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ABSTRACT
Microtubules are critical cytoskeletal elements necessary for cell structure and intracellular
transport of biomolecules and organelles throughout the cell. Microtubule regulation and polarity
is therefore extremely important for maintaining core functions of neurons throughout their
lifespan. Microtubule polarity is defined by specific orientation of microtubule ends in the
polarized cells; the fast-growing end is the plus-end and the other end is the minus end. In neurons,
several microtubule interacting proteins regulate microtubules and their polarity, and defects in
these proteins can lead to diseases like hereditary spastic paraplegia, Parkinson’s, Alzheimer’s and
other neurodegenerative diseases. While microtubule plus-ends are now quite well understood,
relatively little is known about minus-ends. In many cells minus-ends are anchored and static.
Severing proteins associate with microtubules and function to cleave microtubules in half. I
hypothesized that severing proteins mediate the production of free growing minus-ends and
therefore, knockdown of these proteins and mutations in them will reduce the free growing minusends in neurons. Genetic tools and live imaging techniques were used to record the microtubule
dynamics of sensory neuron dendrites in Drosophila melanogaster. Reduction in severing
proteins, spastin, katanin-80, katanin-60L1 and fidgetin resulted in lower ratio of free growing
minus-ends to plus-ends in the main dendrites. Additionally, spastin, katanin-60 and katanin60like mutants also showed reduced levels of free-growing minus-ends in the dendrites. It was
proposed that severing proteins cleave the stable γ-TuRC cap from minus-ends such that the newly
generated minus-ends can grow by interacting with proteins like patronin and EB, thus contribute
in organizing the polarity in neuron dendrites.
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INTRODUCTION

Overview of Neurons and Microtubules
The nervous system is one of the most essential organ systems in both vertebrate and
invertebrates. It helps organisms survive by responding to various stimuli from both external, as
well as internal, environments. It controls voluntary, as well as involuntary, muscle movements
and spot-on reflexes. In higher order animals, it is also responsible for cognition and memory.
These complex functions are achieved through proper transmission and reception of electrical and
chemical signals by specialized cells called neurons – the functional units of nervous system.
Neurons are composed of three basic structures: cell body (soma), dendrites, and an axon (Figure
1). The cell body houses the nucleus, where genetic material is stored, and is a major site for

Figure 1. Basic structure of a typical neuron.
Three main components of a neuron are cell body,
dendrites and a long axon. (SEER Training Modules)
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protein synthesis. It is also a storehouse for various other organelles like mitochondria and
endosomes. Dendrites are short cytoplasmic processes (extensions) of the cell body responsible
for receiving signals from the external environment or other neurons. Branched and fibrous
processes provide increased surface area for dendrites to efficiently receive signals. A signal from
dendrites is transmitted to the cell body which then sends it along the one of its longest processes,
the axon. The axon sends electrical impulses across large distances throughout the organisms to
other neurons and muscles via the release of neurotransmitters at the synaptic terminals (axon
terminals).
It is essential for polarized neurons to distinguish between an input signal (dendrites) and
an output signal (axons) in order to transfer information accurately and reliably. This is mainly
achieved through motor proteins that rely on microtubule tracks to transfer cargoes (biomolecules,
membrane bound organelles and secretory vesicles) to and from the cell body, dendrites, and
axons. Microtubules are dynamic cytoskeletal elements that not only define neuronal structure, but
also act as signposts for motor proteins in intracellular transport due to their intrinsic polarity.
Microtubules are made of 13 long protofilaments, each composed of an alternative arrangement of
tubulin – a dimer of globular proteins α-tubulin and β-tubulin (Figure 2). Microtubule polarity is
defined as such: the minus-end of the microtubule is exposed with α-tubulin and the plus-end with
β-tubulin, and without this structural polarity microtubules cannot properly guide the intracellular
transport (Alberts, et al., 2014). Microtubule ends, mainly the plus-ends, undergo sudden
polymerization and depolymerization events known as the dynamic stability.
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Figure 2. Microtubule structure and polarity.
A microtubule protofilament is made of alternating α-tubulin and β-tubulin
units. Generally, the minus-end is static and capped with -TuRC whereas,
the plus-end is more fast-growing and dynamic (two-sided arrow).

Microtubule Polarity and Nucleation
Microtubule polarity in neurons can be identified as minus-end-out microtubules from the
cell body or plus-end-out microtubules from the cell body. Microtubules are abundant throughout
the neuron but the orientation of these microtubules is different in dendrites and axons. In vitro
studies of hippocampal neurons revealed about 50% minus-end-out and 50% plus-end-out
microtubules in dendrites (Baas, et al., 1988). In Drosophila melanogaster, 90% microtubules are
oriented minus-end-out in dendrites and plus-end-out in axons of motor neurons, sensory neuron
and interneurons (Figure 3; Rolls et al., 2007; Stone, Roegiers, & Rolls, 2008). However, during
early development, Drosophila dendrites have mixed polarity (50% minus-end-out) similar to
those of mammalian dendrites in vitro (Hill et al., 2012).
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Figure 3. Microtubule polarity in Drosophila neurons.
In respect to cell body, microtubules are minus-end-out and plusend-out in all Drosophila neuron dendrites and axons, respectively.

It is well known that in all somatic cells new microtubules are nucleated from the assembly
of -tubulin and other associated proteins known as -tubulin ring complex (-TuRC) at the minusends (Wiese & Zheng, 2000). Unlike somatic cells, microtubules nucleate at the branch points,
independent of neuronal centrosomes in Drosophila neuron dendrites (Figure 4; Nguyen, Stone,
& Rolls, 2011; Nguyen et al., 2014). Additionally, it is currently well accepted that minus-ends of
the microtubules have very little to zero growth in contrast to dynamic plus-ends (Dammermann,
Desai, & Oegema, 2003). Even after nucleation, the -TuRC strongly remains associated with
minus-ends. This capping of the minus-end by -TuRC could be responsible for physical blocking
of the growth at the minus-end (Kollman, et al., 2011). Currently, it is not understood how minusend-out polarity is arranged in dendrites, if the minus-ends from newly generated microtubules are
anchored at the branch points after nucleation. Therefore, it is important to understand how minusends get shuttled out to the periphery and orient themselves to create mixed polarity in earlier
stages of development, and how they gradually change to 90% minus-end-out polarity in mature
dendrites (Hill et al., 2012).
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Figure 4. Microtubule nucleation at branch points in Drosophila neurons.
Dendritic branch points are sites for nucleation of non-centrosomal microtubules.
Direction of a microtubule is controlled by several microtubules associated proteins
that may act as negative as well as positive regulators (not shown) to maintain the
polarity of dendrites.

Severing Proteins and Free-growing Minus-ends
Besides nucleation, cells employ an additional strategy to increase the number of
microtubules via microtubule severing proteins (Hartman et al., 1998). Severing proteins are part
of the AAA (ATPases Associated with diverse cellular Activities) protein superfamily which binds
microtubules and severs them in half, generating new minus-ends and new plus-ends (Figure 5;
Frickey & Lupas, 2004; Vale, 1991). Three major types of severing proteins that cut microtubules
have been discovered: spastin, katanin and fidgetin (Errico, Ballabio, & Rugarli, 2002; Hartman
et al., 1998; Zhang, Rogers, Buster, & Sharp, 2007). They have been widely studied for their role
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Figure 5. Three potential minus-end caps mediated by severing events of
microtubules.
Severing proteins generate new microtubule minus-ends that are susceptible to
interact with minus-end tracking proteins (–TIPs) like EB1 and patronin, a
homolog of CAMSAP family proteins.

in the disassembly of microtubules in neurons and mitotic spindle (Vale, 1991). As such I
hypothesized that severing protein are key players in cleaving -TuRC cap off stable microtubules
to generate new minus-ends that are available to complex with other microtubule interacting
proteins, thus promoting growth at the minus-ends (Figure 5). Potential proteins that can bind the
microtubules are end-binding (EB) proteins and patronin (Goodwin & Vale, 2010). EB1 is a major
plus-end-tracking protein (+TIP) that binds to plus-ends with a very strong affinity and promotes
their growth (Schuyler et al., 2001). Recently, this protein been shown to interact with minus-ends
to promote their growth as well. Growing EB3 minus-ends were observed in an in vitro
reconstruction of microtubule end-tracking assay (Akhmanova & Steinmetz, 2015). Studies have
shown that EB proteins preferentially bind to stable microtubules when they are assembled in the
presence of the GTP or GDP–P analogues (Zanic et al., 2009). Therefore, if EB proteins recognize
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the GTP-cap structure, then EB proteins should bind to both plus- and minus-ends of growing
microtubules. However, EB1 protein has very low affinity when binding to minus-ends in
comparison to the plus-ends (Dixit et al., 2009).
Another minus-end tracking protein (–TIP) that stabilizes the minus-ends is patronin, a
homolog of calmodulin-regulated spectrin-associated proteins (CAMSAPs) family in
invertebrates. There is now evidence that CAMSAPs readily accumulate at growing minus-ends
and decorate the microtubule lattice (Jiang et al., 2014; Hendershott & Vale, 2014). Increased
evidence from recent studies show that minus-ends can be tracked with proteins like EB and
CAMSAPs that also promote their growth and stabilization.

Proposed Model for Generation of Free-growing Minus-Ends
Based on several in vitro studies, we postulated that severing proteins cleave the -TuRC
off the minus-end in order to allow the newly formed minus-end to bind with –TIPs, EB proteins
and CAMSAPs. In the context of neurons, since nucleation of microtubules occurs at the branch
points in dendrites, the new minus-ends generated by severing proteins can grow towards the
periphery when bound with –TIPs (Figure 6). Thus, possibly contributing to arrangement of minusend-out microtubule polarity in neuron dendrites. Drosophila genetics and live florescence
imaging techniques were employed to investigate the role of different subtypes of severing proteins
in regulating microtubule dynamics, specifically minus-end behavior in Drosophila sensory
neurons, by reducing gene expression with RNA interface (RNAi) and mutations.
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Figure 6. A proposed model for generation of free-growing minus-ends
through severing proteins.
The -TuRC localized at the branch points of dendrites is cleaved off by severing
proteins and the newly exposed minus-end is capped with –TIPs like EB proteins
or CAMSAPs. The model also explains how minus-end-out polarity is possibly
arranged in dendrites.

Significance
In general, the microtubule plus-end has been extensively studied due to its dynamics
characteristic and availability of effective +TIPs. In contrast, minus-end behavior has been poorly
explored until recent breakthroughs in ability to detect their growth and discoveries of potential
–TIPs. Additionally, there have not been many studies on –TIPs as opposed to +TIPs. Although
recent studies have revealed potential minus-end binding proteins and –TIPs such as EB proteins
and CAMSAPs, there is still a lack of knowledge that address the possibility that severing proteins
might play a key role in freeing the anchored minus-ends from -TuRC. Hence, I investigated the
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mechanism through which the free growing minus-ends can be formed by severing proteins and
how they might contribute in transforming initial mixed dendritic polarity in developing dendrites
to a minus-end-out polarity in mature dendrites of Drosophila. Importantly, since minus-end
growth has not been well studied in vivo, the Rolls lab has designed a microtubule polarity assay
that allows us to track microtubule minus-ends in live Drosophila sensory neurons.
It is important to understand how microtubule polarity is oriented and regulated from the
perspective of both plus- and minus-ends of microtubules because changes in microtubule polarity
patterns affect trafficking of cargoes in both dendrites and axons. Improper trafficking can lead to
cargo accumulation or delays in transfer of critical information and organelles. Defects in
microtubule polarity and microtubule associated proteins that regulate polarity may lead to
neurodegenerative diseases like Alzheimer’s, Parkinson’s, and Huntington’s diseases (Matamoros
& Baas, 2016). In addition to that, decrease in severing events due to loss of function mutations in
spastin have shown to cause hereditary spastic paraplegia (Salinas, et al., 2007; Zempel &
Mandelkow, 2015).
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MATERIALS AND METHODS

UAS/Gal4 System
UAS/Gal4 system was used to drive expression of large RNA hairpins in Drosophila class
I dorsal dendritic arborization neurons (ddaE) – sensory neurons (Fischer, et al., 1988; Brand &
Perrimon, 1993). Gal4 is a yeast transcription factor that binds and activates upstream activation
sequences (UAS) fused with genes of interest (Figure 7). Gal4 is fused downstream of enhancers
like 221 and IGI such that UAS expression is driven only in specific cell types, in this case sensory
neurons of Drosophila. Some of the genes of interest like EB1 and mcd8 were coupled with
fluorescence protein marker like green fluorescence protein (GFP) or red fluorescence protein
(RFP) to track and visualize the microtubule ends (comets) and cell membrane of neurons.

Figure 7. UAS/Gal4 system in Drosophila (St Johnston, 2002).
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Drosophila Stocks
All of the RNA interface (RNAi) lines for microtubule dynamics assay were obtained from
Vienna Drosophila Research Center (VDRC; Vienna, Austria) for single and double knockdown
of severing proteins (Table 1). Spastin mutant lines (spastin5.75/TM6 and spastin10-12/TM6) for
homozygous mutation and katanin78H/TM3Sb, SerTwi Gal4, UAS-GFP for heterozygous mutation
were generated and obtained from Nina Sherwood (Duke University, Durham, NC).
In microtubule dynamics assay, rtnl2 and rtnl2; rtnl1 RNAi lines were used as controls for
single and double RNAi knockdown, respectively. Rtnl is an ER associated protein and it has been
previously validated to have no significant phenotype in any microtubules related assays (Table
1). For mutant screens, yellow white (yw) was used as a control mutation line (Table 2). Most of
the fly lines were balanced over balancer chromosomes TM6, TM3 and Cyo to prevent
recombination of homologous chromosomes.

Table 1. RNAi lines used to reduce expression of severing proteins.
Tester line

Gene name

VDRC #

rtnl2*†

33320

spastin†

33110

katanin-60†

38368

katanin-80

17766

kat-60L1

31598

UAS-EB1-GFP

fidgetin

24746

TM6

rtnl2; rtnl1*

33320; 339

spastin; katanin-60

33110; 38368

fidgetin; spastin

24746; 33110

spastin; γ-tub23C

33110; 19130

single RNAi

dicer2; 221Gal4,
double RNAi

* controls

† unblinded analysis
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Table 2. GFP and RFP constructs used for mutations and localization of severing proteins.
Genotype 1

heterozygous
mutants

x

Genotype 2
yw*
katanin-6078H

221Gal4, UAS-EB1-GFP

TM3Sb, SerTwi Gal4, UAS-GFP
katlikeBE6
TM3Sb, Twi Gal4, UAS-GFP

5.75

homozygous
mutants

UAS-EB1-GFP Spastin
;
Cyo
TM6

localization

UAS-mCD8-RFP; 221 Gal4

IGI-Gal4 spastin10-12
;
Cyo
TM6
UAS-spastin-eGFP
TM3

* controls

Live Imaging of Drosophila Larvae

All Drosophila fly crosses were incubated at 25°C. For each cross, several virgin female
flies and male flies were mated and their progeny were collected every 24 hours in a cap containing
fly food. The fly food caps were incubated for additional 72 hours at 25°C to allow embryos to
develop into 3rd instar larvae. The larvae were washed with PBS or dH2O and mounted on a slide
containing a dried agarose (Figure 8). The comb dendrites of class I ddaE neurons from fourth,
fifth or sixth hemi-segments from the posterior end were imaged at 63x with Hamamatsu (digital
camera C22440) attached to Zeiss widefield microscope. Time series images were acquired for
300 frames at one frame per second on Zeiss widefield microscope.
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Figure 8. Drosophila live imaging technique
The progeny from a desired cross was incubated at 25°C for three days until they developed to 3rd

instar stage. A live Drosophila larva was mounted on a microscope slide with a circular agar disc
and imaged under a fluorescence microscope. Time series images of the dendrites of class I ddaE
sensory neurons (white circle) were obtained to analyze microtubule dynamics using fluorescent
EB1 proteins that bind to microtubule ends. (Photo credit – GFP-larva: Alex Weiner).

Microtubule Dynamics Assay

A microtubule dynamics assay was performed to assess changes in microtubule polarity
and minus-end behavior in class I ddaE sensory neuron dendrites from single and double RNAi
knockdown of severing proteins as well as mutants of severing proteins. Microtubules plus-ends
were tracked with EB1 (+TIP and –TIP) fused with GFP. All of the experiments were conducted
with EB1-GFP background and imaged on Hamamatsu (digital camera C22440) attached to Zeiss
widefield microscope. ImageJ software was employed to process the raw images and analyze the
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EB1 tagged microtubules (EB1 comets) in the primary branches and randomly selected secondary
branches of dendrites (Figure 9).

Figure 9. A typical comb dendrites of class I ddaE sensory neuron.
A main primary branch extends from the cell body (lower left) to give rise
to secondary branches at an angle proximal to 90°. The red lines indicate
the area selected for microtubule dynamics analysis.

Since EB1 comets bind to both plus-ends and minus-ends, it was often difficult to
distinguish between the two. However, there were several different characteristics that made
minus-end EB1 comets distinct from plus-end EB1 comets. First, due to lower affinity of EB1
protein towards microtubule minus-ends, the relative brightness and bulkiness of minus-end
comets were lower and hence they appeared smaller (Dixit et al., 2009). Second, minus-end comets
had relatively slower speed of growth compared to that of plus-end comets (Akhmanova &
Steinmetz, 2015). Both of these characteristics were confirmed visually as well as graphically
using kymographs. Kymographs are time vs. distance travelled plots that show brightness as well
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as the distance traveled by each comet throughout 300 frames, hence the velocity (Figure 10).
Thus, they were very useful in distinguishing dimmer and slow-growing minus-ends. For all
experiments, only EB1 plus- or minus-ends that showed growth were considered for data analysis.
All of the images were analyzed blindly except for rtnl2, spastin and katanin-60 RNAi lines
(Table 1).

Figure 10. Kymographs with velocities of EB1 tagged minus- and plus-ends comets.
The black lines represent the distances travelled by EB1-comets over time (300 seconds), i.e. their
velocities. Minus-end EB1 comets (red arrows) have very steep slopes in comparison to those of
plus-end EB1 comets (blue and green arrows) indicating slower growth.

Spastin Localization Assay
To localize spastin protein in class I ddaE sensory neurons, transgenic flies with UASmCD8-RFP were crossed with flies containing UAS-spastin-eGFP. Z-stack images of RFP and
GFP background were collected simultaneously for both 3-day old and 1-day old larvae using
Zeiss LSM 800 upright confocal microscope. The GFP and RFP scans were merged with ImageJ
software to obtain composite images of neuron dendrites and cell bodies.
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RESULTS
Until recently, it was reasoned that minus-ends could not grow and only plus-ends exhibit
microtubule dynamic instability. However, several in vitro microtubule reconstruction studies
have shown minus-end growth after binding of EB and CAMSAPs proteins (Akhmanova &
Steinmetz, 2015; Dixit et al., 2009; Hendershott & Vale, 2014; Jiang et al., 2014; Zanic et al.,
2009). These findings have sparked interest in investigation of minus-end dynamics, which has
been poorly studied in comparison to its counterpart plus-ends. My research goal was to uncover
the mechanism through which the free-growing minus-ends are generated in vivo in sensory
neurons of Drosophila model organism. We hypothesized that severing proteins are responsible
for cleaving inhibitory γ-TuRC cap and generating free minus-ends that can be capped with EB
proteins to promote their growth. Therefore, EB1 minus-end dynamics in main dendritic branch
and peripheral dendrites were studied after knockdown of severing proteins using RNAi lines and
mutations in severing proteins from insertions or deletions in the genes.

Single RNAi knockdown and mutations of severing proteins decrease free-growing minusends in the main dendritic branch
To investigate the effects of severing proteins on regulation of free-growing minus-ends,
microtubule dynamics assay was performed to detect changes in growing minus-ends bound with
EB1 protein fused with fluorescent proteins. Growing minus-ends were analyzed in Drosophila
class I ddaE sensory neurons that have simple and stereotypical branch structure (Figure 9). For
single knockdown of severing proteins such as spastin, fidgetin, katanin-80, katanin-60, and
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katanin-60like1, the rtnl2 RNAi was selected as a control since it does not exhibit any phenotype
from any microtubule dynamics assay (Hill et al., 2012; Mattie et al., 2010; Stone, Nguyen, Tao,
Allender, & Rolls, 2010). In comparison to control, reduction in severing proteins spastin, fidgetin,
katanin-80, and katanin-60L1 showed decreased number of minus-ends normalized to total plusends in the main dendritic branch (Figure 11A). Both spastin and fidgetin single RNAi lines
significantly lowered the EB1 growing minus-ends in the main dendrites (p < 0.0001, unpaired ttests) when compared to rtnl2 control. On the other hand, katanin-60 RNAi did not change EB1
minus-ends in the main branch (Figure 11A). It is possible that this particular RNAi for katanin60 did not sufficiently knockdown levels of katanin-60. The levels of protein knockdown are
different in each RNAi and some RNAi lines result in insufficient knockdown of gene expression.
Double knockdown of severing proteins, in which a pair of severing proteins were reduced
simultaneously with hairpin RNAs, were also tested to further confirm the phenotype for decrease
in minus-ends observed with single RNAi lines. Additionally, these experiments were performed
to control for the compensation of severing events by other severing proteins when the expression
of one severing protein is reduced by an RNAi. Combination of spastin; fidgetin and spastin;
katanin-60 were used for simultaneous knockdown of severing proteins. EB1 minus-ends were
however unaffected by double knockdown of spastin; fidgetin and spastin; katanin-60 in
comparison to rtnl2; rtnl1 control RNAi (Figure 11A).
A new minus-end and a plus-end are generated per severing event of a microtubule.
Therefore, when a severing protein expression is reduced, it was expected that amount of both
plus-ends as well as growing minus-ends would be decreased. However, early analysis from single
RNAi knockdown showed that EB1 plus-ends remained at the same level in dendrites to that of
the control. Therefore, it was postulated that plus-ends were decreased but they were most likely
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A)

B)

Figure 11. Reduction of severing proteins with single RNAi and mutations decreased EB1
minus-ends in main dendrites.
A) Single knockdown of severing proteins spastin, fidgetin, katanin-80 and katanin-60L1 resulted
in significant reduction of free-growing minus-ends normalized to plus-ends in main dendritic
branches. Whereas, EB1 minus-ends remained at the baseline as rtnl2 control RNAi for katanin60 RNAi. EB1 minus-ends were unaffected by double knockdown of severing proteins and spastin;
γ-tub23C RNAi. B) Katanin-60L1 heterozygous mutants and spastin homozygous mutants
reduced EB1 minus-ends similar to their single RNAi lines. However, EB1 minus-ends in main
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branch remained at the baseline as control in katanin-60 heterozygous mutants. Each sample
represents the number of main dendritic branches from different neurons. MD represents main
dendrites; errors bars represents SD of the mean; unpaired t-test *p ≤ 0.05, **p ≤ 0.01, ****p ≤
0.0001.

being replaced via compensation or rescue from nucleation of new microtubules. Therefore,
spastin; γ-tub23C RNAi, in which γ-tub23C responsible for encoding major somatic γ-tubulin
(Wiese, 2008) was knocked down along with spastin, was tested to observe changes in microtubule
dynamics when both nucleation and severing events were compromised. As expected, the average
number of plus-ends per neuron were reduced from 10.4 in control RNAi to 7.8 in spastin; γtub23C RNAi. Like double RNAi lines of severing proteins, EB1 minus-ends remained unaffected
in spastin; γ-tub23C RNAi in comparison to the control (Figure 11A). Surprisingly, the amount of
EB1 minus-ends in the main branch were also significantly lower in the rtnl2; rtnl1 double
knockdown control itself, in contrast to the control, rtnl2, for single knockdown. A likely
explanation for this decrease in EB1 minus-ends in double RNAi control was that addition of third
transgene under UAS/Gal4 reduced EB1 protein expression in the sensory neurons. Hence, this
led to detection of less minus-ends bound by EB1 protein.
To further attain confirmation on minus-ends decrease associated with knockdown of
severing proteins, larvae with mutations in spastin, katanin-60 and katanin60L1 were also
analyzed. Spastin homozygous mutants were generated with a combination of the null spas5.75
allele and a hypomorphic spas10–12 allele. Heterozygous mutation for katanin-60 was a deletion
allele, kat-6078H (Sherwood, unpublished) and kat-60L1BE6 null mutants generated by imprecise
excision of a transposon (Stewart, Tsubouchi, Rolls, Tracey, & Sherwood, 2012) were used as
katanin-60L1 mutants. Both spastin homozygous mutants and katanin-60L1 heterozygous mutants
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yielded reduction in EB1 minus-ends in the main dendritic branch when compared to those of
control yw mutants (Figure 11B). However, loss of one copy of katanin-60 mutants did not show
a phenotype for EB1 minus-ends.
Besides the main branch, minus-end dynamics were also analyzed in randomly selected
peripheral dendrites of sensory neurons. From previous observations in the lab, it was noted that
growing minus-ends are relatively abundant in periphery of the neuron. Therefore, we expected
severing proteins to facilitate free-growing minus-ends in the periphery as well. EB1 minus ends
normalized to total plus-ends were not affected by double knockdown of severing proteins or
spastin; γ-tub23C RNAi in peripheral dendrites (Figure 12A). Similarly, mutations in spastin,

A)

B)

Figure 12. EB1 minus-ends in peripheral dendrites remained unaffected after double
knockdown and mutations in severing proteins.
A) EB1 minus-ends normalized to plus-ends in peripheral dendrites were unaffected by double
knockdown of severing proteins and spastin; γ-tub23C RNAi. B) Homozygous mutation in spastin
and heterozygous mutations in katanin-60 and katanin-60L1 did not affect EB1 minus-ends in
peripheral dendrites. Each sample represents number of randomly selected peripheral branches
from different neurons. PD represents peripheral dendrites; errors bars represents SD of the mean.
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katanin-60 and katanin-60L1 showed no significant changes in amount of minus-ends (Figure
12B). In general, EB1 minus-ends were more abundant in the periphery relative to the main
branches of neurons. There were on average 0.16 minus-ends per plus-ends in the main branch of
rtnl2; rtnl1 control neurons in contrast to 0.62 minus-ends per plus-ends in the peripheral dendrites
of rtnl2; rtnl1 neurons. There was about four-fold increase in amount of EB1 minus-ends in
peripheral dendrites than those in main dendrites (p < 0.0001; unpaired t-test).

Severing proteins affect microtubule polarity in the peripheral dendrites but not in the main
dendrites
For all the experiments with microtubule dynamics assay, microtubule polarity was also
quantified in addition to the amount of minus-ends in the comb dendrites of class I ddaE neurons.
From previous studies, microtubule polarity in control rtnl2 RNAi has been determined generally
as 80-90% plus-ends-in (i.e. 85-90% minus-ends-out) microtubules in the main branch of dendrites
(Stone, Nguyen, Tao, Allender, & Rolls, 2010; Hill et al., 2012; Mattie et al., 2010). In this
experiment, microtubule polarity in rtnl2 RNAi was determined as 81% plus-ends-in

in main

dendrites (Figure 13A). In comparison to the control, the microtubule polarity was not affected by
reduction of any severing proteins from single RNAi lines (Figure 13A). Similarly, microtubule
polarity was also unaffected by double knockdown of severing proteins, spastin; fidgetin and
spastin; katanin-60 in comparison to the control rtnl2; rtnl1. The microtubule polarity for rtnl2;
rtnl1 was consistent with rtnl2 control at 81% plus-ends-in microtubules. Reduction in severing
proteins as well as nucleation from spastin; γ-tub23C RNAi was also negative for dendritic
microtubule polarity phenotype (Figure 13A). In mutant screen, microtubule polarity in the main
branch was not altered by katanin-60 and katanin-60L1 heterozygous mutants (Figure 13B).
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A)

B)

Figure 13. Microtubule polarity in main dendritic branch remained unaffected by
severing proteins knockdown and mutations except spastin homozygous mutants.
A) Reduction in individual severing proteins spastin, fidgetin, katanin-80, katanin-60 and
katanin-60L1 resulted in baseline plus-end-in polarity as rtnl2 control RNAi. Double
knockdown of severing proteins’ in combination of spastin with fidgetin and spastin with
katanin-60 as well as spastin; γ-tub23C RNAi did not alter microtubule polarity in the
main dendritic branch in comparison rtnl2; rtnl1 control RNAi. B) Plus-ends-in
microtubule polarity was reduced only in spastin homozygous mutants but not in katanin60 and katanin-60L1 heterozygous mutants. MD represents main dendrites; n represents
number of main dendrites from different neurons; Fischer’s exact test ***p ≤ 0.001.
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However, neurons with two mutant copies of spastin showed a significant decrease in microtubule
polarity when compared to that of yw control (Figure 13B). In particular, yw control mutant
neurons exhibited 89% plus-ends-in polarity in the main dendrites. This increase in microtubule
polarity of yw control mutants was within the (80-90% plus-ends-in) previously reported range for
microtubule polarity in the main branch. Overall, it was concluded that most of the severing
proteins do not alter microtubule polarity in the main dendrites even after subjection with double
knockdown and mutations.
Interestingly, severing proteins seemed to alter microtubule polarity in peripheral
dendrites. In double knockdown experiments, both spastin; fidgetin and spastin; katanin-60 RNAi
lines lowered percentage of plus-ends-in polarity in randomly selected peripheral dendrites (Figure
14A). As in the main branch, microtubule polarity was not altered by spastin; γ-tub23C RNAi in
peripheral dendrites too. The microtubule polarity in control RNAi was about 85% plus-ends-in,
slightly higher than that seen in the main branch but still well within the reported range. Unlike in
the main branch, analysis of peripheral dendrites with a deletion of kat-6078H allele and null kat60L1BE6 mutants showed significant decrease in percentage of plus-ends-in microtubules (Figure
14B). Combination of spastin null and hypomorphic allele also resulted in drastic decrease of
percentage of plus-ends-in EB1 comets in comparison to those in yw control mutants.

24

A)

B)

Figure 14. Reduction of severing protein from both double knockdowns and mutations led
to defects in microtubule polarity in peripheral dendrites.
A) Double knockdown of severing proteins spastin, fidgetin and katanin-60 with RNAi resulted in
reduction of plus-ends-in microtubules in randomly selected peripheral dendrites. However, in
spastin; γ-tub23C RNAi, the microtubule polarity remained at the baseline as control RNAi, rtnl2;
rtnl1. B) Plus-ends-in microtubule polarity was significantly reduced in spastin, katanin-60, and
katanin-60L1 mutants in comparison to control yw mutants. PD represents peripheral dendrites; n
represents number of peripheral dendrites from different neurons; Fischer’s exact test *p ≤ 0.05,
**p ≤ 0.01, ****p ≤ 0.0001.

Localization of spastin in dendrites and cell body of sensory Drosophila neurons
Microtubule polarity was altered by severing proteins mainly in peripheral dendrites and
not in main dendrites. In contrast, growing EB1 minus-ends of microtubules were decreased to
some extent by reduction of severing proteins expression from single RNAi knockdown and
mutations. To better understand the role of severing proteins in regulation of minus-ends and in
specific branch types, severing protein spastin were localized with UAS-spas-eGFP crossed with
UAS-mcd8-RFP, a transgene that encodes membrane tethered protein fused with RFP in order to

25

visualize the membranes of neurons. First, 3-day larvae were imaged to analyze localization
pattern of spastin in the dendrites of same class I ddaE sensory neurons.
Spastin localization was exclusively limited to some peripheral dendrites and the cell body
(Figure 15). Spastin was localized in punctate in peripheral dendrites with a random distribution
pattern. Most of the sensory neurons (17 out of 22) of 3-day old larvae followed this localization
pattern. Since this was an overexpression line, I decided to image 1-day old larvae to determine
whether the localization pattern varies when spastin expression is low during the development of
larvae. Interestingly, spastin localization pattern was similar in 22 out of 24 1-day old neurons in
comparison to that of 3-day old neurons. Additionally, in comparison to 3-day old neurons, the

mcd8-RFP
spas-GFP

mcd8-RFP
spas-GFP

Figure 15. Spastin was greatly abundant in peripheral dendrites of class I ddaE sensory
neurons of 3-day old larvae.
There was punctate localization (white arrows) of spastin in peripheral dendrites. Out of 22 neuron
images 17 contained at least one peripheral dendrite with punctate localization of spastin. Mcd8RFP represents membrane marker in red and spas-GFP represents spastin protein localization in
green.
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spastin was expressed uniformly in higher amounts in the cell body as opposed to punctate in
peripheral dendrites (Figure 16). Extreme and unusual morphological features were also noted in
comb dendrites of both 3-day old and 1-day old neurons when spastin was overexpressed. Previous
studies had also reported morphological changes that specifically reduced complexity in dendrite
arbor, with partial loss or gain of spastin severing protein (Ye et al., 2011; Jinushi-Nakao et al.,
2007).

mcd8-RFP
spas-GFP

mcd8-RFP
spas-GFP

Figure 16. Spastin was exclusively localized in punctate pattern in the peripheral branches
but uniformly in the cell body of sensory neurons of 1-day old larvae.
There was relatively higher uniform expression (blue arrows) of spastin in cell body in comparison
to that of 3-day old larvae. Punctate localization (white arrows) in some peripheral dendrites
remained the same across both ages of neurons. Out of 24 neurons 22 contained at least one
peripheral dendrite with punctate localization of spastin. Mcd8-RFP represents membrane marker
in red and spas-GFP represents spastin protein localization in green.
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DISCUSSION
In this research, efforts to find plausible model for growth of microtubule minus-ends in
sensory neurons were made using Drosophila as a model organism. We proposed that severing
proteins that normally function to cleave stable or unstable microtubules may specifically cleave
γ-TuRC cap off to generate free minus-ends. The free minus-ends can then be bound by other
–TIPs like EB and CAMSAPs. Here we studied EB1 minus-ends with relation to severing proteins
in dendrites. Overall, microtubule dynamics assays showed that EB1 minus-ends in main dendrites
as well as percentage of plus-ends-in microtubules in peripheral dendrites decreased when severing
proteins were knocked down and mutated.
Experiments from single RNAi knockdown and mutation screens suggested association of
some severing proteins in generation of growing minus-ends. However, none of the double RNAi
lines of severing proteins showed significant phenotype for EB1 minus-ends (Figure 11A). One of
the major reasons for this discrepancy might come from the presence of two transgenes under
control of UAS/Gal4 system (Chen et al., 2016). It was likely that efficiency and levels of
expression of RNAi were inherently lower for each of the RNAi pair in double RNAi lines. Lower
minus-ends to plus-ends ratio in double RNAi control rtnl2; rtnl1 in comparison to single RNAi
control rtnl2 provided evidence for the ineffectiveness of double RNAi lines to yield sufficient
knockdown (Figure 11A). Therefore, larvae with mutations in severing proteins were also tested
in order to confirm the significance of minus-ends phenotype observed in single RNAi lines.
Most of the severing proteins did not alter microtubule polarity in main dendrites (Figure
13). This was consistent with previous experiments that also showed no effects of severing proteins

28

on the microtubule polarity (Stone et al., 2012). Interestingly, microtubule polarity in peripheral
dendrites was altered by severing protein knockdown and mutations (Figure 14), but the number
of growing minus-ends were not affected (Figure 12). Additionally, there were more minus-ends
than the plus-ends present in peripheral dendrites in comparison to those in the main dendritic
branches. This result was consistent with high prevalence of severing protein spastin in peripheral
dendrites (Figure 15 and 16). However, it is not clear why minus-ends were not affected by
severing proteins knockdown in peripheral dendrites if they are prevalent there. It can be postulated
that severing proteins function to free the minus-ends only in the main dendritic branch since other
microtubule regulation machinery is also localized to the branch points of main dendrites (Weiner,
Lanz, Goetschius, Hancock, & Rolls, 2016). Contribution of severing proteins in arrangement of
microtubule polarity in development of dendrite is also unclear. This specific hypothesis can be
further tested by observing minus-end dynamics in early developmental stages of dendrites such
as in embryos or 1-day old larvae. However, with pre-existing difficulties in tracking minus-ends
these experiments would be extremely difficult to conduct in vivo.
In general, severing proteins have been shown to regulate many pathways in dendrites and
axons after neuronal damage. Spastin is involved in aiding axon regeneration after an axon is
severed by a pulse-UV laser in Drosophila neurons (Rao et al., 2016; Stone et al., 2012). On the
other hand, when dendrites are damaged in neurons, fidgetin’s activity is increased to promote
degeneration of severed dendrites (Tao, Feng, & Rolls, 2016). Since spastin and fidgetin showed
strong phenotype for decreased EB1 minus-ends in the main branch, it is possible that minus-ends
could be playing a role in conversion of a dendrite to an axon – a hallmark of axon regeneration.
Future studies will be designed to test any potential connection between severing proteins’ role in
minus-end growth and their role in axon regeneration and dendrite degeneration pathways.
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Future Directions and Final Thoughts
Single RNAi knockdown of severing proteins and mutations in severing proteins showed
reduction of growing minus-ends in dendrites, indicating some role of severing proteins in freeing
the minus-ends. However, most of results from the microtubule dynamics assay, especially minusends analysis, had high variability in results and therefore additional evidence is required to fully
support the model for minus-ends growth and validate this phenotype. More stringent and specific
protocol will be outlined to reduce the inherent variability in the microtubule dynamics assay by
controlling additional factors. Although class I sensory neurons have stereotypical comb dendrites,
their branching pattern varies from neuron to neuron. Therefore, a new protocol will only allow
for selection of specific comb dendrite structure for both main as well as peripheral dendrites to
avoid unusual branch points and comb structure. This will reduce the variability in results obtained
from the microtubule dynamics assay. Additionally, it was unable to conclude whether knockdown
from some RNAi lines were sufficient or the phenotypes were false negatives from insufficient
knockdown. Future experiments with additional RNAi lines for the same genes (generated in
different ways) and lines with null mutations in katanin and fidgetin proteins will also be tested to
rule out the possibility of false negatives from insufficient knockdown.
Patronin homolog of CAMSAP proteins in Drosophila will also be studied in relation to
minus-end growth and severing proteins. Currently, we have designed a construct by fusing
patronin-YFP with EB1-RFP that allows us to visualize both patronin minus-ends as well as EB1
minus-ends. Preliminary results from these experiments suggest co-localization of both EB1 and
patronin at the minus-ends after γ-TuRC cap is cleaved off. Previously, CAMSAP proteins have
been shown to stabilize free-growing minus-ends in vitro (Hendershott & Vale, 2014). Therefore,
it is possible that CAMSAP proteins are responsible for stabilizing free-minus ends from their
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degradation whereas EB proteins promote their slow growth after binding to patronin bound
minus-ends. Future experiments will be conducted to study patronin bound minus-ends in relation
to knockdown of severing proteins to further understand the role of severing proteins and patronin.
Additionally, minus-end dynamics will be investigated with patronin bound minus-ends in the
absence of EB1 protein using EB1 RNAi to check whether patronin minus-ends are affected by
absence of EB proteins. These experiments coupled with a specific protocol for minus-ends
dynamics will provide further evidence that may support or refute the proposed model for minusend growth.
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