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Committee Chair: Dr. Daniel Suter 

 

 The urgency for deeper knowledge about nervous system function and dysfunction has never 

been greater.  With increasing rates of mental disorders and expanding healthcare costs, 

deciphering details of axonal development is essential to meeting this imperative.  Models of 

neuronal growth are improving as roles of microtubules and motor proteins surface.  However, 

traditional motor protein studies focus on intracellular cargo transport, leaving deficits in 

knowledge about how these proteins organize cytoskeletal filaments in the axon and growth cone 

during neuronal development.  Inconsistent findings on microtubule activity in growing axons 

also leave gaps in quantitative assessments of microtubule translocation and assembly, limiting 

the ability to construct a comprehensive model of axonal elongation. 

 The goal of this study was to provide a more complete neuronal growth cone model by 

determining how individual microtubule translocation and assembly, mass microtubule 

movements, and motor protein activity contribute to axonal elongation.  The underlying 

mechanisms of these processes were investigated by testing the roles of dynein and microtubule 

dynamics in axonal elongation of Aplysia californica neurons using transillumination, 

fluorescent speckle, and super-resolution microscopy.  Pharmacologically inhibiting either 

dynein activity or microtubule assembly reduced both bulk and individual microtubule 

anterograde translocation and neurite elongation rates.  Suppressing both processes 

simultaneously had compensatory rather than additive effects.  Super-resolution imaging also 

revealed fewer dynein motors co-localized with microtubules when microtubule assembly was 

inhibited.  These results strongly suggest that disrupting microtubule assembly blocks neurite 

outgrowth partly because it inhibits dynein-mediated bulk microtubule translocation. 
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CHAPTER 1.  INTRODUCTION 

1.1 Imperative for Greater Knowledge of Growth Cones and Microtubules 

 Post-traumatic stress disorder (PTSD), major stress disorder, and traumatic brain injury (TBI) 

affect 31% of previously deployed service members.  However, they represent only a portion of 

the 43 million Americans suffering from mental health conditions and cognitive impairment 

(Tanielian et al., 2008).  Moreover, the World Economic Forum reports mental health disorders 

as the largest health care expenditures at $2.5 trillion annually with projections to exceed $6 

trillion by 2030, and these costs do not account for associated biological, emotional, social, or 

health deficits (Candeias and Diabo, 2018; Insel, 2015; Insel, 2008; Tanielian et al., 2008).  

These data emphasize the urgency for greater knowledge of nervous system intricacies and 

impairments to prevent, diagnose, and treat the 450 million people living with mental disorders 

across the globe (Candeias and Diabo, 2018).  Achieving a more comprehensive understanding 

of axonal growth cone and microtubule dynamics serves as a foundation to meet this imperative 

because targeting them holds promise for designing neuronal regeneration strategies for treating 

neurological damage and disorders, including Parkinson’s disease, Alzheimer’s disease, and 

amyotrophic lateral sclerosis (Hur et al., 2012; Kapitein and Hoogenraad, 2015; McMurray, 

2000; Millecamps and Julien, 2013). 

1.2 Growth Cones and Microtubules 

 Santiago Ramon y Cajal’s investigations into the central nervous system inspired the modern 

era of neuroscience research (Stahnisch and Nitsch, 2002).  His discovery of neuronal growth 

cones in 1890 sparked diverse inquiries into the mechanisms governing their behavior and 

provided the basis for contemporary theories of neuronal development (Tamariz and Varela-

Echavarria, 2015).  Despite decades of discovery, the intricacies of growth cone guidance and 

migration continue to provide exciting, unexplored frontiers. 

 Growth cones are highly motile sensory structures at the distal tips of elongating axons that 

migrate microns to meters to connect with precise targets (Dent and Gertler, 2003; Lowery and 

Van Vactor, 2009; Omotade et al., 2017; Pollard et al., 2017).  They steer, advance, and retract 
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by processing soluble and insoluble cues to continuously reorganize the primary cytoskeletal 

components, microtubules and filamentous actin (F-actin), which are essential for coordinated 

growth cone motility and guidance (Geraldo and Gordon-Weeks, 2009; Gomez and Letourneau, 

2014; Lowery and Van Vactor, 2009; Suter and Forscher, 1998; Suter and Forscher, 2000).  

These polymers drive proper neurite elongation and synapse formation via specific arrangements 

and behaviors that vary across the three growth cone domains:  central (C), transitional (T), and 

peripheral (P) (Fig. 1.1) (Davenport et al., 1993; Miller and Suter, 2018).  Dense microtubule 

bundles splay as they extend into the growth cone C domain where they contact F-actin arcs 

(Dent and Kalil, 2001; Marx et al., 2013; Miller and Suter, 2018; Schaefer et al., 2002; Tanaka 

and Kirschner, 1991).  Microtubule looping and catastrophe limit extension beyond this domain, 

but some pioneering microtubules advance into the growth cone periphery where they encounter 

F-actin matrices (Marx et al., 2013; Miller and Suter, 2018; Schaefer et al., 2002).  In the P 

domain, F-actin bundles guide trailblazing microtubules to the cell boundary and push the 

membrane forward to form filopodia and lamellipodia, two fundamental structures for motility 

(Fig. 1.1) (Gallo, 2011; Lewis and Bridgman, 1992; Mallavarapu and Mitchison, 1999; Miller 

and Suter, 2018; Suter et al., 2004).  F-actin acts as a microtubule polymerization guide and 

pushes the cell edge forward while generating tension (Korobova and Svitkina, 2008; Medeiros 

et al., 2006; Schaefer et al., 2002).  It also sweeps microtubules backward as it recycles materials 

during retrograde flow (Korobova and Svitkina, 2008; Medeiros et al., 2006; Schaefer et al., 

2002; Suter and Miller, 2011).  The complex interplay of actin dynamics, microtubule dynamics, 

microtubule translocation, and related forces are required for neurite outgrowth but are poorly 

understood. 
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Figure 1.1.  Growth cone domains 

Growth cones are highly motile sensory structures at the distal tips of maturing 
neurites.  (A) The diagram depicts microtubules densely packed in the axon and 
growth cone central domain.  Pioneering microtubules explore the transition zone 
and peripheral domain, but actin filaments are primarily found in these regions.  
Actin acts as a microtubule polymerization guide, but it also sweeps them rearward 
as it recycles organelles and materials.  (B) The image displays growth cone 
domains in an Aplysia californica bag cell neuron.  Scale:  10 µm. 
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 Dynamic microtubules with diverse lengths, varying stability, and specific orientations are 

among the multitudinous requisites for neuronal motility (Baas et al., 2016).  Microtubules are 

more stable and uniformly oriented, with plus-ends directed away from the cell body, in axons 

than in dendrites (Baas et al., 1988; Baas and Lin, 2011; Baas et al., 2016; Burton and Paige, 

1981; Heidemann et al., 1981; Kapitein and Hoogenraad, 2015).  These hollow structures range 

from less than 1 µm to greater than 100 µm in length and contain 10-15 protofilaments of a-

tubulin and b-tubulin heterodimers (Fig. 1.2) (Baas and Lin, 2011; Baas et al., 2016; Bray and 

Bunge, 1981; Conde and Caceres, 2009; Yu and Baas, 1994).  A g-tubulin complex caps the 

slow-growing microtubule minus end and serves as a template for proper nucleation and 

assembly, ensuring b-tubulin monomers point toward the plus end and a-subunits point toward 

the minus end (Conde and Caceres, 2009).  The microtubule plus end is typically capped by a 

ring of several hundred b-tubulin subunits bound to guanosine triphosphate (GTP) (Bieling et al., 

2007; Brouhard and Rice, 2018; Inoue and Salmon, 1995).  This ring forms when b-tubulin-GTP 

dimers are incorporated into the microtubule before GTP is hydrolyzed to guanosine diphosphate 

(GDP) (Inoue and Salmon, 1995; Jordan and Kamath, 2007).  GTP hydrolysis produces a GDP-

bound b-subunit that remains in place until the cap is lost through the action of microtubule-

associated proteins (MAPs) and other regulatory molecules (Akhmanova and Steinmetz, 2008; 

Akhmanova and Steinmetz, 2015; Brouhard and Rice, 2018; Howard and Hyman, 2007; Rochlin 

et al., 1996).  Microtubules are intrinsically polar due to differences in tubulin dimers (Baas et 

al., 2016).  Tubulin addition is less favored at the generally stable minus ends, where a-tubulin is 

exposed, while it is favored at fast-growing plus ends, where b-tubulin is exposed (Akhmanova 

and Steinmetz, 2010; Baas et al., 2016).  Because of differences in a- and b-tubulin, the length 

of the microtubule polymer is also polar (Baas et al., 2016).  

1.2.1 Microtubule dynamics 

 Dynamic instability describes the random nature of microtubule polymerization that results 

in continuous cycles of growth and shrinkage at microtubule plus ends (Baas and Black, 1990; 

Bamburg et al., 1986; Kalil and Dent, 2014; Mitchison and Kirschner, 1984a).  These dynamics 

are characterized by four phases:  slow growth, catastrophe, rapid depolymerization, and 

recovery (Fig. 1.2) (Desai and Mitchison, 1997; Mitchison and Kirschner, 1984a; Mitchison and 
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Kirschner, 1988).  Catastrophe marks the abrupt transition from elongation to depolymerization, 

and rescue denotes the transition from shortening back to growth (Coombes et al., 2013; Walker 

et al., 1988).  Although evidence shows that dynamics and translocation enable microtubules to 

reorganize and explore the growth cone periphery, the mechanisms underlying transitions 

between rescue and catastrophe are complex and unclear (Akhmanova and Steinmetz, 2015; 

Kalil and Dent, 2014; Lee and Suter, 2008; Tanaka et al., 1995; Tanaka and Kirschner, 1991). 

 

 

Figure 1.2.  Microtubule dynamics 

Microtubules contain 10-15 protofilaments of a- and b-tubulin heterodimers 
(Conde and Caceres, 2009).  A g-tubulin network caps the microtubule minus end 
and provides a template for microtubule nucleation and assembly (Conde and 
Caceres, 2009).  GTP hydrolysis controls tubulin addition and integration as 
microtubules cycle independently through polymerization, catastrophe, 
depolymerization, and rescue.  This figure is reprinted from Conde and Caceras 
(2009) with minor alterations in accordance with permission granted by Springer 
Nature (license number 4571401511337) (Conde and Caceres, 2009). 
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1.2.2 Tubulin and microtubule post-translational modifications 

 A number of soluble tubulin and microtubule post-translational modifications (PTMs) have 

been documented (Song and Brady, 2015).  Although it is well established that PTMs influence 

microtubule dynamics and protein interactions, their precise impacts remain unclear (Song and 

Brady, 2015; Wloga et al., 2017).  Examining details of detyrosination, acetylation, and 

polyglutamylation provides a glimpse into the broad influences PTMs have on microtubules 

(Hubbert et al., 2002; Janke and Bulinski, 2011; North et al., 2003; Song and Brady, 2015; Szyk 

et al., 2014; Van Dijk et al., 2008; Webster et al., 1990; Wloga and Gaertig, 2010). 

 During detyrosination, cytosolic carboxypeptidase (CCP) removes a terminal tyrosine on 

tyrosinated (Tyr) a-tubulin to expose a glutamate and convert it to detyrosinated (Glu) tubulin 

(Gundersen et al., 1987; Song and Brady, 2015).  Conversely, tubulin tyrosine ligase (TTL) 

tyrosinates Glu-tubulin (Ersfeld et al., 1993; Raybin and Flavin, 1975; Wloga et al., 2017).  

Detyrosination is characteristic of aged microtubules but does not directly alter microtubule 

polymerization or stabilization (Khawaja et al., 1988; Webster et al., 1990).  End-binding protein 

(EB) 1, a microtubule plus-end tracking protein (+TIP), is also unaffected by detyrosination 

(Song and Brady, 2015).  However, cytoskeleton-associated proteins with a glycine-rich (CAP-

Gly) domain, such as cytoplasmic-linker protein (CLIP)-170 and p150Glued, require both EB1 and 

Tyr-tubulin to interact with microtubule plus ends and mediate microtubule rescue and 

catastrophe (Akhmanova and Steinmetz, 2015; Bieling et al., 2008; Komarova et al., 2002; 

Lazarus et al., 2013; Song and Brady, 2015).  Although experimental results vary, tubulin 

detyrosination and tyrosination have been shown to influence motor proteins (Song and Brady, 

2015).  For example, studies on hippocampal neurons from TTL-knockout mice have shown 

kinesin-1 accumulates in axons and somatodendritic regions when Glu-tubulin levels increase 

(Konishi and Setou, 2009). 

 Tubulin acetylation occurs primarily on a-tubulin lysine 40 (Lys40) residues throughout the 

lumen of microtubules (Ledizet and Piperno, 1987; Song and Brady, 2015; Wloga et al., 2017).  

Acetylation a-acetyltransferase 1 (aTAT1), the primary acetyltranferase, appears to access the 

lumen of microtubules by diffusion (Szyk et al., 2014).  Whereas aTAT1 acts slowly, two 

deacetylases, sirtuin 2 (SIRT2) and histone deacetylase 6 (HDAC6), quickly convert tubulin 

dimers upon incorporation into microtubules; therefore, acetylation increases with microtubule 



17 

 

age, but it has not been shown to indicate microtubule stability or affect polymerization rates 

after microtubule formation (Hubbert et al., 2002; North et al., 2003; Portran et al., 2017; Song 

and Brady, 2015; Wloga et al., 2017).  Experiments with rat hippocampal neurons have 

demonstrated katanin preferentially binds to acetylated tubulin to increase microtubule severing, 

which strengthens the possibility that severing proteins are targeted to microtubules with 

abundant PTMs (Sudo and Baas, 2010). 

 Both a- and b-tubulin undergo polyglutamylation and polyglycylation, whereby enzymes 

with a TTL-related domain add glutamate or glycine to tubulin C-terminal side chains (Janke and 

Bulinski, 2011; Van Dijk et al., 2008; Wloga and Gaertig, 2010).  Polyglutamylation, the major 

neuronal PTM, reduces the affinity of most MAPs for tubulin (Bonnet et al., 2001).  However, it 

promotes spastin-mediated microtubule severing and differentially regulates MAP1 and MAP2 

(Bonnet et al., 2001; Lacroix et al., 2010).  Polyglycylation regulates cilia assembly and is 

confined to ciliary microtubules (Wloga et al., 2009). 

 Along with a number of additional PTMs, detyrosination, acetylation, and polyglutamylation,  

significantly influence microtubule dynamics and behavior (Song and Brady, 2015; Wloga et al., 

2017).  The number and complexity of possible tubulin and microtubule PTM combinations 

present challenges in understanding the unique impacts they have on cellular processes.  

Nevertheless, PTMs are integral to microtubule dynamics, organization, and interactions with 

other proteins (Song and Brady, 2015). 

1.2.3 Mechanics of microtubule dynamics  

 In vitro reconstitution experiments have demonstrated that stable microtubules are more 

prone to catastrophe than newer, more dynamic microtubules (Howard et al., 2011).  This aging 

behavior implies several molecular changes occur before microtubules transition from 

polymerization to depolymerization (Akhmanova and Steinmetz, 2015; Howard et al., 2011). 

Some studies have shown catastrophe is induced by an accumulation of microtubule lattice 

defects (Akhmanova and Steinmetz, 2015; Howard et al., 2011).  Studies employing 3D 

mechanochemical simulations indicate catastrophe initiation involves tapering at the microtubule 

growth end and changes to GTP-tubulin cap size (Coombes et al., 2013).  Furthermore, 

simulations and experiments in live cells suggest mechanical stress, such as pushing forces on 

the growth ends of microtubules, destabilizes the GTP-cap, which leads to its eventual loss and 
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subsequent microtubule catastrophe (Hunyadi et al., 2005; Janson et al., 2003).  Less is known 

about rescue, but in vivo experiments using recombinant antibodies that bind to GTP-tubulin in 

microtubules have revealed rescue may depend upon microtubule lattice features, such as the 

presence of GTP-tubulin at the tip of a depolymerizing microtubule (Dimitrov et al., 2008). 

 Cryo-EM reconstructions and protein crystallography demonstrate that tubulin dimers 

undergo conformational changes from curved, to expanded, to compacted during growth and 

shrinkage (Alushin et al., 2014; Brouhard and Rice, 2018; Ravelli et al., 2004; Zhang et al., 

2015).  Mammalian studies have shown GTP-rich tubulin dimers are curved in the free state, 

expand and straighten following microtubule binding, and compact into the microtubule lattice 

following phosphate release (Alushin et al., 2014; Buey et al., 2006; Nawrotek et al., 2011; Rice 

et al., 2008).  It remains unclear whether compaction is conserved across species, but cryo-EM 

studies have revealed GDP-tubulin relaxes to its curved conformation after catastrophe 

(Brouhard and Rice, 2018; Mandelkow et al., 1991).  Microtubules store and release strain 

energy due to tubulin conformational changes; tubulin binding and straightening induces strain 

energy in the microtubule lattice, and tubulin relaxation and curving releases energy during 

catastrophe (Brouhard and Rice, 2018; Coue et al., 1991; Hyman et al., 1995; Koshland et al., 

1988; Mandelkow et al., 1991).  These conformational and energy changes are directly related to 

microtubule mechanics measured by in vitro purified tubulin and microtubule seed assays which 

demonstrated that microtubule movements generate and respond to changes in energy and forces 

(Dogterom and Yurke, 1997; Koshland et al., 1988).  These examinations showed that growing 

microtubules generate pushing forces when they encounter a barrier and that shrinking 

microtubules generate pulling forces on objects coupled to them (Dogterom and Yurke, 1997; 

Koshland et al., 1988).  Changes in microtubule dynamics in response to compressive and tensile 

stresses indicate microtubules also react to pushing and pulling forces exerted upon them 

(Brouhard and Rice, 2018; Dogterom and Yurke, 1997; Miller and Suter, 2018; Rice et al., 

2008). 

 Pushing and pulling forces are known to influence microtubule dynamics but little is known 

about how forces generated by microtubule assembly affect axonal elongation.  Early studies 

employing microtubule assembly inhibitors and stabilizers suggested microtubule assembly was 

the driving force behind growth cone motility and axonal elongation (Bamburg et al., 1986; 

Letourneau and Ressler, 1984).  However, more recent investigations revealed individual and 
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bulk microtubule movements play strong roles in neurite outgrowth (Athamneh et al., 2017; Lee 

and Suter, 2008; Schaefer et al., 2002).  Delineating the contributions of such movements 

complicates emerging questions about whether microtubule assembly or microtubule 

translocation is more influential during axonal elongation.  Previous studies have indicated 

individual microtubule translocation initiates neurites, whereas mass microtubule movements 

drive subsequent neurite outgrowth (Athamneh et al., 2017; Baas and Yu, 1996; Chang et al., 

1998; Lee and Suter, 2008; Lu et al., 2013; Lu and Gelfand, 2017).  Further defining differences 

between these movements and fully deciphering how microtubule dynamics, individual 

translocations, and mass movements alter neuronal force balance and neurite behavior requires 

continued measurements of these activities and their relationships to one another (Miller and 

Suter, 2018). 

1.3 Microtubule-Associated Proteins 

 MAPs regulate microtubule dynamics, translocation, and organization to mediate distinct 

cellular functions, including growth cone steering and advance; they include stabilizing, 

severing, destabilizing, and plus-end tracking proteins (Brouhard et al., 2008; Desai and 

Mitchison, 1997; Kalil and Dent, 2014; Kapitein and Hoogenraad, 2015; McNally and Vale, 

1993; van der Vaart et al., 2009; Wiese and Zheng, 2006; Wong and Hashimoto, 2017).  MAPs 

perform unique functions in growth cone motility and axonal branching, and they play important 

roles in regulating microtubule transitions from growth to shrinkage (Akhmanova and Steinmetz, 

2015; Kalil and Dent, 2014).  Microtubule polymerases, including members of the XMAP215 

+TIP family, are important regulators that bind to microtubule plus ends, recruit tubulin subunits, 

and promote tubulin addition at growing tips (Al-Bassam et al., 2012; Brouhard et al., 2008).  

EBs  are polymerases that promote microtubule assembly and suppress catastrophe in part by 

modulating the structure of microtubule ends (van der Vaart et al., 2011).  Depolymerases, such 

as mitotic centromere-associated kinesin (MCAK), induce catastrophes by removing tubulin 

subunits through adenosine triphosphate (ATP) hydrolysis (Desai et al., 1999; Hunter et al., 

2003; Moores et al., 2002; van der Vaart et al., 2011).  Live-cell imaging and gliding assays 

indicate other kinesins stabilize microtubules by decreasing tubulin turnover at the plus tip to 

inhibit microtubule growth and catastrophe (Du et al., 2010; Hafner et al., 2014; Stumpff et al., 
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2008).  CLIPs and CLIP-associated proteins (CLASPS) also suppress catastrophes and stimulate 

rescues by binding to microtubule lattices and recruiting tubulin dimers (Al-Bassam et al., 2010; 

Komarova et al., 2002; Mimori-Kiyosue et al., 2005; van der Vaart et al., 2011).  The CAP-Gly 

domain proteins CLIP-170 and p150Glued promote rescue and suppress catastrophe, respectively 

(Akhmanova and Steinmetz, 2015; Komarova et al., 2002; Lazarus et al., 2013).  Largely 

through interactions with p150Glued, the motor protein dynein regulates microtubule dynamics by 

capturing and anchoring microtubules at the cell cortex, where it exerts pulling forces and grasps 

shrinking plus ends to reduce depolymerization (Hendricks et al., 2012; Laan et al., 2012).  

MAPs also include linker proteins, such as actin cross-linking factor 7 (ACF7), also known as 

microtubule-actin-crosslinking-factor (MACF) 1, and bullous pemphigoid antigen (BPAG), that 

are responsible for anchoring microtubules to the cytoskeletal network and the plasma membrane 

(Houseweart and Cleveland, 1999). 

 Several MAPs exploit tubulin structural changes to regulate microtubule dynamics by 

selectively binding to specific tubulin conformations (Brouhard and Rice, 2018).  EBs mediate 

changes from expanded to compacted conformations along the microtubule while other MAPs, 

such as stathmin (STMN1), regulate transitions between curved and straight tubulin heterodimer 

conformations at the growing microtubule end (Belmont and Mitchison, 1996; Steinmetz et al., 

2000).  Preferential binding of MAPs to curved tubulin heterodimers has been shown to promote 

both microtubule depolymerase and polymerase activity, which emphasizes the complexity of 

MAP-tubulin relationships in microtubule dynamics.  This is evidenced by studies that show 

kinesin-related protein 3 (KIP3) promotes microtubule catastrophe by binding preferentially to 

curved tubulin heterodimers (Gupta et al., 2006; Varga et al., 2006; Varga et al., 2009).  

Meanwhile, other investigations show that polymerases from the suppressor of tubulin 2 

(Stu2)/XMAP215 family also preferentially bind to curved tubulin heterodimers via tumor-

overexpressed gene (TOG) domains to promote microtubule assembly (Ayaz et al., 2014; Ayaz 

et al., 2012; Brouhard et al., 2008; Hussmann et al., 2016). 

 +TIPs accumulate at the ends of growing microtubules and regulate interactions with cellular 

structures, responses to signals, and reactions to forces (Akhmanova and Steinmetz, 2008).  They 

form networks via protein modules and linear sequence motifs to mediate associations with each 

other and microtubules, and they serve as adaptors for actin-binding proteins (Akhmanova and 

Steinmetz, 2010; Marx et al., 2013).  Although many +TIPs can associate directly with 
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microtubules, most interact with microtubule plus ends by binding to EBs, the master +TIP 

regulators (Akhmanova and Steinmetz, 2008; van der Vaart et al., 2011). 

 EBs regulate microtubule dynamics and mediate most +TIP-microtubule interactions, 

including CLIP-170, MCAK, MACF, stromal interaction molecule 1 (STIM1), and CLASP2 

(Bieling et al., 2008; Dixit et al., 2009; Gouveia et al., 2010; Honnappa et al., 2009; Kumar et al., 

2012; Kumar and Wittmann, 2012).  They recognize both ends of microtubules and 

preferentially bind to newly polymerized microtubule plus ends (Akhmanova and Steinmetz, 

2015; Kumar and Wittmann, 2012).  EBs contain an N-terminal calponin homology (CH) 

domain, a variable linker region, a coiled-coil domain, and a C-terminal dimerization domain 

with +TIP binding sites (Buey et al., 2006; De Groot et al., 2010; Hayashi and Ikura, 2003; Slep 

et al., 2005).  The CH domain is responsible for microtubule interactions; phosphorylated Ser, 

Thr, and Tyr residues in the linker region regulate EB functions (Ferreira et al., 2013; Iimori et 

al., 2012; Komarova et al., 2009; Slep et al., 2005; Xia et al., 2014; Zimniak et al., 2009).  

Interactions between the CH-linker region and the C-terminal domain refine EB specificity 

toward microtubule tips (Buey et al., 2006). 

 EBs recruit proteins with serine-X-isoleucine-proline (SxIP) motifs and CAP-Gly domains to 

growing microtubule ends (Almeida et al., 2017; Duellberg et al., 2014; Honnappa et al., 2009).  

The SxIP motif and CAP-Gly domains enable transient interactions between +TIPs and the 

formation of flexible networks around elongating microtubules (Akhmanova and Steinmetz, 

2015).  They also prompt competition among +TIPs due to the limited number of specific 

binding sites (Duellberg et al., 2014).  In vitro reconstitution studies reveal layers of regulation 

are required to control +TIP organizational hierarchies (Duellberg et al., 2014).  Some studies 

support the idea that strictly regulated +TIP networks promote microtubule assembly by 

restricting conformation changes at the microtubule plus end (Gupta et al., 2014). 

1.3.1 Microtubule-actin cross-linking factor 

 MACF is a 608 kDA +TIP spectraplakin that associates with actin and microtubules (Leung 

et al., 1999; Sun et al., 2001; Wu et al., 2008) (Fig. 1.3).  Spectraplakins regulate cytoskeletal 

reorganization during development and following injury (Broderick and Winder, 2005; Liem, 

2016; Roper et al., 2002; Zhang et al., 2017).  They are large, evolutionarily conserved proteins 

from the spectrin superfamily that bind to cytoskeletal networks to mediate cytoskeletal 
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dynamics (Broderick and Winder, 2005; Liem, 2016; Roper et al., 2002).  MACF1 and BPAG1, 

also known as dystonin (DST), encode mammalian spectraplakins (Zhang et al., 2017). 

 Spectraplakin domains include a central rod domain with 23 dystrophin-like spectrin repeats, 

calponin actin-binding domains, and a plakin domain (Fig. 1.3) (Gouveia and Akhmanova, 2010; 

Sun et al., 2001).  Spectraplakins also have two EF-hand calcium-binding motifs, a region 

homologous to the microtubule-binding growth arrest specific 2 (GAS2) and GAS-related 

(GAR) 22 proteins, and an ATPase domain (Fig. 1.3) (Gouveia and Akhmanova, 2010; Sun et 

al., 2001; Suozzi et al., 2012; Wu et al., 2008; Zhang et al., 2017).  The C-terminus is basic and 

serine rich (Gouveia and Akhmanova, 2010; Leung et al., 1999; Sun et al., 2001; Wu et al., 

2008). 

 

 

Figure 1.3.  Microtubule-actin cross-linking factor 

MACF is a +TIP spectraplakin that associates with microtubules and actin.  
Spectraplakin N-terminal regions consist of a calponin actin-binding domain, a 
plakin domain, a central rod with spectrin repeats, an EF-hand motif, microtubule-
binding GAS2 domains, and a serine-rich C-terminus (Gouveia and Akhmanova, 
2010; Leung et al., 1999; Suozzi et al., 2012). 

 Due to their structure and function, spectraplakins are involved in numerous physiological 

pathways.  The plakin domain facilitates binding to intermediate filaments to link them to 

membrane proteins and adhesive junctions (Jefferson et al., 2004).  Spectrin repeats are spacers 

between the N- and C-termini that enable elastic responses in proteins subject to mechanical 

force (Djinovic-Carugo et al., 2002; Roper and Brown, 2003; Sonnenberg et al., 2007).  MACF1 

spectrin repeats associate with proteins in the Wnt signaling pathway and bind to calmodulin-

regulated spectrin-associated protein 3, a microtubule minus-end-binding protein (Chen et al., 
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2006; Noordstra et al., 2016; Zhang et al., 2017).  Adjacent EF-hand and GAR domains are 

encoded in the C-terminal of spectraplakins (Zhang et al., 2017).  The EF-hand motifs are 

involved in microtubule-BPAG1 binding (Kapur et al., 2012).  Studies indicate that the GAR 

domain plays an accessory role in microtubule interactions (Alves-Silva et al., 2012; Applewhite 

et al., 2010). 

 Spectraplakins interact with EB1 to regulate microtubule dynamics and recruit +TIPs by 

associating with CAP-Gly or SxIP motifs (Akhmanova and Steinmetz, 2008; Gouveia and 

Akhmanova, 2010; Honnappa et al., 2009; Nehlig et al., 2017).  MACF43, a 43-residue fragment 

of MACF2, contains an SxIP motif that interacts with EB1 and tracks growing microtubules 

(Gouveia and Akhmanova, 2010; Honnappa et al., 2009; Slep et al., 2005).  It displays 

characteristic +TIP behavior by concentrating at the plus ends of polymerizing microtubules and 

dissociating exponentially as microtubules age (Gouveia and Akhmanova, 2010).  This tendency 

for localization and dispersion results in comet patterns at microtubule plus ends (Gouveia and 

Akhmanova, 2010).  The +TIP properties of MACF prompted the use of green fluorescent 

protein (GFP)-MACF43 as a +TIP tracker and marker for microtubule growth during this 

project. 

1.3.2 Microtubule motor proteins 

  Microtubule motor proteins recognize polarity, which drives their directionality (Vale, 

2003).  Each of the two families of microtubule motor proteins, dyneins and kinesins, have a 

conserved motor domain that hydrolyses ATP to generate movement (Carter, 2013).  Dynein 

moves toward the microtubule minus end, and most kinesins move toward the plus end, 

generating forces relative to microtubules (Ahmad et al., 2000; Roossien et al., 2015; Stiess et 

al., 2010). 

 Conventional motor protein studies have uncovered important details about cargo transport 

and have stirred curiosity about the additional roles motors play in microtubule processes.  

Drosophila neuronal studies show that kinesin-1 crosslinks microtubules and slides them along 

one another (Lu et al., 2013; Lu et al., 2015).  Combining outcomes from experiments with chick 

dorsal root ganglia (DRG) neurons and COS-7 cells produces a model in which dynein pushes 

microtubules forward by simultaneously anchoring to stable structures, such as actin or the cell 

cortex, and binding to microtubules (Dehmelt et al., 2006; Roossien et al., 2014).  Dynein may 
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also bind to two microtubules concurrently to slide them apart (Lu and Gelfand, 2017; 

Tanenbaum et al., 2013).  A unified framework for kinesin and dynein microtubule sliding is that 

kinesin slides microtubules to initiate neurite outgrowth, and dynein transports microtubules 

from the centrosome or acentrosomal nucleation sites into axons and dendrites during 

development (Baas et al., 2016; Lu et al., 2013; Lu and Gelfand, 2017; Roossien et al., 2015; 

Stiess et al., 2010). 

1.4 Dynein 

 All nine dynein subfamilies in eukaryotic cells move toward the microtubule minus end 

(Wickstead and Gull, 2007).  Axonemal dyneins comprise seven subfamilies that slide 

microtubules past one other to produce beating motions in cilia and flagella (Carter, 2013).  The 

remaining two subfamilies, cytoplasmic dynein 1 and 2, transport cargo (Carter, 2013).  

Cytoplasmic dynein 2 carries material into the axoneme within cilia and flagella; cytoplasmic 

dynein 1 (henceforth referred to as dynein) transports most non-axoneme, minus-end-bound 

cargo in cilia and flagella and most minus-end-directed cargo in other cells (Carter, 2013; Cole, 

2003; Vale, 2003; Vallee et al., 2012). 

 Dynein is a 1.4 MDa, multi-subunit complex with a 380 kDa, AAA+ ATPase motor domain 

(Fig 1.4) (McKenney et al., 2014; Pfister et al., 2006; Urnavicius et al., 2015; Vallee et al., 

2012).  The complex contains two motor domain heavy chains (dynein heavy chains (DHCs)) 

and multiple additional subunits, including two intermediate chains (ICs) that bind to DHCs and 

three unique light chains (LCs) that bind to ICs (Fig. 1.4) (Allan, 2011; Vallee et al., 2012).  

Although ICs and light intermediate chains (LICs) are confined to the dynein complex, LCs 

interact with numerous partners (Allan, 2011; King et al., 1996; Pfister et al., 2006). 
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Figure 1.4.  Dynein 

AAA domains are numbered.  C denotes the C-terminus of the heavy chain.  The 
dynein complex contains two dynein heavy chains (DHCs) and several subunits, 
including two intermediate chains (ICs), and three light chains (LCs).  LCs bind to 
ICs and interact with multiple partners, whereas ICs and light intermediate chains 
(LICs) are confined to the dynein complex.  For simplification, many dynein 
mediators are not depicted.  This figure was inspired by the representation in Pfister 
et al. (2006); this adaptation is depicted in accordance with the Creative Commons 
Attribution License (Pfister et al., 2006). 
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 Two regulators, lissencephaly 1 (Lis1) and dynactin, generally govern dynein motility 

(McKenney et al., 2014).  Lis1 cooperates with NudE, another regulator, to suppress dynein 

activity by preventing the motor domain from transmitting a detachment signal to the 

microtubule-binding domains (Fig. 1.4) (Huang et al., 2012).  Lis1 thereby acts as a clutch that 

prolongs microtubule binding (Huang et al., 2012; McKenney et al., 2014; McKenney et al., 

2010).  Dynactin, a 1.0 MD protein complex with over 20 subunits, coordinates with dynein 

during active motor cycling (Siglin et al., 2013).  Dynein IC and dynactin p150Glued subunits are 

the principal mediators in dynein-dynactin interactions, but a stable complex forms only in the 

presence of a cargo adaptor (Siglin et al., 2013; Urnavicius et al., 2015).  Thus, dynein is largely 

inactive, but motility is induced when an adaptor links it to cargo and dynactin (McKenney et al., 

2014).  Lis1 and p150Glued promote dynein cargo loading and motility by recruiting it to 

microtubule plus ends via interactions with the +TIP CLIP-170 (Coquelle et al., 2002; 

Lansbergen et al., 2004; Watson and Stephens, 2006). 

 Dynein has substantial impacts on microtubules, including regulating dynamics, modulating 

movements, and tethering them to actin, other microtubules, and the cellular membrane 

(Duellberg et al., 2013; Grabham et al., 2007; Hendricks et al., 2012; Perlson et al., 2013; 

Roberts et al., 2013; Roossien et al., 2014; Yogev et al., 2017).  It also counters forces generated 

by the actin motor non-muscle myosin II to indirectly affect growth cone advance (Vallee et al., 

2009).  Non-muscle myosin II localizes in the transition zone and in the growth cone neck (Fig. 

1.5) (Suter and Miller, 2011; Vallee et al., 2009).  It pulls in the retrograde direction to 

reorganize actin filaments as they extend rearward during polymerization (Vallee et al., 2009).  

Conversely, dynein pushes microtubules toward the distal edge, creating tension for 

microtubules to resist actin-generated forces in the growth cone and powering transport of short 

microtubules along the axon (Fig. 1.5) (Grabham et al., 2007; Myers et al., 2006; Roossien et al., 

2014).  Dynein also pushes microtubules forward en masse to reorganize the cytoskeletal 

network during neurite elongation (Roossien et al., 2014).  This coordinated interplay of motor-

generated actin pulling forces and microtubule pushing forces is integral to neuronal elongation 

(Heidemann et al., 1990). 

 Although knowledge of motor protein force generation has improved dramatically during the 

past few decades, subcellular mechanisms behind these forces remain undefined (Lamoureux et 

al., 1989; O'Toole et al., 2015).  Relationships between motor-generated cytoskeletal movements 
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and microtubule dynamics must be quantified to produce more comprehensive models of 

neuronal development (Miller and Suter, 2018).  The present study investigated the role of 

dynein in microtubule translocation and assembly to provide a baseline for quantifying these 

relationships. 

 

Figure 1.5.  Dynein and non-muscle myosin II in the growth cone 

Non-muscle myosin II localizes in the transition zone and the growth cone neck.  
Dynein localizes on plus ends of growing microtubules where it tethers them to the 
cortex, actin filaments, and other microtubules.  As dynein transports materials 
toward the soma, it generates forces in the opposite direction that counter actin 
retrograde flow. 

1.5 Microtubule Assembly, Translocation, and Mass Movement 

 Mass microtubule movements that drive cellular motility occur in a slow, unidirectional 

manner, differing from individual microtubule movements that initiate new neurites and 

contribute to axonal polarity establishment (Athamneh et al., 2017; Baas and Ahmad, 1993; Baas 

and Yu, 1996; Chang et al., 1998; Grego et al., 2001; Hutchins and Wray, 2014; Pfister, 2016).  

They are also distinct from microtubule assembly, which is important for axonal elongation, 

transport of materials, and structural support for translocation (Athamneh et al., 2017; Roossien 

et al., 2013; Tanaka and Kirschner, 1991).  Independent inquiries into microtubule dynamics, 
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treadmilling, and translocation have employed a variety of pharmacological tools, such as 

microtubule assembly enhancers and inhibitors, and an array of isolated microscopy techniques, 

including phase microscopy, differential interference contrast (DIC) microscopy, and 

fluorescence speckle microscopy (FSM) (Ahmad et al., 2000; Mitchison and Kirschner, 1984b; 

Walker et al., 1988; Waterman-Storer and Salmon, 1998).  These prior studies indicate 

microtubule dynamics, bulk motion, and individual movements are important for neurite growth 

(Fig. 1.6) (Roossien et al., 2013).  They also emphasize the need to better understand the relative 

contributions of microtubule assembly and dynein-driven microtubule transport to axonal 

elongation.  This project integrated previously isolated investigations by merging assembly, 

translocation, and dynein studies to clarify subcellular relationships contributing to neurite 

growth.  Results strongly suggest microtubule dynamics and dynein-driven translocation are 

interdependent activities required for neurite growth. 

 

Figure 1.6.  Microtubule assembly, translocation, and mass movement 

Microtubule assembly and dynein-driven translocation are important for axonal 
elongation.  Quantifying the relative contributions of these processes will enable 
more comprehensive models of neuronal development.  Although depicted 
activities occur in all directions, the figure displays only anterograde assembly and 
movement in the growth cone to conceptualize the primary foci of this project.  
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CHAPTER 2.  METHODOLOGY 

2.1 Model System 

 The Aplysia californica is a marine mollusk with a simple nervous system comprised of 

approximately 20,000 neurons (Fig. 2.1 A, B) (Yali et al., 2009).  Aplysia neurons are easily 

extracted from clearly discernable ganglia distributed throughout the body (Fig. 2.1 B).  They are 

the largest neurons found in nature, making them ideal for cytoskeletal studies employing fixed 

and live-cell imaging techniques (Moroz, 2011). 

 Bag cell neurons responsible for egg-laying behavior are found in paired clusters of 200 to 

400 cells in the abdominal ganglion (Magoski, 2017).  These neuroendocrine cells range from 40 

to 100 µm and extend processes in all directions (Conn and Kaczmarek, 1989) (Fig. 2.1 C).  

Aplysia bag cell neurons serve as a classical neuroscience model and were studied exclusively 

during this project. 

  



30 

 

 

Figure 2.1.  Aplysia californica bag cell model 

(A) Aplysia californica.  (B) Aplysia nervous system reprinted from Moroz et al. 
(2006) with minor adaptations in accordance with permission granted by Elsevier 
(license number 4572660328665) (Moroz et al., 2006).  The bag cell cluster (BCC) 
and the buccal (BG), cerebral (CG), pleural (PlG), pedal (PeG), and abdominal 
(AG) ganglia are depicted.  (C) Bag cell neuron.  The boxed region outlines a 
growth cone at the tip of a neurite.  Scale:  80 µm. 

2.2 Pharmacological Tools 

 Taxol and nocodazole (Noc) were employed to modulate microtubule dynamics, and 

ciliobrevin D (CilD) was used to inhibit dynein activity.  Taxol binds to b-tubulin subunits along 

the interior of microtubules to stabilize them against depolymerization without affecting 

structural integrity (Baas and Black, 1990; Jordan and Kamath, 2007; Suter et al., 2004).  Low 

taxol concentrations promote microtubule assembly by dampening dynamics (Alushin et al., 
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2014).  High concentrations prohibit dynamics and destabilize microtubules, causing them to 

buckle and break under actomyosin retrograde forces (Dehmelt et al., 2003; Letourneau et al., 

1987; Waterman-Storer and Salmon, 1997).  Noc attenuates microtubule assembly by binding to 

free a-tubulin (Baas and Ahmad, 2013).  Low doses of the drug stabilize microtubules by 

suppressing rapid polymerization and catastrophic shortening, and high concentrations 

dramatically reduce free tubulin availability and induce depolymerization (Baas et al., 2016; 

Rochlin et al., 1996; Vasquez et al., 1997).  Ciliobrevins are specific, small-molecule dynein 

antagonists that inhibit ATPase activity and prevent the motor from cycling (Firestone et al., 

2012; Sainath and Gallo, 2015; Ye et al., 2001).  CilD reduces dynein function most effectively 

among this group of inhibitors (Firestone et al., 2012; Roossien et al., 2014). 

2.3 Materials and Methods 

2.3.1 Neuronal cell culture 

 Aplysia californica bag cell neurons were cultured in L-15 medium with artificial sea water 

(ASW) (400 mM NaCl, 9 mM CaCl2, 27 mM MgSO4, 28 mM MgCl2, 4 mM l-glutamine, 50 

µg/ml gentamicin, 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.9) on 

coverslips or glass dishes coated with 20 µg/ml poly-L-lysine (P6282, Sigma-Aldrich, Inc.) in 

hemolymph after overnight digestion in dispase (D4693, Sigma-Aldrich, Inc.), as reported 

previously (He et al., 2015).  Neurons were incubated overnight at 14°C before experimentation. 

2.3.2 Pharmacological treatments 

 Cells were treated with 0.1% DMSO (controls), 1 µM Noc (M1404, Sigma-Aldrich, Inc.), 10 

µM CilD (250401, Sigma-Aldrich, Inc.), or a combination of 10 µM CilD and 1 µM Noc in L-15 

medium at 23°C.  CilD was applied for 5 min before Noc to ensure dynein inhibition before 

microtubule assembly inhibition during combination treatments.  Treated cultures were 

maintained at 14°C for 6 h during chronic studies.  For acute studies, treatments were applied 5 

min before imaging and cells were maintained at 23°C for the duration of the experiment.  

Immunostaining studies followed the 5 min acute treatment scheme before fixation. 
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 Taxol studies followed similar protocols for chronic and acute treatments.  Cells were treated 

with 1, 5, 10, 50, or 100 nM or 1 µM taxol (T1912, Sigma-Aldrich, Inc.) concentrations for 4 to 

24 h for chronic studies.  Taxol was applied to achieve 5 nM concentrations 30 min before 

imaging during acute studies. 

2.3.3 Microtubule labeling for live-cell recordings 

 Aplysia neurons were injected with 1 mg/ml X-rhodamine tubulin in buffer (TL620M-A, 

BST01-001; Cytoskeleton, Inc.) one day after plating, as described previously (Lee and Suter, 

2008).  Tubulin was spun at 13,000 g for 30 min and stored on ice before injections.  

Microinjection pipettes (1B100F-4, World Precision Instruments) were prepared using a 

Narishige PP830 vertical system and chilled to 4°C before use.  Cells recovered for a minimum 

of 1 h at 14°C before drug treatments. 

2.3.4 Immunostaining 

 Aplysia cells were fixed with 3.7% formaldehyde in ASW with 400 mM sucrose for 15 min.  

They were permeabilized with 0.05% saponin in fixative for 10 min before washing in 0.005% 

saponin in phosphate-buffered saline (PBS).  Blocking was performed with 10% bovine albumin 

serum in 0.005% saponin-PBS for 1 h.  Samples were incubated for 3 h with antibodies against 

the 532 kDa dynein heavy chain-1 (DHC1) (DHC1 rabbit polyclonal antibody, 101452, 

GeneTex, Inc.) and the 52 kDa a-tubulin subunit (a-tubulin rat monoclonal antibody, MA1-

80189, Thermo Fisher Scientific, Inc.) in blocking buffer at 1:250 dilution.  Preparations were 

washed prior to incubating with Alexa Fluor 568-conjugated anti-IgG antibodies (goat anti-rat 

polyclonal antibodies, A-11077, Invitrogen) to label microtubules and Alexa Fluor 647-

conjugated anti-IgG antibodies (goat anti-rabbit polyclonal antibodies, A-21244, Invitrogen) to 

label dynein at 1:250 in 0.005% saponin-PBS for 1 h.  Samples were washed, and post-fixation 

was performed with 3.7% formaldehyde in ASW with 400 mM sucrose for 5 min before a final 

wash.  All immunostaining procedures were conducted at room temperature. 

 Experiments using rabbit polyclonal non-muscle-myosin II heavy chain (NMIIHC) 

antibodies (a gift from the Forscher Lab, Yale University, New Haven, CT) followed DHC 

labeling procedures with minor alterations.  Incubation time was 1 h with NMIIHC antibodies 
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rather than 3 h.  Triton X-100 (9002-93-1, Sigma-Aldrich, Inc.) was used in place of saponin:  

1.0% Triton was used for permeabilization and 0.1% Triton was used for washes. 

 For dynein IC experiments, sample preparation followed the DHC immunolabeling protocol, 

except samples were sequentially incubated with each antibody.  Neurons were incubated with 

mouse monoclonal antibodies against two isoforms of 74 kDA dynein ICs (MA1-070, Thermo 

Fisher, Inc.) in blocking buffer for 3 h, then washed and incubated with Alexa Fluor 647-

conjugated anti-IgG antibodies (goat anti-mouse polyclonal antibodies, A-21235, Invitrogen) in 

0.005% saponin-PBS for 1 h.  Dynein IC-labeled samples were washed, then incubated with a-

tubulin rat monoclonal antibodies (MA1-80189, Thermo Fisher Scientific, Inc.) for 3 h in 

blocking buffer before washing and incubating with secondary antibodies for 1h.  All antibodies 

were diluted to 1:250 for dynein IC studies. 

 Sample preparation for DNA points accumulation for imaging in nanoscale topography 

(DNA-PAINT) experiments followed dynein IC protocol.  However, DNA-labeled secondary 

antibodies were used instead of Alexa Fluor-conjugated anti-IgG secondary antibodies in 

accordance with published procedures (Agasti et al., 2017; Jungmann et al., 2014; Wang et al., 

2017).  Donkey-a-rat P7 and donkey-a-mouse P1 antibodies (a gift from the Yin Lab, Harvard 

University, Cambridge, MA) were used to label tubulin and dynein IC, respectively. 

2.3.5 Conventional imaging 

 A Nikon TE2000 E2 Eclipse inverted microscope with an iXon Ultra 888 electron 

multiplying charge coupled device (EMCCD) camera (Oxford Instruments) was utilized to 

image Aplysia neurons at room temperature.  Live cells were imaged in L-15 with ASW, and 

fixed cells were imaged in 0.005% saponin-PBS.  For chronic treatment studies, neurons were 

imaged using a 10´ phase objective with an additional 1.5´ magnification lens before drug 

applications and approximately 6 h afterward to obtain neurite growth data.  Cells were similarly 

imaged immediately following microtubule time-lapse recordings and approximately 1.5 h later 

to obtain neurite growth data for acute treatment investigations.  Time-lapse recordings were 

obtained on the same system using a 60´ 1.4 numerical aperture (NA) oil immersion DIC 

objective with 1.5´ additional magnification for 15 min at 15 s intervals.  MACF recordings 

were conducted in accordance with the time-lapse protocol, except images were acquired for 5 

min at 3 s intervals.  Stained cells were imaged using the 60´ 1.4 NA oil immersion DIC 
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objective with 1.5´ additional magnification.  Fluorescent images were acquired using an X-Cite 

120 halide lamp (Excelitas Technologies Corp.) with the following excitation (EX) and emission 

(EM) filters (Chroma Technology Corp.):  555 nm EX/610 nm EM for X-rhodamine tubulin, 480 

nm EX/535 nm EM for GFP, 655 nm EX/710 nm EM for Alexa Fluor 647 probes, and 575 nm 

EX/610 nm EM for Alexa Fluor 568 probes. 

2.3.6 Single-molecule switching nanoscopy  

 Super-resolution imaging and reconstructions were performed by Dr. Donghan Ma (Huang 

Lab, Purdue University, West Lafayette, IN) via a custom-built apparatus on an Olympus IX-73 

microscope stand (IX-73, Olympus America, Inc.) with a 100´ 1.35 NA silicone oil-immersion 

objective lens (FV-U2B714, Olympus America, Inc.) and a PIFOC objective positioner 

(ND72Z2LAQ, Physik Instrumente).  Samples were excited with a 642 nm laser (2RU-VFL-P-

2000-642-B1R, MPB Communications, Inc.) or a 560 nm laser (2RU-VFL-P-500-560, MPB 

Communications, Inc.).  Both lasers were focused to the back aperture of the objective lens and 

offset from the optical axis to illuminate the sample in highly inclined thin illumination mode 

(Tokunaga et al., 2008).  The filter turret contained a quad band dichroic mirror (Di03-

R405/488/561/635-t1, Semrock, Inc.).  Relay lenses in 4f alignment produced a final 

magnification of 52.7 at a scientific complementary metal-oxide-semiconductor (sCMOS) 

camera (Orca-Flash4.0v3, Hamamatsu Photonics) with an effective pixel size of 120 nm.  A 

filter wheel containing two bandpass filters (FF01-731/137-25 and FF01-600/52-25, Semrock, 

Inc.) was placed just before the camera.  Single-molecule localization was performed, as 

described previously (Huang et al., 2013).  Imaging was conducted for approximately 20 cycles 

for microtubules and 5 cycles for dynein with 2,000 frames per cycle. 

 For dual channel alignment, coverslips with immunostained cells were incubated for 20 min 

with 100 nm red fluorescent beads (F8801, Thermo Fisher Scientific, Inc.) diluted to 1:100,000.  

Samples were washed three times with PBS, then coverslips were placed in a chamber (A7816, 

Thermo Fisher Scientific, Inc.) with 600 µl of imaging buffer (10% (w/v) glucose in 50 mM Tris 

(JT4109-02, Avantor), 50 mM NaCl (S271-500, Thermo Fisher Scientific, Inc.), 10 mM 

cysteamine hydrochloride (M6500-25G, Sigma-Aldrich, Inc.), 50 mM thioethylene glycol 

(M3148-25ML, Sigma-Aldrich, Inc.), 2 mM cyclooctatetraene (138924-1G, Sigma-Aldrich, 

Inc.), 2.5 mM protocatechuic acid (37580-25G-F, Sigma-Aldrich, Inc.), and 50 nM 
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protocatechuate 3,4-Dioxygenase (P8279-25UN, Sigma-Aldrich, Inc.), pH 8.0) topped with a 

layer of mineral oil (124020010, Acros Organics).  Channels were merged and images were 

aligned using ImageJ software (Rasband, 1997-2018; Schneider et al., 2012).  Photoshop 

(Photoshop CC 20.0.3, Adobe) was used to invert colors and select blue areas to show dynein-

microtubule localization.  The Coloc 2 Fiji 2.0 plugin was applied to raw images to obtain 

Pearson’s coefficients that represent co-localization as an expression of intensity correlations 

between channels (Rasband, 1997-2018; Schindelin et al., 2012; Schneider et al., 2012). 

 A similar protocol was followed during DNA-PAINT experiments with minor exceptions to 

meet established guidelines (Agasti et al., 2017; Jungmann et al., 2014; Wang et al., 2017).  

Immediately prior to super-resolution imaging, fluorophore-labeled DNA imager strands P1-Atto 

655 or P7-Atto 655 (a gift from the Yin Lab, Harvard University, Cambridge, MA) were diluted 

separately to 2 to 10 nM in imaging buffer (500 mM NaCl in PBS) to independently visualize 

microtubules or dynein IC, respectively. 

2.3.7 Speckle processing and individual microtubule analysis 

 Images were processed using MetaMorph 7.8 (Molecular Devices) low-pass and Laplace 

filters, as described previously (Lee and Suter, 2008).  Individual microtubule translocation 

events and rates were measured by producing montages from processed images and tracing 

internal fluorescent speckles over time.  Velocities of five microtubules extending from the 

growth cone transition zone into the peripheral domain were averaged to calculate individual 

microtubule velocities for each cell. 

2.3.8 Microtubule bulk velocity analysis  

 ImageJ tools were utilized for image processing and mass microtubule movement analysis, 

except as specified (Rasband, 1997-2018; Schneider et al., 2012).  The line tool was used to trace 

a centerline from the distal tip of an axon to the leading edge of the growth cone on fluorescent 

image stacks.  The region including the axon and growth cone was then cropped and straightened 

before applying Gaussian blur and Mexican hat filters for image processing.  For taxol studies, 

processed image stacks were converted into kymographs, then lines of motion were traced on 

layers in GIMP 2.8.20 (GNU Image Manipulation Program).  ImageJ KymoFlow software was 

utilized to transform traces into refined kymographs representing motion as a function of 
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position and time, then the ShearX plugin was applied to precisely align growth cone positions 

over time (Athamneh et al., 2017; Rasband, 1997-2018; Schneider et al., 2012).  Resultant 

velocities were transferred to Excel (02981-002-423991, Microsoft) for analysis (Athamneh et 

al., 2017).  For Noc and CilD experiments, standard ImageJ plugins were used to produce 

classical kymographs covering axon and growth cone regions and to trace velocities before 

transferring data to Excel (Rasband, 1997-2018; Schneider et al., 2012).  Velocities from all 

types of studies were divided into 10 µm sections along the axon to calculate regional averages 

after initial processing and analysis. 

2.3.9 Co-localization and microtubule extension analysis 

 MetaMorph 7.8 was used for conventional image processing and co-localization analysis.  

Images were sharpened with unsharp mask filters using the same settings for all growth cones 

analyzed.  Thresholding was also performed similarly for all samples.  Regions of interest were 

traced from the C domain boundary to the leading edge of the growth cone, and co-localization 

was determined by the percentage of overlap between channels.  Individual microtubule lengths 

were traced from the C domain boundary into the P domain and averaged to determine an 

extension value for each growth cone. 

2.3.10 MACF43 mRNA injections and +TIP analysis 

 GFP-MACF43 DNA in pCS2+ (a gift from the Lowery Lab, Boston College) was extracted 

from filter paper and transformed into DH5a cells by heat shock.  DNA was purified with an 

E.Z.N.A. FastFilter Plasmid Kit (D6924, Omega Bio-tek, Inc.), and sequences were verified by 

the Purdue University Genomics Core Facility before linearizing the DNA with the NotI-HF 

enzyme (R3189S, New England BioLabs, Inc.) (Table 2.1). 
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Table 2.1.  MACF Sequence Verification 
Sequencing results from the Purdue University Genomics Core were compared to known 
sequences via BLAST software (National Center for Biotechnology Information, U.S. National 
Library of Medicine). 

Feature Sequence (5’-3’) Match Gaps 

SP6 

(primer) 

ATTTAGGTGACACTATAG 100% 0% 

M13R 

(primer) 

CATGGTCATAGCTGTTTCCTG 100% 0% 

T3 

(primer) 

TCCCTTTAGTGAGGGTTAAT 100% 0% 

MACF43 

(dystonin) 

(MACF18 

Overlap) 

GAAACTGTCCCCCAGACACACAGACCTACACCCCGA 

GCAGGTTCTCGGCCATCCACAGCGAAGCCTTCAAAA 

ATCCCCACGCCCCAGAGGAAATCACCTGCCAGCAAA 

TTGGACAAGTCCTCAAAGAGATGA 

100% 0% 

 

 GFP-MACF43 mRNA was obtained via  mMESSAGE mMACHINE SP6 kits (AM1340, 

Thermo Fisher Scientific, Inc.).  RNA was mixed with TE buffer (AM9860, Ambion) to achieve 

0.8 to 1 mg/ml GFP-MACF43, spun at 13,000 g for 30 min, and stored on ice before injecting it 

into Aplysia neurons.  Microinjection pipettes were prepared using a Narishige PP830 vertical 

system and chilled to 4°C before use.  Cells recovered for 5 h at 14°C before acute treatments, as 

described by pharmacological methods.  U-track MATLAB software was used to analyze 

microtubule dynamics (R2018b, The MathWorks, Inc.) (Applegate et al., 2011; Jaqaman et al., 

2008). 

2.3.11 Western blot 

 Aplysia central nervous system (CNS) tissue was homogenized with an Omni Mixer 

Homogenizer (17105, Omni International, Inc.) in a mixture of buffer (50 mM Tris-HCl, 150 

mM NaCl, 1 mM EGTA, 1% Triton X-100, pH 7.5), 0.5 mM Pefabloc SC Plus (11873601, 

Roche Molecular Systems, Inc.), and 1% protease inhibitor cocktail (P8340, Sigma-Aldrich, 

Inc.) with one PhosSTOP tablet (PHOSS-RO, Roche, Ltd.).  The lysis mixture was then spun at 

10,000 g for 30 min at 4°C before collecting the supernatant.  Proteins were separated using 
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 5% gel and 

transferred to a polyvinylidene difluoride (PVDF) membrane.  The membrane was blocked with 

5% dry milk in PBS for 1 h at room temperature.  It was then washed three times for 5 min with 

PBS and three times for 5 min with 0.1% triton in PBS (PBST) before it was incubated with 

antibodies against DHC1 diluted to 1:200 in 0.05% PBST with 0.1% dry milk overnight at 4°C.  

The membrane was subsequently washed with PBS, then 0.1% PBST and incubated with 

secondary antibodies (A21088, Thermo Fisher Scientific, Inc.) diluted to 1:1000 in 0.05% PBST 

with 0.1% dry milk for 1 h at room temperature.  Final washes with PBS, then 0.1% PBST were 

performed before imaging the membrane with an Odyssey (LI-COR, Inc.) detection system. 

2.3.12 Data analysis and display 

 Data were gathered and analyzed as described throughout the document.  SAS 9.4 (SAS 

Institute, Inc.), SPSS Statistics 25.0 (IBM), and Excel software were used for statistical analyses.  

GraphPad Prism 7.0d (GraphPad Software, Inc.) and Canvas Draw 5 (Canvas GFX, Inc.) were 

used for data displays. 

  



39 

 

CHAPTER 3.  EFFECTS OF TAXOL ON NEURITE ELONGATION AND 

MICROTUBULE TRANSLOCATION DYNAMICS 

3.1 Introduction 

 Microtubule polymerization and translocation are essential for neurite growth.  However, the 

distinct contributions of microtubule assembly and translocation to axonal elongation have not 

been fully quantified.  This experimental series examined how microtubule assembly and 

translocation affect neurite elongation by quantifying neurite, individual microtubule, and mass 

microtubule movements when microtubule polymerization was pharmacologically enhanced by 

low doses of taxol. 

3.2. Results and Discussion 

3.2.1 Taxol dose responses in Aplysia neurons 

 Previous studies have demonstrated low-doses of taxol mildly stabilize microtubules so they 

spend more time polymerizing and less time in catastrophe (Witte et al., 2008).  Conversely, high 

concentrations disturb dynamics and cause microtubules to break under actomyosin retrograde 

forces (Dehmelt et al., 2003; Letourneau et al., 1987; Waterman-Storer and Salmon, 1997).  This 

study built upon prior research by testing the hypothesis that enhancing microtubule 

polymerization with low taxol concentrations increases neurite growth rates in Aplysia bag cell 

neurons. 

 Cells were cultured on hemolymph mixed with poly-L-lysine to determine taxol 

concentrations that increase and decrease neurite growth rates in Aplysia neurons.  Neurite 

velocities were measured during chronic taxol treatments via phase microscopy pre- and post-

treatment.  Taxol was bath applied to separate samples at 1, 5, 10, 50, or 100 nM or 1 µM 

concentrations with treatments ranging from 4 to 24 h to determine dose responses.  Optimal 

treatment time ranged from 4 to 10 h, with 5 nM taxol increasing neurite growth rates and 1 µM 

taxol decreasing them (Fig. 3.1). 
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Figure 3.1.  Low taxol concentrations increase neurite growth rates 

Aplysia bag cell neurons were treated with DMSO (control (ctl)), 1, 5, 10, 50, or 
100, nM  or 1 µM taxol for 4 h to determine dose responses.  5 nM taxol increased 
neurite growth rates; 1 µM taxol decreased neurite growth rates.  Parenthetical 
numbers represent neurites.  Quantifications represent mean±s.e.m. with 
comparisons to controls for three independent experiments; ****p<0.0001, 
*p<0.05 (one-way ANOVA with Tukey’s post hoc test). 

 Consistent with studies in other model systems, the results indicated mild microtubule 

stabilization increases neurite extension, but overstabilization compromises microtubule 

dynamics (Erturk et al., 2007; Sengottuvel et al., 2011; Witte et al., 2008).  These studies built 

upon previous outgrowth investigations by analyzing neurite velocities to reveal that low taxol 

concentrations increase neurite growth rates and high concentrations reduce them; control 

growth rates were 12.0±0.7 µm/h, and 5 nM taxol increased them to 15.0±0.9 µm/h, while 1 µM 

taxol reduced them to -2.2±0.9 µm/h (mean±s.e.m.) (Fig. 3.1).  These results implied mild 

microtubule stabilization enhances microtubule polymerization, which causes an increase in 

neurite growth rates.  They also raised questions about the underlying mechanisms driving 

microtubule assembly and translocation during neurite outgrowth that are addressed later in the 

study.  Specifically, these results spurred curiosity about whether microtubule assembly or 
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translocation has a stronger influence on neurite outgrowth and whether microtubule assembly 

must precede translocation to lay tracks for motor protein activity. 

 Drugs that attenuate microtubule dynamics inhibit both microtubule and F-actin 

polymerization, and they prevent axon branching but not elongation (Dent and Kalil, 2001).  To 

determine whether enhancing microtubule dynamics promotes axon branching and elongation in 

Aplysia neurites, these characteristics were analyzed after treating cells with an array of taxol 

concentrations (Fig. 3.2 A, C).  Axon branching after treatment increased by 0.2±0.1 branch 

points in controls versus 0.4±0.1 branch points in cells treated with 1 nM taxol, but the length of 

the longest neurite in each cell before and after treatment was similar in both groups 

(mean±s.e.m.) (Fig. 3.2 A, C).  The change in the number of neurites before and after treatment 

was also similar for controls and cells treated with low taxol concentrations (Fig. 3.2 B).  High 

taxol concentrations decreased all three characteristics (Fig. 3.2 A-C).  Additional testing is 

required to determine the cause of decreased neurite branch points in 10 nM taxol samples 

compared to controls and higher concentration groups, but it may be partially due to variability 

in taxol effectiveness, which became apparent during subsequent acute taxol studies.  The time-

course effectiveness of taxol in Aplysia cells, which was revealed during neurite velocity 

experiments that showed 4 to10 h treatments were the most effective, may also be a factor.  

Results from this study indicate that enhancing microtubule polymerization promotes axon 

branching but not extension.  Microtubules may be more receptive to taxol treatments during 

neurite initiation than during subsequent axonal growth.  These findings strengthen the 

hypothesis that microtubules polymerize to explore the growth cone periphery before directing 

neurite growth (Dent and Kalil, 2001; Kalil and Dent, 2014; Lee and Suter, 2008; Tanaka et al., 

1995). 
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Figure 3.2.  Neurite growth characteristics during taxol treatments 

Changes in (A) the length of the longest neurite, (B) number of neurites, and (C) 
number of branch points in Aplysia bag cell neurons were calculated by measuring 
differences between pre- and post-treatment values.  1 nM taxol increased the 
number of branch points (C) but did not alter the length of the longest neurite or the 
number of neurites (A, B).  1 µM taxol reduced all three characteristics (A-C).  
Parenthetical numbers represent neurons in (A, B) and neurites in (C).  
Quantifications represent mean±s.e.m. with comparisons to controls for three 
independent experiments employing 4 h treatments; **p<0.01, *p<0.05 (one-way 
ANOVA with Tukey’s post hoc test). 
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 Chronic taxol treatments did not reveal a threshold concentration that simultaneously 

increased neurite growth rates, branching, elongation, and number of neurites (Figs 3.1, 3.2).  

However, concentrations between 1 and 10 nM were most effective for increasing the parameters 

of interest for this study.  These concentrations were initially tested in subsequent fluorescent, 

live-cell microscopy experiments before selecting 5 nM taxol for acute treatment studies to 

determine whether individual and bulk microtubule translocations increase with stabilized 

microtubule dynamics. 

3.2.2 Mass microtubule movements under enhanced microtubule assembly conditions 

 Previous studies employed the microtubule assembly inhibitor Noc to demonstrate a strong 

correlation between bulk microtubule and neurite velocities (Athamneh et al., 2017).  To 

determine whether bulk microtubule translocation increases when microtubules are mildly 

stabilized with taxol, neurons were microinjected with rhodamine tubulin and allowed to recover 

for at least 1 h before time-lapse imaging.  Fluorescent and DIC images of microtubules and 

neurites were then collected for 15 min at 15-20 s intervals following 30 min, 5 nM taxol 

treatments (Fig. 3.3 A).  ImageJ was utilized to process fluorescent images and produce 

kymographs that were traced in Gimp 2.8.20 (Rasband, 1997-2018; Schneider et al., 2012).  

Traces were transformed into velocity maps with the ImageJ KymoFlow algorithm to obtain 

positional bulk microtubule flow rates along the axon and growth cone (Fig. 3.3 B) (Athamneh et 

al., 2017; Rasband, 1997-2018; Schneider et al., 2012). 

 While mass microtubule velocity was noticeably higher in the region from 10 to 20 µm 

proximal to the transition zone in taxol cells than in controls, average velocities from 0 to 30 µm 

proximal to the transition zone were similar for both groups, with 4.4±2.4 µm/h in controls and 

4.1±2.1 µm/h in taxol cells (mean±s.e.m.) (Fig. 3.3 C, D).  Bulk microtubule velocities in the 

transition zone were also nearly the same:  6.7 µm/h in controls and 6.0 µm/h in taxol-treated 

cells, respectively (Fig. 3.3 C). 
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Figure 3.3.  Low-dose taxol does not alter mass microtubule velocity in Aplysia neurites 

(A) DIC images of a control (ctl) neurite with rhodamine-labeled microtubules 
(MT) at time 0 and 15 min later.  Scale:  10 µm.  (B) The velocity map of 
microtubules in (A) displays characteristic retrograde movement in the growth cone 
peripheral domain and anterograde movement in the central domain. The 
duplicated kymograph includes traces that measure motion.  (C) Bulk microtubule 
velocity as a function of distance from the transition zone set at the origin in control 
(ctl) and 5 nM taxol cells.  Velocities are plotted as mean±s.e.m. for 10 µm regions 
along the axon.  (D) Bulk microtubule velocity from 0 to 30 µm proximal to the 
transition zone (mean±s.e.m.).  Parenthetical numbers represent neurons.  Data are 
from three independent experiments.  
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 Although small sample sizes prevented statistical analysis, a tentative hypothesis may be 

formulated from experimental data.  Observations indicate mild microtubule assembly 

enhancement does not immediately alter mass microtubule movements.  Increasing bulk 

anterograde microtubule movements requires a sufficient increase in microtubule assembly; 

otherwise, actin retrograde forces continue to sweep microtubules backward.  Because bulk and 

individual microtubule movements uniquely contribute to axonal growth, the next series of 

experiments examined the effects of microtubule stabilization on individual microtubule 

movements to determine whether stabilization increases forward translocations. 

3.2.3 Individual microtubule translocation and assembly under mild microtubule 
stabilization conditions 

 Prior investigations revealed individual microtubule forward translocation increases in 

growth cones responding to adhesion molecules, but these studies did not fully characterize how 

individual microtubule movements contribute to axonal advance (Lee and Suter, 2008; Schaefer 

et al., 2008b).  This series of experiments tested the hypothesis that microtubule assembly is 

required for individual forward microtubule translocation and that both processes contribute to 

the increased neurite growth rates observed during chronic taxol treatments.  Individual 

microtubule FSM was used to test these predictions.  Neurons were microinjected with 

rhodamine tubulin before performing fluorescent and DIC imaging, as described for mass 

microtubule movement studies (Fig. 3.4 A, B).  Low-pass and Laplacian-transformation filters 

were used to process images and produce montages in MetaMorph 7.8, and individual 

microtubule-forward, microtubule-backward, and microtubule-pause events were identified by 

tracing speckles across frames with the MetaMorph multi-line tool (Fig. 3.4 C). 

 Although individual microtubule translocation rates increased with acute 5 nM taxol 

applications, neurite growth rates were unchanged (Fig. 3.4 D, E).  Individual microtubule 

translocation events were not significantly different following taxol treatments, but there was a 

tradeoff of retraction and pause events for forward translocation (Fig. 3.4 F-H).  These tradeoffs 

in individual microtubule translocations may explain the increase in microtubule translocation 

rates when microtubule assembly is mildly enhanced (Fix 3.4 E-H). 
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Figure 3.4.  Low-dose taxol increases individual microtubule velocity 

Cultured neurons were treated with DMSO (control (ctl)) or 5 nM taxol to analyze 
microtubule-neurite relationships.  (A) DIC image of a growth cone after DMSO 
treatment.  (B) Rhodamine-labeled microtubules inside (A).  (C) Time-lapse 
montage of the red-boxed microtubule in (B) at 15 s intervals.  (D) Neurite velocity 
was unchanged by 5 nM taxol after 15 min, but (E) microtubule (MT) velocity 
increased.  (F-H) Forward, backward, and pause events are depicted as percentages 
of total microtubule events.  Parenthetical numbers represent neurons; (E-H) depict 
averages of five microtubules for each neuron.  Quantifications represent 
mean±s.e.m. for three independent experiments; *p<0.05 (Mann-Whitney test). 
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 The increase in individual microtubule velocity and associated increase in forward 

translocation and decrease in retrograde translocation during mild microtubule stabilization 

suggests microtubule translocation and assembly contribute interdependently to neurite 

elongation.  The unpredicted similarity between control and taxol neurite growth rates may be 

attributed to a time-course effect of taxol.  Therefore, longer taxol treatments are predicted to 

increase neurite growth rates by inducing increased microtubule assembly, which will lay 

additional tracks for microtubule translocation. 

3.3 Study Limitations 

 Additional testing is required to validate preliminary conclusions because small sample sizes 

and high variability restricted data analysis during this experimental series.  Another limitation to 

this investigation was that it accounted for microtubule assembly indirectly by assuming low 

concentrations of taxol increased microtubule polymerization rather than measuring assembly 

directly by FSM.  It is reasonable to assume low-dose taxol induced assembly because taxol is a 

proven microtubule stabilizer; however, the precise contributions of microtubule assembly were 

not quantified during this study due to experimental constraints (Jordan and Kamath, 2007).  To 

partially address this issue, MACF43 was employed to track microtubule assembly during 

experiments described later in this work. 

3.4 Conclusion 

 Taxol dose characteristics in Aplysia neurons were determined during this study.  Consistent 

with prior studies, low taxol concentrations increased neurite velocities and high concentrations 

decreased them during chronic treatments (Erturk et al., 2007; Sengottuvel et al., 2011; Witte et 

al., 2008).  However, 5 nM taxol produced unpredicted results during acute treatments.  

Although low-dose taxol increased individual microtubule translocations, it did not significantly 

increase neurite growth rates or mass microtubule velocities.  Considering prior investigations 

that demonstrated individual microtubules explore the growth cone periphery through assembly 

and translocation, a possible explanation for the rate disparity is that individual microtubule 

forward translocation and assembly are prerequisites for mass microtubule and axon anterograde 

movement.  Mass microtubule and neurite growth velocities are expected to increase with longer 
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taxol treatments because they should follow increases in individual microtubule velocity and 

forward translocations. 
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CHAPTER 4.  DYNEIN-MICROTUBULE LOCALIZATION 

 A version of this chapter has been submitted to a peer-reviewed journal for publication. 

4.1 Introduction 

 A battery of MAPs regulate microtubule dynamics and movements to mediate numerous 

cellular functions, including growth cone steering and advance (Hur et al., 2012; Kalil and Dent, 

2014; Wong and Hashimoto, 2017).  Dynein is an important MAP and minus-end directed motor 

protein (Reck-Peterson et al., 2018).  Previous experiments revealed p150Glued recruits dynein to 

microtubule plus ends, where it tethers microtubules to actin, other microtubules, and the cellular 

membrane (Duellberg et al., 2013; Duellberg et al., 2014; Hendricks et al., 2012; Perlson et al., 

2013; Yogev et al., 2017).  They also demonstrated that dynein moves microtubules forward 

against actomyosin retrograde forces in the growth cone and drives mass microtubule 

movements that contribute to neurite elongation (Grabham et al., 2007; Roossien et al., 2014).  

Because mass microtubule movements represent the coordinated motion of microtubules cross-

linked with MAPs, this study tested the hypothesis that microtubule assembly and dynein 

interactions are required for microtubule translocation and neurite growth. 

4.2 Results and Discussion 

4.2.1 Innovating a no-cost device enabled dual-system experimentation 

 Before testing the hypothesis, a no-cost device was designed to facilitate dual-system 

conventional and super-resolution imaging.  Prior to constructing this device, mechanical 

differences in imaging systems necessitated separate sample preparations for conventional and 

super-resolution imaging, resulting in unnecessary monetary and time expenditures.  A 

collaborative effort with Dr. Donghan Ma and the Purdue University Project Machine Shop 

produced a microscope stage holder that enables imaging a single sample on two unique systems 

(Fig. 4.1).  This device made it possible to inspect samples and experiment with them via 
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conventional means before initiating super-resolution experiments, which increased experimental 

throughput by 100% and decreased super-resolution imaging false starts by 50%. 
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Figure 4.1.  Innovation:  setting the stage 

Prior to innovation, the traditional stage holder (A) supported only the sample 
configuration depicted in (A’) and limited imaging exclusively to a conventional 
microscopy system (A’’, B’’).  After implementing a no-cost solution, the modified 
stage holder (B) allowed configurations in (A’, A’’) and (B’, B’’) and enabled dual-
system imaging on super-resolution (C) and conventional microscopy (A”, B”) 
apparatuses during a single experiment. 
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4.2.2 Inhibiting microtubule assembly disrupts dynein-microtubule interactions 

 Because disrupting microtubule assembly blocks microtubule associations with +TIPs, and 

+TIPs recruit dynein to microtubule plus ends, both conventional and single-molecule switching 

nanoscopy (SMSN) imaging of microtubules and dynein were performed to determine whether 

microtubule assembly is required for dynein-microtubule interactions (Coles and Bradke, 2015; 

Duellberg et al., 2014; Erdogan et al., 2017; Kapitein and Hoogenraad, 2015).  After validating 

antibodies with a western blot, dynein heavy chain-1 (DHC1) and a-tubulin in bag cell neurons 

were immunolabeled following 5 min applications of 10 µM ciliobrevin D (CilD), 1 µM 

nocodazole (Noc), or both inhibitors in combination (Figs 4.2 and 4.3). 

 

 

Figure 4.2.  Western blot of DHC1 antibody using Aplysia CNS proteins 

(A) Antibody detects the 532 kDA DHC1 in Aplysia CNS lysate.  (B) The band is 
absent in the no primary antibody control. 

 While fewer microtubules extended beyond the C domain in Noc growth cones than in 

controls, microtubules in growth cones treated with either CilD alone or in combination with 

Noc extended farther than microtubules in growth cones treated only with Noc (Fig. 4.3 A-E).  

Dynein was detected along microtubules in control and CilD-treated growth cones, whereas a 

significant fraction of dynein signals was not associated with microtubules when assembly was 

inhibited with either Noc alone or in combination with CilD (Fig. 4.3 A-D, F). 

 Dynein-microtubule co-localization and microtubule extension were quantified for each 

experimental condition (Fig. 4.3 E, F).  Control and CilD growth cones displayed similar co-

localization values:  30.2±2.0% for controls and 29.0±2.2% for CilD (mean±s.e.m.) (Fig. 4.3 F).  

Noc and combination treatment groups had values of 8.8±1.4% and 10.0±1.0%, respectively, 
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which were significantly lower than those for control or CilD groups (mean±s.e.m.) (Fig. 4.3 F).  

Microtubule extension into the P domain differed significantly among all groups:  it was 

10.1±0.6 µm in control, 8.1±0.5 µm in CilD, 2.4±0.4 µm in Noc, and 5.1±0.4 µm in CilD-Noc 

growth cones (mean±s.e.m.) (Fig. 4.3 E).  The similar co-localization values for control and CilD 

groups, along with the threefold decrease in co-localization for Noc- and CilD-Noc-treated 

neurons compared to controls, suggest microtubule assembly is required for proper dynein-

microtubule interactions.  Furthermore, the noncumulative negative effects of microtubule 

assembly and dynein inhibition indicate that microtubule assembly is required for dynein-

mediated microtubule translocation and that these processes are interdependent (Fig. 4.3 E, F). 
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Figure 4.3.  Inhibiting microtubule dynamics decreases dynein-microtubule co-localization 

Cultured neurons were treated with 10 µM CilD, 1 µM Noc, or mixed CilD-Noc 
for 5 min before formaldehyde fixation and immunolabeling with antibodies 
against a-tubulin and DHC1 (A-D).  Representative images of (A) control (ctl), (B) 
CilD, (C) Noc, (D) CilD and Noc growth cones are shown.  The white trace in (A) 
indicates the region analyzed in (E, F).  Scale bar:  10 µm.  (E) Microtubule (MT) 
extension beyond the C domain boundary.  (F) Dynein-microtubule co-localization 
from the C domain boundary to the leading edge of the growth cone.  Parenthetical 
numbers represent neurites.  Quantifications display mean±s.e.m. for three 
independent experiments; ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 (one-
way ANOVA with Tukey’s post hoc test). 
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4.2.3 Super-resolution imaging confirms dynein-microtubule interactions 

 SMSN was performed to confirm co-localization data and obtain additional insights into 

dynein-microtubule associations (Fig. 4.4).  Although SMSN analysis was limited by low sample 

sizes, super-resolution imaging revealed dynein localizes along control and CilD microtubules, 

which had Pearson’s coefficients representing channel intensity correlations of 0.10 and 0.06, 

respectively (Fig. 4.4 E”, F).  Much less dynein localization occurred along CilD-Noc (0.03 

Pearson’s coefficient) and Noc (0.01 Pearson’s coefficient) microtubules (Fig. 4.4 E”, F).  These 

data should be further analyzed by applying computational strategies, such as artificial neural 

network accelerated localization microscopy (ANNA-PALM) software, after acquiring 

additional SMSN images.  ANNA-PALM reconstructs super-resolution images with sparse 

molecule localization, which is characteristic of dynein, and improves spatial resolution (Ouyang 

et al., 2018).  Although additional studies and computational applications are required for data 

analysis, SMSN validated initial co-localization findings and exposed an exciting area for future 

exploration wherein dynein-microtubule relationships may be resolved at the nanoscale level. 
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Figure 4.4.  SMSN of dynein-microtubule localization 

Neurons were fixed with formaldehyde and immunolabeled with antibodies against 
a-tubulin and DHC1 following 5 min applications of 10 µM CilD, 1 µM Noc, or 
combined CilD-Noc.  (A-D) Representative images of microtubules (green) and 
dynein (red) in (A) control (ctl); (B) CilD; (C) Noc; (D) CilD and Noc growth 
cones.  The dashed box represents the cropped regions displayed in (E).  (E) 
Enlarged regions from (A-D).  (E’) Colors in (E) were inverted in Photoshop to 
clearly discern dynein (cyan) and microtubules (magenta).  (E”) The color isolation 
tool was then used to select and retain blue regions before desaturating magenta 
regions to pinpoint areas of dynein-microtubule co-localization with minimal 
image processing.  Rectangles in (E”) outline regions where dynein localized along 
microtubules in control and CilD growth cones.  These regions were not readily 
discernable in cells treated with Noc or Noc-CilD.  (F) To confirm observations 
from (E”), the Coloc 2 Fiji 2.0 plugin was applied to raw images from (E) to obtain 
Pearson’s coefficients that represent intensity correlations between channels 
(Rasband, 1997-2018; Schindelin et al., 2012; Schneider et al., 2012).  Scale bars:  
2 µm. 

SMSN imaging and reconstructions were performed by Dr. Donghan Ma (Huang 
Lab, Purdue University, West Lafayette, IN). 
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4.2.4 Dynein intermediate chain labeling confirms heavy chain studies 

 To provide further confirmation of dynein-microtubule interactions, dynein ICs and a-

tubulin were immunolabeled after performing the same drug applications that were administered 

during DHC experiments.  Additional studies are required for data analysis, and antibodies must 

be validated by western blot, but conventional and SMSN imaging indicate dynein IC antibodies 

are an effective tool for refining dynein-microtubule co-localization measurements from DHC 

investigations (Figs 4.5, 4.6).  Dynein IC antibody employment in future Aplysia growth cone 

model system studies will fine-tune understanding of the many regulators involved in 

microtubule dynamics and axonal elongation. 
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Figure 4.5.  Dynein IC labeling confirms co-localization studies 

Neurons were treated with 10 µM CilD, 1 µM Noc, or mixed CilD-Noc for 5 min 
before formaldehyde fixation and immunolabeling with antibodies against a-
tubulin and dynein IC.  Images of (A) control (ctl), (B) CilD, (C) Noc, (D) CilD 
and Noc growth cones are displayed.  Additional studies are required for data 
analysis, but preliminary data indicate dynein IC antibodies may be used to refine 
dynein-microtubule co-localization measurements.  Scale bar:  10 µm. 
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Figure 4.6.  SMSN of dynein IC and microtubules 

Growth cones were immunolabeled with antibodies against a-tubulin and dynein 
IC after 5 min, 10 µM CilD or combined 10 µM CilD and 1 µM Noc treatments.  
SMSN images show dynein IC and microtubules in (A) CilD and (B) CilD-Noc 
growth cones.  Scale bar:  2 µm. 

SMSN imaging and reconstructions were performed by Dr. Donghan Ma (Huang 
Lab, Purdue University, West Lafayette, IN). 

4.2.5 PAINT-ing microtubules and dynein 

 Precision medicine offers encouraging prospects for tailoring neurological drug therapies to 

meet patient needs; however, determining which molecules to target and predicting patient 

responses limit progression in this field (Tan et al., 2016).  Understanding the mechanisms by 

which neurons alter and maintain their molecular makeup is fundamental to realizing the 

potential of precision medicine for treating neurological diseases (Tan et al., 2016).  To assist 

with this effort, DNA points accumulation for imaging in nanoscale topography (DNA-PAINT) 
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techniques were employed to achieve ultra-resolution imaging of dynein and microtubule 

interactions. 

 DNA-PAINT uses DNA molecules as labeling and imaging probes to accomplish high 

multiplexing, overcome photobleaching, and optimize localization (Schnitzbauer et al., 2017).  It 

exploits super-resolution capabilities by using dyes that bind transiently with, and dissociate 

quickly from, targets to enable nanoscale precision (Hysolli, 2018; Nieves et al., 2018; 

Schnitzbauer et al., 2017).  Two complementary single-stranded DNA oligomers, a docking 

strand and an imager strand, are used to visualize a target of interest (Schnitzbauer et al., 2017).  

Because docking strands are conjugated to secondary antibodies, conventional and PAINT 

sample-preparation protocols are interchangeable with minor modifications.  Imager strands are 

conjugated to organic dyes and diffuse freely in imaging buffer, making them undetectable in the 

unbound state (Jungmann et al., 2014).  Cameras detect them when they bind transiently to a 

complementary docking strand, where they remain stationary for an extended time (Jungmann et 

al., 2014). 

 Consistent with prior experiments, DNA-PAINT produced super-resolution reconstructions 

of microtubules (Fig. 4.7 A) (Auer et al., 2018; Nieves et al., 2018).  However, it was not as 

effective for dynein reconstructions (Fig. 4.7 B).  A combination of factors may have precluded 

dynein visualization with PAINT, including labeling techniques, imaging buffers, and imager 

strands.  The natural sparsity of motor protein molecules is also suspected to have limited DNA-

PAINT applications during dynein studies.  Further testing will determine whether PAINT 

technology may be used to refine dynein-microtubule relationships. 
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Figure 4.7.  DNA-PAINT imaging of dynein IC and microtubules 

Super-resolution PAINT images of (A) microtubules labeled with DNA-conjugated 
P7 secondary antibodies and P7-Atto 655 imager strands and (B) dynein IC labeled 
with DNA-conjugated P1 secondary antibodies and P1-Atto 655 imager strands in 
separate cells.  Growth cones were immunolabeled with primary antibodies against 
(A) a-tubulin and (B) dynein IC.  PAINT produced microtubule reconstructions 
but provided insufficient data for informative dynein reconstructions.  Scale bar:  2 
µm. 

PAINT imaging and reconstructions were performed by Dr. Donghan Ma (Huang 
Lab, Purdue University, West Lafayette, IN).  

 Although DNA-PAINT did not reveal new details during these experiments, the 

investigations paved the way for employing this powerful tool in future neuronal studies.  With 

ever-improving DNA-PAINT technologies, the spectrum of labeling capabilities will continue to 

expand.  PAINT promises to increase the number of neuronal proteins that may be imaged 

simultaneously.  It also has the potential to specifically and simultaneously label multiple 

subunits in complex proteins, such as dynein, to fully define molecular interactions. 
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4.3 Study Limitations 

 This study provided significant insights into dynein-microtubule interactions, but it is 

important to acknowledge the limitations of fluorescence microscopy and co-localization 

analysis.  Errors are introduced during co-localization quantifications because molecules in the 

same subcellular region are not necessarily bound, fluorescent displays are artifact-prone, and 

image acquisition and measurement techniques are not standardized (Barlow et al., 2010; Moser 

et al., 2017).  To mitigate these factors, images were acquired using the same acquisition and 

emission settings during all conventional microscopy experiments.  Images were also processed 

using the same settings for each sample, and image thresholding was performed with minimal 

differences among samples.  Additionally, super-resolution imaging was conducted to confirm 

co-localization. 

4.4 Conclusion 

 Dampening microtubule dynamics reduced both dynein-microtubule co-localization and 

microtubule extension beyond the C domain (Fig. 4.3 E, F).  Dynein inhibition also disturbed 

microtubule extension less than blocking microtubule assembly and did not significantly impact 

dynein-microtubule co-localization (Fig. 4.3 E, F).  These findings, combined with the 

knowledge that CilD locks dynein in a weakly-bound transition state on microtubules, suggest 

microtubule assembly is required for dynein to affect microtubule forward translocation through 

motor activity and plus-end binding activity (Roossien et al., 2015).  The results also unveiled 

new possibilities for precisely resolving details of dynein-microtubule interactions with SMSN. 
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CHAPTER 5.  MICROTUBULE ASSEMBLY AND DYNEIN-MEDIATED 

TRANSLOCATION DURING NEURITE ELONGATION 

 A version of this chapter has been submitted to a peer-reviewed journal for publication. 

5.1 Introduction 

Early studies employing microtubule-assembly inhibitors and microtubule-stabilizing 

agents suggested microtubule assembly at the distal end of the axon is the driving force for 

axonal elongation (Bamburg et al., 1986; Letourneau and Ressler, 1984).  More recently, 

individual microtubule translocation and bulk microtubule movement were detected in advancing 

growth cones and elongating neurites (Athamneh et al., 2017; Lee and Suter, 2008; Schaefer et 

al., 2002).  Bulk microtubule movements occur at slower speeds than individual sliding and 

correlate with neurite elongation (Athamneh et al., 2017).  These mass microtubule movements 

differ from individual sliding that initiates new neurites because they are more closely related to 

cell migration and represent the flow of a meshwork of cross-linked microtubules, actin, and 

motor proteins (Baas and Yu, 1996; Chang et al., 1998; Hutchins and Wray, 2014; Lu et al., 

2013; Lu and Gelfand, 2017).  Studies have demonstrated that both neurite elongation and 

docked mitochondrial movement, an indicator of bulk microtubule advance, decrease when 

microtubule assembly is blocked with Noc (Athamneh et al., 2017).  Similar effects have 

occurred when dynein is disrupted, which raises questions about how microtubule assembly, 

dynein activity, and microtubule translocation are related and how they contribute to neurite 

elongation (Roossien et al., 2014).  In the present study, the contributions of these processes 

were investigated by inhibiting microtubule assembly with Noc, dynein with CilD, or both in 

combination before analyzing neurite growth, microtubule translocation and dynamics, and 

axonal tension.  Inhibiting microtubule assembly and dynein activity did not have additive 

effects on neurite growth and had partial compensatory effects on microtubule movements, 

suggesting microtubule dynamics and translocation are interdependent processes.  Specifically, 

this study indicates microtubule assembly is required for dynein to generate individual and bulk 

microtubule movements during neurite elongation. 
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5.2 Results 

5.2.1 Dynein inhibition attenuates neurite growth rate reductions caused by blocking 
microtubule assembly 

 This experimental series tested the hypothesis that dynein-driven microtubule movement and 

microtubule assembly are interdependent processes in neurite elongation.  Dynein was 

chronically inhibited with 10 µM CilD, microtubule assembly dynamics were blocked with 1 µM 

Noc, or dynein and microtubule assembly were inhibited simultaneously with mixed CilD-Noc 

treatments for 6 h in cultured Aplysia californica bag cell neurons (Fig. 5.1 A-D).  Neurite 

elongation rates were measured with phase contrast microscopy, revealing Noc alone decreased 

neurite velocity from 4.4±0.5 µm/h to -2.9±0.3 µm/h, whereas CilD and simultaneous CilD-Noc 

treatments reduced velocity to 0.0±0.3 µm/h and -1.1±0.1 µm/h, respectively (mean±s.e.m.) (Fig. 

5.1 E).  Although future tests with lower and higher concentrations of CilD and Noc will reveal 

precise details of dynein-microtubule contributions to neurite growth, the lack of an additive 

effect of the combination treatment in the present study suggests dynein activity and microtubule 

assembly are interdependent with respect to neurite elongation.  Reduced variance in CilD-Noc 

neurites compared to other groups also indicates growth cone dynamics are largely influenced by 

both dynein activity and microtubule assembly (Fig. 5.1 E). 
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Figure 5.1.  Combined CilD and Noc reduces neurite growth rates less than Noc alone 

10 µM CilD and 1 µM Noc were applied separately or together to Aplysia bag cell 
neuronal cultures to disrupt dynein activity and microtubule assembly.  CilD was 
applied 5 min prior to Noc in combined treatments to ensure dynein inhibition 
preceded microtubule assembly inhibition.  (A-D) Phase contrast images of (A) 
control (ctl), (B) CilD, (C) Noc, (D) CilD and Noc neurons before and after 6 h 
chronic treatments.  Scale bar:  50 µm.  (E) Combination treatments reduced neurite 
elongation rates less than Noc alone.  Parenthetical numbers represent neurites.  
Plots represent mean±s.e.m. for three independent experiments; ****p<0.0001, 
**p<0.01 (one-way ANOVA with Tukey’s post hoc test). 

5.2.2 Microtubule assembly and dynein activity cooperate in bulk and individual 
microtubule translocation 

 Previous studies revealed a high correlation between bulk microtubule velocity and neurite 

growth rates in both chick sensory and Aplysia bag cell neurons (Athamneh et al., 2017).  The 
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present study tested the hypothesis that both dynein activity and microtubule assembly are 

required for bulk microtubule translocation and that these processes are interdependent.  X-

rhodamine-labeled tubulin was injected into bag cell neurons, and bulk microtubule motion was 

monitored for 15 min by FSM while tracking corresponding neurite velocity for 1.5 h by phase 

contrast microscopy (Fig. 5.2 A).  Bulk microtubule translocation velocities were measured on 

kymographs spanning from the leading edge of the growth cone to 50 µm from the T zone (Fig. 

5.2 A’, B).  Average bulk microtubule anterograde velocity was 7.3±1.4 µm/h in controls, but 

velocities were significantly lower in all three drug conditions:  -2.1±0.7 µm/h for Noc, 0.0±0.7 

µm/h for CilD, and 1.8±0.5 µm/h for CilD-Noc (mean±s.e.m.) (Fig. 5.2 C).  Regression analysis 

revealed a strong correlation between neurite and bulk microtubule velocity, with an R2 of 79%, 

which is consistent with previous studies (Fig. 5.4 B) (Athamneh et al., 2017).  The reduction in 

bulk microtubule velocity when microtubule assembly or dynein activity were inhibited, the 

reduced variability in mass microtubule velocity in combination-treated cells compared to other 

treatment groups, and the high correlation between neurite and bulk microtubule velocity, 

suggest both microtubule dynamics and dynein activity are required for anterograde bulk 

microtubule translocation and neurite elongation. 
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Figure 5.2.  Bulk microtubule velocity depends on microtubule assembly and dynein activity 

(A) Fluorescent images display microtubule distribution in a control neurite at time 
0 and 15 min later.  Scale:  10 µm.  (A’) The kymograph of the entire region in (A) 
displays anterograde bulk microtubule movement with characteristic retrograde 
velocity in the growth cone P domain and anterograde velocity in the C domain.  
The duplicated kymograph includes traces that indicate motion.  (B) Bulk 
microtubule (MT) velocity as a function of distance from the transition zone set at 
the origin.  Velocities are plotted as mean±s.e.m. for 10 µm regions along the 
neurite (ctl:  control).  (C) Bulk microtubule velocity from 10 to 50 µm proximal to 
the transition zone represented as mean±s.e.m.; ****p<0.0001, ***p<0.001, 
*p<0.05 (one-way ANOVA with Tukey’s post hoc test).  Parenthetical numbers 
represent neurons.  Data in (B, C) are from eight independent experiments. 
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 Previous FSM studies have revealed a significant increase in individual microtubule 

anterograde translocation in Aplysia growth cones responding to adhesion molecule apCAM 

(Lee and Suter, 2008; Schaefer et al., 2008a).  However, these investigations did not fully define 

the extent to which individual microtubule assembly and movements contribute to growth cone 

and neurite advance.  Because bulk microtubule motion represents the coordinated movement of 

microtubules cross-linked with MAPs, some of which preferentially bind to polymerizing 

microtubules, the present study tested the hypothesis that microtubule assembly and dynein 

activity are required for individual microtubule translocation that precedes mass microtubule and 

neurite movements (Leung et al., 1999; Miller and Suter, 2018; Sun et al., 2001; Wu et al., 

2008).  Individual microtubule analysis revealed acute Noc and CilD treatments reduced forward 

microtubule velocities in the T zone and P domain more than combined CilD-Noc treatments, 

which was consistent with chronic treatments and bulk analysis (Figs 5.1; 5.2; 5.3 F, G).  Acute 

treatments also revealed neurite velocities followed the same trend; individual Noc and CilD 

treatments reduced growth rates more than the combination treatment (Fig. 5.3 A-E).  These 

results indicate Noc and CilD do not have additive effects and microtubule assembly and dynein-

mediated microtubule translocation are interdependent processes required for neurite outgrowth.  

The reduced variances in neurite and individual microtubule velocities in combination treatment 

groups also strengthens the idea that growth cone dynamics depend upon both microtubule 

assembly and dynein activity (Fig. 5.3 E, G). 

 To further analyze individual microtubule behavior, percentages of microtubule forward, 

backward, and pause events were calculated, which revealed all drug treatments reduced forward 

and increased backward events (Fig. 5.3 H-J).  Forward translocation occurred 6.7% more often 

in CilD than in Noc neurites and 11.9% more frequently in combined CilD-Noc than Noc 

neurites (Fig. 5.3 H).  Retrograde translocation frequency was 36% higher in Noc and 23% 

higher in CilD growth cones compared to those in combination-treatment groups (Fig. 5.3 I).  

Pause frequency was 13% higher in combination treatment groups compared to all other groups 

(Fig. 5.3 J).  Regression analysis revealed individual microtubule velocity correlates less with 

neurite velocity than bulk microtubule velocity (Fig. 5.4).  These results indicate microtubule 

assembly and dynein-mediated anterograde translocation contribute to axonal growth in an 

interdependent manner and strengthen the hypothesis that individual microtubule translocation 

precedes mass microtubule movements associated with neurite advance. 
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Figure 5.3.  Microtubule dynamics and dynein activity are interdependent processes in individual 
microtubule translocation 

(A-D) DIC images portray growth cone morphology and extension before and after 
1.5 h treatments with (A) DMSO (control (ctl)), (B) CilD, (C) Noc, (D) CilD and 
Noc.  Scale bar:  10 µm.  (E) CilD and Noc significantly reduced neurite growth 
rates, but the combination treatment had a lesser effect.  (F) Time-lapse montage of 
an individual microtubule labeled with rhodamine tubulin at 15 s intervals.  (G) 
Individual microtubule (MT) velocity.  (H-J) Forward, backward, and pause events 
depicted as percentages of total microtubule events.  Quantifications represent 
mean±s.e.m. from eight independent experiments; ****p<0.0001, ***p<0.001, 
**p<0.01, *p<0.05 ((E, G-I):  one-way ANOVA with Tukey’s post hoc test; (J):  
Mann-Whitney test).  (G-J) depict averages of five microtubules for each neuron.  
Parenthetical numbers represent neurons. 
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Figure 5.4.  Neurite velocity correlates more with bulk than individual microtubule velocity 

 (A) Regression analysis of average individual microtubule (MT) velocity versus 
axon velocity.  Each point represents the velocity of one neurite and the average 
velocity of five individual microtubules.  (B) Regression analysis of bulk 
microtubule velocity versus neurite velocity.  Each point represents the axonal 
velocity of one neurite and the average bulk microtubule velocity from 10 to 50 µm 
proximal to the T zone.  Data are from eight independent experiments. 

5.2.3 Microtubule assembly inhibition disrupts MACF43-microtubule associations 

 Next, the study explored whether dynein inhibition affects microtubule assembly rates.  Bag 

cell neurons were microinjected with mRNA encoding a 43-residue fragment of GFP-tagged 

microtubule-actin-crosslinking-factor (GFP-MACF43).  MACF tracks microtubule growth ends 

by interacting with end-binding proteins via associations at its C-terminal domains, as described 

previously (Leung et al., 1999; Sun et al., 2001).  Dynein inhibition did not significantly impact 

MACF comet dynamics (Fig. 5.5 A, B, E-G).  Microtubule growth velocity was 8.0±0.4 µm/min 

in control growth cones and 8.2±0.4 µm/min in CilD-treated growth cones; microtubule growth 

lengths were the same at 2.2±0.1 µm (mean±s.e.m.) (Fig. 5.5 E, F).  Although statistically 

significant, the difference between control and CilD microtubule lifetimes was small:  17.1±0.3 s 

versus 16.2±0.3 s (mean±s.e.m.) (Fig. 5.5 G).  Noc abolished the GFP-MACF43 signal in less 

than 5 min because MACF43 preferentially binds to growing microtubules (Fig. 5.5 C, D).  
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These findings indicate dynein inhibition does not significantly affect microtubule growth, 

whereas microtubule assembly disruption inhibits associations between +TIPs and microtubules. 

 

 

Figure 5.5.  Dynein inhibition does not affect microtubule growth rates 

The +TIP GFP-MACF43 was expressed to measure microtubule assembly rates, 
growth lengths, and growth lifetimes.  The top images display MACF43 comets in 
(A) control (ctl), (B) CilD, (C) Noc, (D) CilD and Noc growth cones at time 0; the 
bottom images show the same growth cones 5 min later.  MACF43 comets 
disappeared immediately when microtubule assembly was inhibited (C, D).  (E-G) 
Microtubule growth velocity, length, and lifetime for 2 min following drug 
application.  Data are depicted as mean±s.e.m. from nine independent experiments; 
*p<0.05 (Mann-Whitney test).  Parenthetical numbers represent neurites.  Scale 
bars:  10 µm. 
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5.2.4 Increases in axonal tension induced by dynein inhibition depend on microtubule 
dynamics 

 Disrupting dynein with CilD or blocking microtubule assembly with Noc increases axonal 

tension in chick DRG axons by similar amounts (Athamneh et al., 2017; Roossien et al., 2014).  

If separate mechanisms cause a rise in tension during individual treatments, simultaneous 

inhibition of dynein activity and microtubule assembly is expected to cause an increase in 

tension compared to individual treatments.  Conversely, if microtubule assembly and dynein 

activity are cooperative, dynein inhibition is expected to compensate for a rise in tension caused 

by microtubule assembly inhibition.  To test these possibilities during the present study, the 

Miller Lab (Michigan State University, East Lansing, MI) conducted a series of experiments in 

which chick DRG growth cones were attached to force-calibrated needles, and forces were 

allowed to stabilize before CilD and Noc were added sequentially to culture medium.  Tension 

levels doubled upon CilD treatment.  Rather than rising more, tension decreased significantly 

following subsequent Noc treatment.  These biophysical results further support the conclusion 

that microtubule assembly and dynein-mediated microtubule movement are interdependent 

processes. 

5.3 Discussion 

 The necessity of microtubule assembly for axonal elongation is well established (Coles and 

Bradke, 2015; Kapitein and Hoogenraad, 2015; Letourneau and Ressler, 1984; Voelzmann et al., 

2016).  While assembly alone was once considered crucial for outgrowth, recent studies 

highlight the importance of individual microtubule sliding during neurite initiation, rapid sliding 

along growing axons, translocation in advancing growth cones responding to adhesion substrates 

and traction forces, and bulk motion during axonal elongation (Athamneh et al., 2017; Baas and 

Black, 1990; Baas et al., 1991; Bamburg et al., 1986; del Castillo et al., 2015; Lee and Suter, 

2008; Lu et al., 2013; Schaefer et al., 2008a).  Although microtubule assembly and translocation 

have generally been viewed as independent processes, the observation that disruption of 

microtubule assembly blocks bulk translocation of docked mitochondria in a manner similar to 

the disruption of dynein raised questions about whether and how microtubule assembly, dynein 

activity, and microtubule translocation are interlinked (Athamneh et al., 2017; Roossien et al., 

2014). 
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 This study demonstrated that concurrently attenuating microtubule assembly and dynein 

activity does not have additive effects on neurite elongation rates, which further suggests the two 

processes are interdependent (Fig. 5.1).  Because disrupting microtubule assembly blocks 

microtubule associations with +TIPs and +TIPs recruit dynein to microtubule plus ends, growth 

cones and microtubules were imaged after inhibiting microtubule assembly and dynein activity 

to determine whether microtubule assembly is required for dynein-microtubule interactions 

(Coles and Bradke, 2015; Erdogan et al., 2017; Kapitein and Hoogenraad, 2015).  Treatments 

affected bulk and individual microtubule movements in a manner similar to how they affected 

neurite behavior.  Inhibiting either microtubule assembly or dynein activity reduced microtubule 

translocation (Figs 5.2, 5.3).  Inhibiting both processes also reduced individual microtubule 

translocation less than inhibiting microtubule assembly alone, implying microtubule assembly is 

required for dynein-mediated translocation.  Consistent with a previous study, there was a strong 

correlation between bulk forward microtubule translocation and neurite elongation rates (Fig. 5.4 

B) (Athamneh et al., 2017).  The present study also revealed individual microtubule translocation 

velocity in neurons treated with combined CilD-Noc was less negative than in neurons treated 

with either CilD or Noc alone (Fig. 5.3 G).  The higher percentage of retrograde microtubule 

events that occurred in isolated treatment groups compared to combination treatment samples, 

and the increase in microtubule pausing in combination versus individual treatment growth cones 

indicates microtubule assembly and dynein activity are interrelated (Fig. 5.3 I, J).  Furthermore, 

the higher frequency of forward microtubule translocation events in CilD growth cones 

compared to those treated with Noc strengthens the idea that microtubule assembly is required 

for translocation (Fig. 5.3 H).  Additional studies are required to completely explain the 

mechanism, but the significant increase in individual microtubule retrograde movements with 

CilD and Noc, along with the increase in paused microtubules with combination treatments, 

suggests different mechanisms exist that link microtubules to retrograde actin flow. 

 This study built upon previous biophysical experiments to further investigate relationships 

between microtubule dynamics and dynein-driven translocation with respect to axonal tension.  

Classical studies demonstrated microtubule disruption increases axonal tension and led to the 

longstanding idea that microtubule assembly generates a pushing force that counteracts 

actomyosin contraction to drive neurite elongation (Athamneh et al., 2017; Buxbaum and 

Heidemann, 1992; Joshi et al., 1985).  Recent studies have shown inhibiting dynein induces bulk 
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microtubule retraction and increases axonal tension (Athamneh et al., 2017; Roossien et al., 

2014).  Additionally, they enabled a working model in which tension increases when dynein is 

inhibited because it is unable to counteract actomyosin contractile forces (Ahmad et al., 2000; 

Roossien et al., 2014).  In the present study, the Miller Lab (Michigan State University, East 

Lansing, MI) found axonal tension increased with CilD; however, tension decreased dramatically 

upon subsequent Noc addition.  While additional studies are required to fully explain this 

response, one possibility is microtubules uncouple from the actin cytoskeleton because fewer 

dynein molecules link them to surrounding structures.  Together these results suggest the 

possibility that tension increases when microtubule assembly is disrupted partially because 

dynein-mediated force generation decreases.  Incorporating microtubule assembly enhancers and 

dynein knockout techniques into future biophysical experiments will provide insight into the 

strength of this explanation. 

5.4 Study Limitations 

 Testing throughout this study relied extensively upon applications of pharmacological agents.  

A concern with this approach is the increased potential for confounding variables compared to 

alternative techniques.  Unknown causes may have contributed to the effects observed during 

this project, but an abundance of caution was applied during experimentation and data analysis to 

ensure the highest levels of accuracy.  Strict adherence to consistent testing conditions and 

quantification methods maintained factors other than microtubule assembly and dynein-mediated 

translocation as constant as possible.  Although a multitude of variables affect neuronal growth, 

the relationships identified during this work are reasonable due to careful experimental design 

and cautious data interpretations. 

 Another limitation was individual microtubule translocation could be measured only in the T 

zone and P domain because microtubule density was too high for speckle analysis in other 

regions.  Furthermore, microtubule growth velocities were measured by tracking MACF43, but 

assembly rates were not quantified directly via FSM analysis.  Thus, the behavior of the 

individual microtubules analyzed may not fully represent the population of microtubules driving 

axonal elongation.  Future SMSN experiments should further clarify individual microtubule 

behavior. 
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5.5 Conclusion 

 This study concludes with a model that suggests normal dynein-microtubule interactions 

counteract actin retrograde flow, slide microtubules forward, and balance neurite tension to drive 

neurite elongation (Fig. 5.6).  Dynein pulls microtubules forward in the C and P domains while 

the actomyosin contractile system pulls microtubules forward in the C domain and pushes them 

backward in the P domain via microtubule-actin linkers, such as MACF (Fig. 5.6 B).  In the axon 

and growth cone, dynein pushes microtubules apart and counterbalances actomyosin contractile 

forces.  When dynein is inhibited, microtubule-actin linkers continue to pull microtubules 

forward in the C domain and push them backward in the P domain, but dynein no longer pulls 

microtubules forward in either domain (Fig. 5.6 C).  Meanwhile, retrograde actomyosin forces in 

the P domain and along the axon cause axonal retraction because dynein ceases to sufficiently 

counter these forces and slide microtubules forward.  When microtubule assembly is blocked, 

microtubules are still pulled forward in the C domain because dynein-actin coupling persists; 

however, the loss of MACF and other +TIP interactions causes microtubule-actin uncoupling 

and reduces dynein recruitment to microtubule plus ends (Fig. 5.6 D).  This activity decreases 

dynein pushing forces along the axon and in the growth cone, which allows actomyosin to pull 

microtubules rearward and results in increased axonal tension, slowed axonal growth, and more 

microtubule backward sliding.  Simultaneous microtubule assembly and dynein inhibition 

disrupts microtubule-actin coupling for three reasons:  it reduces microtubule extension into the 

P domain, abolishes microtubule binding with MACF and other actin cross-linkers, and 

decreases dynein cross-linkages between microtubules and actin (Fig. 5.6 E).  In this case, 

neurites remain nearly stationary rather than retracting because the loss of connectivity results in 

more paused microtubules and a drop in axonal tension.  In summary, this model underscores the 

interdependent relationship between microtubule assembly and dynein-driven microtubule 

translocation in neurite elongation, and it shows microtubule assembly affects axonal growth 

primarily by enabling dynein and microtubule-actin cross-linkers to mediate microtubule motion.  
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Figure 5.6.  Microtubule assembly and dynein-mediated translocation are interdependent 
activities required for neurite elongation 

(A) Schematic of the growth cone domains and primary cytoskeletal elements.  (B) 
Normal dynein-microtubule interactions counter non-muscle myosin II-driven 
actin retrograde flow, slide microtubules forward, and balance neurite tension to 
promote axonal growth.  Dynein pulls microtubules forward in the C and P 
domains.  The actomyosin contractile system pulls microtubules forward in the C 
domain and pushes it backward in the P domain via microtubule-actin linkers, such 
as MACF.  In the axon (not depicted) and growth cone, dynein pushes microtubules 
apart and counters actomyosin contractile forces.  (C) CilD treatments cause axonal 
retraction.  MACF continues to mediate microtubule forward pulling in the C 
domain and backward pulling in the P domain; however, dynein does not pull 
microtubules forward in either domain.  Additionally, dynein no longer sufficiently 
slides microtubules forward or counters retrograde actomyosin forces along the 
neurite and in the growth cone P domain.  (D) Noc causes neurite retraction.  
Dynein-actin coupling continues and enables forward microtubule pulling, but 
microtubules and actin uncouple and dynein is not recruited to microtubule plus 
ends due to a loss of +TIP interactions.  This decreases dynein pushing forces in 
the axon and growth cone, allowing actomyosin to move microtubules backward.  
Axonal tension rises, neurite growth slows, and microtubule backward sliding 
increases.  (E) Concurrent CilD and Noc treatments cause forward and backward 
microtubule movements to decrease.  This is caused by microtubule-actin 
uncoupling due to three factors:  reduced microtubule extension into the P domain, 
abolished MACF cross-linking activity, and decreased dynein cross-linkages 
between microtubules and actin.  The loss of connectivity causes microtubules to 
pause, neurite tension to drop, and neurites to remain nearly stationary.  The figure 
excludes many linker and accessory molecules to emphasize proteins examined 
during this study. 
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CHAPTER 6.  FINAL THOUGHTS AND FUTURE RESEARCH 

6.1 Final Thoughts 

 This body of work presented a new model of microtubule-dynein interactions in neuronal 

growth cones (Fig. 5.6).  The proposed framework shows microtubule assembly affects 

microtubule anterograde translocation primarily by facilitating dynein motor and plus-end 

binding activities.  It depicts dynein-microtubule interactions driving neurite elongation by 

counteracting actin retrograde flow, sliding microtubules forward, and balancing neurite tension. 

 Live- and fixed-cell experimentation demonstrated the strength of the model.  

Pharmacological agents were used to test the framework over a spectrum of conditions that 

enhanced or inhibited dynein activity and microtubule assembly.  The deeper understanding of 

dynein-microtubule interactions resulting from this work provides a firm foundation for future 

microtubule-motor protein studies. 

6.2 Future Research 

 Future endeavors should continue to pursue richer knowledge about dynein-microtubule 

interactions.  To precisely define dynein-microtubule spatiotemporal relations, live-cell SMSN 

microtubule imaging should be conducted while applying the same treatment schemes described 

in this study.  Super-resolution imaging of microtubules treated with taxol, Noc, and CilD alone 

and in various combinations will provide details about microtubule dynamics that conventional 

imaging cannot fully capture.  Additionally, SMSN imaging of microtubules, dynein, and F-actin 

in fixed cells should be accomplished to further test the proposed model and determine details of 

dynein linkages with microtubules and F-actin.  Experiments from this study should also be 

repeated while employing different CilD and Noc doses to test the model under milder and more 

intense dynein and microtubule inhibition.  Based on data from the present study, linear 

relationships between drug concentrations and microtubule and neurite behaviors are expected. 

 Dynein knockout strategies should be employed during conventional and super-resolution 

imaging experiments to further define how dynein influences microtubules and neurite growth.  

To start, clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-
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associated protein 9 (Cas9) (CRISPR-Cas9) technology should be used to generate dynein 

knockouts in Aplysia neurons (Cong et al., 2013).  This technique could be implemented 

immediately and efficiently due to the many digital and commercial tools available for construct 

design (Adli, 2018). 

 Attention should be directed toward clarifying the influences of non-muscle myosin II on 

microtubule dynamics and translocation.  This task is important because targeting myosin holds 

the potential to deliver neuronal regeneration solutions (Hur et al., 2012).  Furthermore, motor 

protein studies have traditionally focused on intracellular cargo transport, but increased attention 

has been given to their role in organizing cytoskeletal filaments (Ahmad et al., 2000; Vale, 

2003).  Aplysia neuronal studies have demonstrated this role by revealing that non-muscle 

myosin II is essential for severing actin bundles and regulating the shape and structure of the 

growth cone central domain (Burnette et al., 2008).  Additionally, exposing Aplysia neurons to 

blebbistatin, an inhibitor that binds to the myosin II motor domain, enables long actin bundles to 

proliferate in the growth cone periphery and obscure the transition zone (Allingham et al., 2005; 

Medeiros et al., 2006).  These results indicate that myosin inhibition is necessary for regulating 

growth cone guidance and actin retrograde flow (Medeiros et al., 2006; Turney and Bridgman, 

2005).  Data also suggest myosin inhibition both reorganizes actin and microtubules and frees 

microtubules from compressed states to facilitate their advancement toward the growth cone 

periphery and promote axonal motility (Hur et al., 2011). 

 Myosin-dynein-microtubule studies will address two rational explanations for why neuronal 

tension rises when microtubule assembly is inhibited:  microtubule assembly disruption inhibits 

dynein force generation, or microtubule assembly inhibition leads to myosin activation via the 

guanine nucleotide exchange factor H1 (GEF-H1) signaling pathway (de Rooij et al., 2018; 

Miller and Suter, 2018; Takano et al., 2017).  The first hypothesis was strengthened during the 

present work, but the second remains largely untested.  Future experimentation is expected to 

reveal that both hypotheses are relevant and will help determine the relative influences of dynein 

force generation and myosin activation on neuronal force balance. 

 To begin testing these hypotheses, blebbistatin may be added to the existing treatment arsenal 

(Allingham et al., 2005).  Incorporating myosin inhibition into proven live- and fixed-cell 

approaches should be a seamless process.  Mechanisms driving myosin, dynein, MAP, and 

microtubule interactions may be investigated by light microscopy, FSM, and biophysical 
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analysis, as described in this report.  Moreover, antibodies against Aplysia non-muscle myosin II 

heavy chain (NMIIHC), myosin II regulatory light chain (RLC), and phosphorylated-RLC 

(pRLC) have been validated during previous studies (Medeiros et al., 2006; Yang et al., 2013).  

NMIIHC antibodies were also verified as an effective tool under local laboratory conditions (Fig. 

6.1). 

 

 

Figure 6.1.  Non-muscle myosin II heavy chain labeling in Aplysia growth cones 

Neurons were fixed with formaldehyde and immunolabeled with antibodies against 
NMIIHC.  (A, B) Images display NMIIHC in growth cones from separate samples.  
Scale bar:  10 µm. 

 This project improved the framework for understanding dynein-microtubule interactions and 

proposed a new myosin-microtubule venture.  Examining how myosin localization and activation 

influences dynein-microtubule associations will extend the reach of promising research into 

controlling microtubule dynamics and growth cone motility through myosin inhibition (Hur et 

al., 2011; Hur and Zhou, 2010).  Through continuous, incremental improvements from projects 

such as these and collective, multidisciplinary efforts, essential knowledge about growth cone 

and microtubule dynamics will be obtained to actualize the goal of solving neuronal disorders. 
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