U S A 101:17428-
17433. 

Lo KY, Kuzmin A, Unger SM, Petersen JD, Silverman MA (2011) KIF1A is the 
primary anterograde motor protein required for the axonal transport of dense-
core vesicles in cultured hippocampal neurons. Neurosci Lett 491:168-173. 

Lubinska L (1971) Acetylcholinesterase in mammalian peripheral nerves and 
characteristics of its migration. Acta Neuropathol 5:Suppl 5:136-143. 

Lye RJ, Porter ME, Scholey JM, McIntosh JR (1987) Identification of a microtubule-
based cytoplasmic motor in the nematode C. elegans. Cell 51:309-318. 

Martin M, Iyadurai SJ, Gassman A, Gindhart JG, Jr., Hays TS, Saxton WM (1999) 
Cytoplasmic dynein, the dynactin complex, and kinesin are interdependent 
and essential for fast axonal transport. Mol Biol Cell 10:3717-3728. 



98 

Matus A, Ackermann M, Pehling G, Byers HR, Fujiwara K (1982) High actin 
concentrations in brain dendritic spines and postsynaptic densities. Proc Natl 
Acad Sci U S A 79:7590-7594. 

Meluh PB, Rose MD (1990) KAR3, a kinesin-related gene required for yeast nuclear 
fusion. Cell 60:1029-1041. 

Menzies FM, Huebener J, Renna M, Bonin M, Riess O, Rubinsztein DC (2010) 
Autophagy induction reduces mutant ataxin-3 levels and toxicity in a mouse 
model of spinocerebellar ataxia type 3. Brain 133:93-104. 

Metzger T, Gache V, Xu M, Cadot B, Folker ES, Richardson BE, Gomes ER, Baylies 
MK (2012) MAP and kinesin-dependent nuclear positioning is required for 
skeletal muscle function. Nature 484:120-124. 

Miki H, Okada Y, Hirokawa N (2005) Analysis of the kinesin superfamily: insights 
into structure and function. Trends Cell Biol 15:467-476. 

Miller RH, Lasek RJ (1985) Cross-bridges mediate anterograde and retrograde 
vesicle transport along microtubules in squid axoplasm. J Cell Biol 101:2181-
2193. 

Mizushima N (2004) Methods for monitoring autophagy. Int J Biochem Cell Biol 
36:2491-2502. 

Mizushima N (2007) Autophagy: process and function. Genes Dev 21:2861-2873. 

Moore JD, Endow SA (1996) Kinesin proteins: a phylum of motors for microtubule-
based motility. Bioessays 18:207-219. 

Morfini GA, Burns M, Binder LI, Kanaan NM, LaPointe N, Bosco DA, Brown RH, 
Jr., Brown H, Tiwari A, Hayward L, Edgar J, Nave KA, Garberrn J, Atagi Y, 
Song Y, Pigino G, Brady ST (2009) Axonal transport defects in 
neurodegenerative diseases. J Neurosci 29:12776-12786. 

Muller MJ, Klumpp S, Lipowsky R (2008) Tug-of-war as a cooperative mechanism 
for bidirectional cargo transport by molecular motors. Proc Natl Acad Sci U S 
A 105:4609-4614. 

Munch C, Sedlmeier R, Meyer T, Homberg V, Sperfeld AD, Kurt A, Prudlo J, Peraus 
G, Hanemann CO, Stumm G, Ludolph AC (2004) Point mutations of the p150 
subunit of dynactin (DCTN1) gene in ALS. Neurology 63:724-726. 



99 

Nangaku M, Sato-Yoshitake R, Okada Y, Noda Y, Takemura R, Yamazaki H, 
Hirokawa N (1994) KIF1B, a novel microtubule plus end-directed monomeric 
motor protein for transport of mitochondria. Cell 79:1209-1220. 

Nixon RA (2013) The role of autophagy in neurodegenerative disease. Nat Med 
19:983-997. 

Noda T, Ohsumi Y (1998) Tor, a phosphatidylinositol kinase homologue, controls 
autophagy in yeast. J Biol Chem 273:3963-3966. 

O'Donnell KH, Chen CT, Wensink PC (1994) Insulating DNA directs ubiquitous 
transcription of the Drosophila melanogaster alpha 1-tubulin gene. Mol Cell 
Biol 14:6398-6408. 

Ochs S (1971) Characteristics and a model for fast axoplasmic transport in nerve. J 
Neurobiol 2:331-345. 

Ochs S (1974) Trophic functions of the neuron. 3. Mechanisms of neurotrophic 
interactions. Systems of material transport in nerve fibers (axoplasmic 
transport) related to nerve function and trophic control. Ann N Y Acad Sci 
228:202-223. 

Ohgami T, Kitamoto T, Tateishi J (1992) Alzheimer's amyloid precursor protein 
accumulates within axonal swellings in human brain lesions. Neurosci Lett 
136:75-78. 

Ou G, Blacque OE, Snow JJ, Leroux MR, Scholey JM (2005) Functional 
coordination of intraflagellar transport motors. Nature 436:583-587. 

Overly CC, Rieff HI, Hollenbeck PJ (1996) Organelle motility and metabolism in 
axons vs dendrites of cultured hippocampal neurons. J Cell Sci 109 ( Pt 
5):971-980. 

Pack-Chung E, Kurshan PT, Dickman DK, Schwarz TL (2007) A Drosophila kinesin 
required for synaptic bouton formation and synaptic vesicle transport. Nat 
Neurosci 10:980-989. 

Pan X, Ou G, Civelekoglu-Scholey G, Blacque OE, Endres NF, Tao L, Mogilner A, 
Leroux MR, Vale RD, Scholey JM (2006) Mechanism of transport of IFT 
particles in C. elegans cilia by the concerted action of kinesin-II and OSM-3 
motors. J Cell Biol 174:1035-1045. 

Paschal BM, Vallee RB (1987) Retrograde transport by the microtubule-associated 
protein MAP 1C. Nature 330:181-183. 



100 

Paschal BM, Shpetner HS, Vallee RB (1987) MAP 1C is a microtubule-activated 
ATPase which translocates microtubules in vitro and has dynein-like 
properties. J Cell Biol 105:1273-1282. 

Pereira AJ, Dalby B, Stewart RJ, Doxsey SJ, Goldstein LS (1997) Mitochondrial 
association of a plus end-directed microtubule motor expressed during mitosis 
in Drosophila. J Cell Biol 136:1081-1090. 

Perlson E, Maday S, Fu MM, Moughamian AJ, Holzbaur EL (2010) Retrograde 
axonal transport: pathways to cell death? Trends Neurosci 33:335-344. 

Pilling AD, Horiuchi D, Lively CM, Saxton WM (2006) Kinesin-1 and Dynein are 
the primary motors for fast transport of mitochondria in Drosophila motor 
axons. Mol Biol Cell 17:2057-2068. 

Pratt MM (1980) The identification of a dynein ATPase in unfertilized sea urchin 
eggs. Dev Biol 74:364-378. 

Presley JF, Cole NB, Schroer TA, Hirschberg K, Zaal KJ, Lippincott-Schwartz J 
(1997) ER-to-Golgi transport visualized in living cells. Nature 389:81-85. 

Puls I, Jonnakuty C, LaMonte BH, Holzbaur EL, Tokito M, Mann E, Floeter MK, 
Bidus K, Drayna D, Oh SJ, Brown RH, Jr., Ludlow CL, Fischbeck KH (2003) 
Mutant dynactin in motor neuron disease. Nat Genet 33:455-456. 

Puls I, Oh SJ, Sumner CJ, Wallace KE, Floeter MK, Mann EA, Kennedy WR, 
Wendelschafer-Crabb G, Vortmeyer A, Powers R, Finnegan K, Holzbaur EL, 
Fischbeck KH, Ludlow CL (2005) Distal spinal and bulbar muscular atrophy 
caused by dynactin mutation. Ann Neurol 57:687-694. 

Punnonen EL, Autio S, Kaija H, Reunanen H (1993) Autophagic vacuoles fuse with 
the prelysosomal compartment in cultured rat fibroblasts. Eur J Cell Biol 
61:54-66. 

Rao S, Lang C, Levitan ES, Deitcher DL (2001) Visualization of neuropeptide 
expression, transport, and exocytosis in Drosophila melanogaster. J Neurobiol 
49:159-172. 

Rasband WS (1997) ImageJ. In: U. S. National Institutes of Health. Bethesda, 
Maryland, USA. 

Ravikumar B, Duden R, Rubinsztein DC (2002) Aggregate-prone proteins with 
polyglutamine and polyalanine expansions are degraded by autophagy. Hum 
Mol Genet 11:1107-1117. 



101 

Ravikumar B, Vacher C, Berger Z, Davies JE, Luo S, Oroz LG, Scaravilli F, Easton 
DF, Duden R, O'Kane CJ, Rubinsztein DC (2004) Inhibition of mTOR 
induces autophagy and reduces toxicity of polyglutamine expansions in fly 
and mouse models of Huntington disease. Nat Genet 36:585-595. 

Ray K, Perez SE, Yang Z, Xu J, Ritchings BW, Steller H, Goldstein LS (1999) 
Kinesin-II is required for axonal transport of choline acetyltransferase in 
Drosophila. J Cell Biol 147:507-518. 

Reid E, Kloos M, Ashley-Koch A, Hughes L, Bevan S, Svenson IK, Graham FL, 
Gaskell PC, Dearlove A, Pericak-Vance MA, Rubinsztein DC, Marchuk DA 
(2002) A kinesin heavy chain (KIF5A) mutation in hereditary spastic 
paraplegia (SPG10). Am J Hum Genet 71:1189-1194. 

Roberts AJ, Kon T, Knight PJ, Sutoh K, Burgess SA (2013) Functions and mechanics 
of dynein motor proteins. Nat Rev Mol Cell Biol 14:713-726. 

Roberts AJ, Malkova B, Walker ML, Sakakibara H, Numata N, Kon T, Ohkura R, 
Edwards TA, Knight PJ, Sutoh K, Oiwa K, Burgess SA (2012) ATP-driven 
remodeling of the linker domain in the dynein motor. Structure 20:1670-1680. 

Rogers SL, Tint IS, Fanapour PC, Gelfand VI (1997) Regulated bidirectional motility 
of melanophore pigment granules along microtubules in vitro. Proc Natl Acad 
Sci U S A 94:3720-3725. 

Rudolf R, Salm T, Rustom A, Gerdes HH (2001) Dynamics of immature secretory 
granules: role of cytoskeletal elements during transport, cortical restriction, 
and F-actin-dependent tethering. Mol Biol Cell 12:1353-1365. 

Satir P, Wais-Steider J, Lebduska S, Nasr A, Avolio J (1981) The mechanochemical 
cycle of the dynein arm. Cell Motil 1:303-327. 

Saxton WM, Hicks J, Goldstein LS, Raff EC (1991) Kinesin heavy chain is essential 
for viability and neuromuscular functions in Drosophila, but mutants show no 
defects in mitosis. Cell 64:1093-1102. 

Saxton WM, Porter ME, Cohn SA, Scholey JM, Raff EC, McIntosh JR (1988) 
Drosophila kinesin: characterization of microtubule motility and ATPase. 
Proc Natl Acad Sci U S A 85:1109-1113. 

Schiavo G, Greensmith L, Hafezparast M, Fisher EM (2013) Cytoplasmic dynein 
heavy chain: the servant of many masters. Trends Neurosci. 

Schlager MA, Hoogenraad CC (2009) Basic mechanisms for recognition and 
transport of synaptic cargos. Mol Brain 2:25. 



102 

Schmidt H, Gleave ES, Carter AP (2012) Insights into dynein motor domain function 
from a 3.3-A crystal structure. Nat Struct Mol Biol 19:492-497, S491. 

Scholey JM (2013) Kinesin-2: a family of heterotrimeric and homodimeric motors 
with diverse intracellular transport functions. Annu Rev Cell Dev Biol 
29:443-469. 

Scholey JM, Porter ME, Grissom PM, McIntosh JR (1985) Identification of kinesin in 
sea urchin eggs, and evidence for its localization in the mitotic spindle. Nature 
318:483-486. 

Schwarz TL (2013) Mitochondrial trafficking in neurons. Cold Spring Harb Perspect 
Biol 5. 

Scott RC, Juhasz G, Neufeld TP (2007) Direct induction of autophagy by Atg1 
inhibits cell growth and induces apoptotic cell death. Curr Biol 17:1-11. 

Seglen PO, Gordon PB (1982) 3-Methyladenine: specific inhibitor of 
autophagic/lysosomal protein degradation in isolated rat hepatocytes. Proc 
Natl Acad Sci U S A 79:1889-1892. 

Sekine Y, Okada Y, Noda Y, Kondo S, Aizawa H, Takemura R, Hirokawa N (1994) 
A novel microtubule-based motor protein (KIF4) for organelle transports, 
whose expression is regulated developmentally. J Cell Biol 127:187-201. 

Serbus LR, Cha BJ, Theurkauf WE, Saxton WM (2005) Dynein and the actin 
cytoskeleton control kinesin-driven cytoplasmic streaming in Drosophila 
oocytes. Development 132:3743-3752. 

Shubeita GT, Tran SL, Xu J, Vershinin M, Cermelli S, Cotton SL, Welte MA, Gross 
SP (2008) Consequences of motor copy number on the intracellular transport 
of kinesin-1-driven lipid droplets. Cell 135:1098-1107. 

Snow JJ, Ou G, Gunnarson AL, Walker MR, Zhou HM, Brust-Mascher I, Scholey JM 
(2004) Two anterograde intraflagellar transport motors cooperate to build 
sensory cilia on C. elegans neurons. Nat Cell Biol 6:1109-1113. 

Soppina V, Rai AK, Ramaiya AJ, Barak P, Mallik R (2009) Tug-of-war between 
dissimilar teams of microtubule motors regulates transport and fission of 
endosomes. Proc Natl Acad Sci U S A 106:19381-19386. 

Spilman P, Podlutskaya N, Hart MJ, Debnath J, Gorostiza O, Bredesen D, Richardson 
A, Strong R, Galvan V (2010) Inhibition of mTOR by rapamycin abolishes 
cognitive deficits and reduces amyloid-beta levels in a mouse model of 
Alzheimer's disease. PLoS One 5:e9979. 



103 

Stone MC, Roegiers F, Rolls MM (2008) Microtubules have opposite orientation in 
axons and dendrites of Drosophila neurons. Mol Biol Cell 19:4122-4129. 

Suzuki K, Kirisako T, Kamada Y, Mizushima N, Noda T, Ohsumi Y (2001) The pre-
autophagosomal structure organized by concerted functions of APG genes is 
essential for autophagosome formation. Embo J 20:5971-5981. 

Svoboda K, Schmidt CF, Schnapp BJ, Block SM (1993) Direct observation of kinesin 
stepping by optical trapping interferometry. Nature 365:721-727. 

Tomishige M, Klopfenstein DR, Vale RD (2002) Conversion of Unc104/KIF1A 
kinesin into a processive motor after dimerization. Science 297:2263-2267. 

Tooze J, Hollinshead M, Ludwig T, Howell K, Hoflack B, Kern H (1990) In exocrine 
pancreas, the basolateral endocytic pathway converges with the autophagic 
pathway immediately after the early endosome. J Cell Biol 111:329-345. 

Toyoshima I, Sugawara M, Kato K, Wada C, Hirota K, Hasegawa K, Kowa H, Sheetz 
MP, Masamune O (1998) Kinesin and cytoplasmic dynein in spinal spheroids 
with motor neuron disease. J Neurol Sci 159:38-44. 

Troutt LL, Burnside B (1988) The unusual microtubule polarity in teleost retinal 
pigment epithelial cells. J Cell Biol 107:1461-1464. 

Uchida A, Alami NH, Brown A (2009) Tight functional coupling of kinesin-1A and 
dynein motors in the bidirectional transport of neurofilaments. Mol Biol Cell 
20:4997-5006. 

Vale RD (2003) The molecular motor toolbox for intracellular transport. Cell 
112:467-480. 

Vale RD, Reese TS, Sheetz MP (1985) Identification of a novel force-generating 
protein, kinesin, involved in microtubule-based motility. Cell 42:39-50. 

Van Breemen VL, Anderson E, Reger JF (1958) An attempt to determine the origin 
of synaptic vesicles. Exp Cell Res 14:153-167. 

Varadi A, Ainscow EK, Allan VJ, Rutter GA (2002) Involvement of conventional 
kinesin in glucose-stimulated secretory granule movements and exocytosis in 
clonal pancreatic beta-cells. J Cell Sci 115:4177-4189. 

Varadi A, Tsuboi T, Johnson-Cadwell LI, Allan VJ, Rutter GA (2003) Kinesin I and 
cytoplasmic dynein orchestrate glucose-stimulated insulin-containing vesicle 
movements in clonal MIN6 beta-cells. Biochem Biophys Res Commun 
311:272-282. 



104 

Walkley SU, Baker HJ, Rattazzi MC, Haskins ME, Wu JY (1991) Neuroaxonal 
dystrophy in neuronal storage disorders: evidence for major GABAergic 
neuron involvement. J Neurol Sci 104:1-8. 

Wang J, Yu W, Baas PW, Black MM (1996) Microtubule assembly in growing 
dendrites. J Neurosci 16:6065-6078. 

Wang X, Schwarz TL (2009) The mechanism of Ca2+ -dependent regulation of 
kinesin-mediated mitochondrial motility. Cell 136:163-174. 

Watanabe K, Al-Bassam S, Miyazaki Y, Wandless TJ, Webster P, Arnold DB (2012) 
Networks of polarized actin filaments in the axon initial segment provide a 
mechanism for sorting axonal and dendritic proteins. Cell Rep 2:1546-1553. 

Waterman-Storer CM, Karki SB, Kuznetsov SA, Tabb JS, Weiss DG, Langford GM, 
Holzbaur EL (1997) The interaction between cytoplasmic dynein and dynactin 
is required for fast axonal transport. Proc Natl Acad Sci U S A 94:12180-
12185. 

Weisenberg R, Taylor EW (1968) Studies on ATPase activity of sea urchin eggs and 
the isolated mitotic apparatus. Experimental Cell Research 53:372-384. 

Weiss P, Hiscoe HB (1948) Experiments on the mechanism of nerve growth. J Exp 
Zool 107:315-395. 

Welte MA (2010) Bidirectional transport: matchmaking for motors. Curr Biol 
20:R410-413. 

Welte MA, Gross SP, Postner M, Block SM, Wieschaus EF (1998) Developmental 
regulation of vesicle transport in Drosophila embryos: forces and kinetics. 
Cell 92:547-557. 

Wickstead B, Gull K (2006) A "holistic" kinesin phylogeny reveals new kinesin 
families and predicts protein functions. Mol Biol Cell 17:1734-1743. 

Wickstead B, Gull K (2007) Dyneins across eukaryotes: a comparative genomic 
analysis. Traffic 8:1708-1721. 

Woehlke G, Schliwa M (2000) Walking on two heads: the many talents of kinesin. 
Nat Rev Mol Cell Biol 1:50-58. 

Wullschleger S, Loewith R, Hall MN (2006) TOR signaling in growth and 
metabolism. Cell 124:471-484. 

Yagishita S (1978) Morphological investigations on axonal swellings and spheroids 
in various human diseases. 378:181-197. 



105 

Yagishita S, Kimura S (1975) Infantile neuroaxonal dystrophy (Seitelberger's 
disease). A light and ultrastructural study. Acta Neuropathol 31:191-200. 

Yang JT, Saxton WM, Stewart RJ, Raff EC, Goldstein LS (1990) Evidence that the 
head of kinesin is sufficient for force generation and motility in vitro. Science 
249:42-47. 

Yang Z, Klionsky DJ (2010) Eaten alive: a history of macroautophagy. Nat Cell Biol 
12:814-822. 

Yildiz A, Selvin PR (2005) Kinesin: walking, crawling or sliding along? Trends Cell 
Biol 15:112-120. 

Yildiz A, Tomishige M, Vale RD, Selvin PR (2004) Kinesin walks hand-over-hand. 
Science 303:676-678. 

Zahn TR, Angleson JK, MacMorris MA, Domke E, Hutton JF, Schwartz C, Hutton 
JC (2004) Dense core vesicle dynamics in Caenorhabditis elegans neurons and 
the role of kinesin UNC-104. Traffic 5:544-559. 

Zala D, Hinckelmann MV, Yu H, Lyra da Cunha MM, Liot G, Cordelieres FP, Marco 
S, Saudou F (2013) Vesicular glycolysis provides on-board energy for fast 
axonal transport. Cell 152:479-491. 

Zelena J (1968) Bidirectional movements of mitochondria along axons of an isolated 
nerve segment. Z Zellforsch Mikrosk Anat 92:186-196. 

 

 




