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ABSTRACT

While axon regeneration requires a kinase cascade, the mechanism for dendritic
regeneration is independent of this pathway and remains unknown. Kinases regulate many
different stress responses, but it is not definitively known which kinases, if any, play a role in
dendrite regeneration. When axons are damaged, glial cells play a role in clearance of axonal
debris, but it is unknown whether glial cells are involved in dendrite regeneration after damage. |
hypothesize that a kinase and a signal from glial cells are both required for dendrite regeneration
after injury. In order to test the role of kinases and related signaling molecules in dendrite
regeneration, these genes were knocked down using RNAI. To injure the sensory neurons or glial
cells, 1 used a UV pulse laser. | monitored dendrite regeneration 24 hours post-injury, and
classified the tested neuron as having the same, a reduced or complete lack of dendrite
regeneration in comparison with the control. | have tested 35 kinases and related signaling
molecules thus far, and none appear to play a role in the dendrite regeneration pathway. In the
future, 1 will continue to screen for proteins involved in dendrite regeneration, and continue to
explore if glial cells are involved in dendrite regeneration. Once we identify the first regulator of
dendrite regeneration through this screen, we will make predictions based on the known

functions and interactions with other candidate proteins.
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Introduction

Neuronal Response to Injury

A neuronal cell is the major functional subunit of the nervous system. Though neurons
can take on a variety of different shapes, every neuron is composed of at least four main parts:
dendrites, a soma (the cell body), an axon, and synaptic terminals (Figure 1). Many of the
functional features of a neuron can be ascertained by observing its structural features. Dendrites,
often with many elaborate branches extending over a broader width than the soma, are
responsible for receiving information from other neurons or the external environment. Dendrites
can be thought of as the input center, where information from several different sources is
received by the neuron. The soma of a neuron takes on many of the functional features of a
typical somatic cell; it holds the nucleus, where genomic DNA is held; and it is the major site of
gene expression and protein synthesis. An axon is a long cable-like structure that sends a signal
in the form of electrochemical potentials down towards the end of the neuron towards the
synaptic terminals. The synaptic terminals are the output of the cell, where neurotransmitter

release occurs and the electrochemical signal is transmitted to another neuron, gland, or muscle.

Dendrites

Soma

|

Axon

i| Synaptic Terminals

Figure 1: Anatomy of a Neuron




Each part of a neuron has a functional requirement that contributes to normal nervous
system function. What happens when one of the parts of a neuron is damaged? A typical somatic
cell may divide or choose to undergo apoptosis in response to stress. Unlike other somatic cells,
neurons do not undergo cell proliferation. If neurons are damaged, they either choose a path to
regenerate and repair the area that has been damaged, or undergo apoptosis. Since neurons are
delegated the daunting task to last a lifetime, it makes sense that they have extensive systems in
place to respond to damaged axons and dendrites. Understanding the mechanisms of neuronal
response to damage is clinically relevant, as dendrites and axons are damaged during ischemic
stroke, traumatic brain injury, or seizures (Gao and Chen, 2011; Murphy et al., 2008; Zeng et al.,
2007).

When damaged, axons undergo a process known as Wallerian degeneration followed by
subsequent regeneration. After axonal injury and Wallerian degeneration, Draper on glial cell
membranes is activated through phosphorylation by Shark-Src42A (Ziegenfuss et al., 2008).
Glial cells help to clear axonal debris. Perforation of the neuronal cell membrane of the axon
creates an increase in intracellular calcium that travels towards the cell body. Calcium release
triggers the pathway for axonal regeneration by activation of adenylyl cyclase and subsequently
the CAMP-PKA pathway (Appenzeller and Palmer, 1972; Carlsen, 1982; Ghosh-Roy et al.,
2010). The activated PKA helps to promote axonal outgrowth (Ayaz et al., 2008). At the same
time, axon injury inhibits activity of the protein hiw, whose normal function is to downregulate
levels of DLK (Xiong et al., 2010). Dual-leucine zipper kinase (DLK) is a mitogen-activated
protein kinase kinase kinase (MAPKKK) that is activated after axonal injury, which
subsequently activates the Jun N-terminal kinase (JNK) and the transcription factor FOS (Gallo

and Johnson, 2002). Enhanced JNK/FOS signaling corresponds with an increased production of
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profilin, a cytoskeleton-interacting protein (Chen and Chisholm, 2011; Gallo and Johnson, 2002;

Wang and Jin, 2011). An increase in DLK/IJNK/Fos signaling is necessary for axonal regrowth of
damaged axons (Xiong et al., 2010).

Like axons, dendrites undergo degeneration and regenerate in response to injury. While
axonal regeneration mechanisms have been elucidated, dendrite regeneration mechanisms remain
largely unknown. While dendrites and axons both undergo degeneration followed by subsequent
regeneration, the methods by which the neurons accomplish these tasks are distinctive. When
dendrites of sensory neurons in Drosophila are damaged, epithelial cells clear dendritic debris
(Han et al., 2014). Dendrite regeneration is a process that occurs independent of the DLK
pathway that axons utilize for regeneration after damage (Stone et al., 2014). We are aware that
dendrite regeneration is a transcription-dependent process (Figure 2), but the molecular pathway
for dendrite regeneration is unknown.

Our lab has previously tested many proteins for their role in dendrite regeneration,
including those involved in dendrite growth and stress responses. None of these candidates have
been found to play a role in dendrite regeneration. As such, we are using a broad interference
RNA (RNAI) screen to determine what proteins may regulate the dendrite regeneration response
to injury. In the experiments described herein, | will explore the mechanisms of dendrite
regeneration by performing a broad genetic screen as well as exploring glial cell response to
dendrite injury. My hypothesis is that a kinase or related signaling molecule and a signal from

glial cells are both required for dendrite regeneration after damage (Figure 3).
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Figure 2: Dendrite regeneration is a transcription-dependent process. Sites of injury are marked with
red arrows. Class IV sensory neuron after dendrotomy is able to regenerate dendrites after 24 hours, as
indicated with the green bracket. In a larvae treated with actinomycin D, an inhibitor of transcription,
dendrite degeneration was able to proceed but the neuron was unable to regenerate new dendritic arbors
after 24 hours, as indicated with red brackets. Image courtesy of Richard Albertson.
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Figure 3: Dendrites regenerate after damage. | hypothesize that a glial cell response and a kinase or
related signaling molecule are required for dendrite regeneration after damage.



Kinases in Dendrite Regeneration

Kinases are enzymes that catalyze phosphorylation of their substrates. Phosphorylation is
the most common form of post-translational modification. Kinases are ubiquitously represented
throughout molecular pathways, including many involved in regulation of normal cell
functioning or stress responses. For instance, in higher eukaryotes, p-TEFb kinase plays a role in
a method of gene regulation known as promoter proximal pausing. Shortly after RNA
polymerase 11 has begun elongation (at ~20-60 nucleotides downstream of transcription start
site), pausing factors DSIF and NELF bind to the RNA polymerase Il, preventing elongation
from continuing. When p-TEFb kinase (heterodimer of CDK9 and cyclin T) phosphorylates the
DSIF-NELF complex, NELF is released, allowing for elongation by RNA Polymerase Il to
resume. One benefit of this regulation system is that it allows for rapid transcription of a
particular gene; chromatin remodeling has already occurred and transcription machinery is
already present. Thus, it would be reasonable to suspect that many stress responses utilize
promoter proximal pausing to allow for more rapid production of mMRNA transcripts (Adelman
and Lis, 2012). The p-TEFb kinase is an example of one of hundreds of kinases. As there are so
many kinases encoded in the genome, it makes sense to perform a broad genetic screen to
quickly determine if a kinase plays a role in dendrite regeneration after damage; a broad genetic
screen provides a quick snapshot of what proteins may or may not be involved in a certain
process. Due to the ubiquitous nature of kinases in molecular pathways, | suspect that a kinase

may be required for dendrite regeneration after damage.



Glial Cells in Dendrite Regeneration

Glial cells are critical for maintaining proper function of the nervous system and are
distinct from neurons, as they lack axons and dendrites. Though glial cells do not play a direct
role in nerve signal propagation, glial cells add myelination to axons, which increases the
conduction velocity of an action potential. Glial cells also play a role in maintaining an
appropriate chemical environment for generating action potentials (Jessen, 2004). Interestingly,
glial cells have been shown to have both beneficial and detrimental effects on the health of a
neuron. When axons are damaged, PI3K signaling and Draper in glial cells regulate glial cell
responsiveness to dendrite injury (Doherty et al., 2014). Clearance of degenerated axons
promotes outgrowth of new axons. On the other hand, glial cells can release cytokines that lead
to inflammation (Guo et al., 2007). | hypothesize that when dendrites are damaged, glial cells

send a signal to the cell body in order to trigger dendrite regeneration.

Drosophila as a Model Organism for Neural Injury

As with any model system, there are distinct disadvantages and advantages to using
Drosophila as a model organism to study neural injury. One important distinction between
vertebrate and invertebrate neurons is the direction of growing microtubules; while both
vertebrate and invertebrate neurons both have plus-end-out microtubule polarity in the axons,
invertebrate Drosophila neurons have minus-end out polarity in dendrites rather than mixed
polarity as seen in vertebrate neurons (Stone et al., 2008). Sodium voltage-gated channels
evolutionary diverged at the level of vertebrates and invertebrates, and so many of the functions

of voltage-gated sodium channels are different between Drosophila and humans, for instance



(Goldin, 2002). Though these disadvantages exist, invertebrates such as Drosophila and C.
elegans provide distinct advantages for studying the nervous system and injury responses. The
size of Drosophila does not dictate its nervous system complexity — Drosophila have 12,000-
15,000 genes, some of which help to encode proteins for its 100,000 neurons. Most importantly,
use of Drosophila as a model organism provides an excellent way to study neural response to
injury in vivo. Not to mention, the short life cycle (14 days), well-established mutant and RNAI
line availability, and relative ease of maintenance make Drosophila a convenient model
organism for research.

Drosophila have several distinctive subclasses of sensory neurons (Bodmer and Jan,
1987). Our laboratory mainly studies class | and class 1V dendritic arborization (da) neurons
(Figure 4A and 4B). While class I neurons have comb-like dendrites, class 1V neurons have
dendritic arbors that extend in all directions around the cell body. As | am observing dendritic
regeneration, it makes sense to focus on neurons that display expansive dendritic arbors. Thus,
the experiments described herein utilize fluorescent microscopy techniques in order to study
dendrite response to injury in class IV da neurons in Drosophila. Using sensory neurons for this
experiment as opposed to neurons of the central nervous system serves a practical purpose, as
sensory neurons are close to the epidermal layer of the larvae, providing easiest access to the
neurons for imaging and damage.

In these experiments, | use a UV pulse laser in order to induce damage to glial cells and
dendrites. Though functional, this assay is relatively difficult, as there are several opportunities
for the Drosophila larvae to die over the time course of the experiment. | have taken advantage
of a new potential way to induce damage to dendrites by making transgenic Drosophila

expressing two C. elegans genes, osm-9 and ocr-4. In C. elegans, OSM-9 and OCR-4 together



Figure 4: Drosophila have structurally and functionally distinct subclasses of sensory
neurons. In Figure A, Class | dendrites have comb-like dendrites, and are proprioceptive sensory
neurons (Grueber et al., 2007; Hughes and Thomas, 2007). Class IV neurons (B) have broad
dendritic arborization patterns are nociceptive and help to protect the larvae from parasitoid
wasps (Hwang et al., 2007).

form a heterotetramer in a subset of neurons. When exposed to nicotinamide, nicotinamide binds
the osm-9 and ocr-4 channel, the channel opens, and allows for an excess of calcium ions to pass
(Upadhyay et al., 2016). The influx of calcium can lead to excitotoxicity; excessive intracellular
calcium concentrations activate calcium-dependent proteases, which in turn destroy the
components of the neuron required for survival (Bano and Nicotera, 2007). By cloning these two
C. elegans genes into a Drosophila plasmid vector and making transgenic Drosophila, we aim to
be able to damage the dendrites of the sensory by adding nicotinamide to the food instead of

using a UV laser to induce damage.

Kinases are ubiquitously found in molecular pathways, and glial cells often play a
supporting role in the nervous system. Therefore, | have chosen to study dendrite regeneration in
the context of kinases and glial cells. By making use of two different damage assays and testing
kinases and glial cells for their roles in dendrite regeneration, | ultimately aim to uncover the

dendrite regeneration pathway.



Methodology

GAL4/UAS System

I used a GAL4/UAS (upstream activating sequence) system in order to visualize class IV
sensory neurons and glial cells (Figure 5). GAL4, a yeast transcription factor, was inserted
downstream of an enhancer that is present specifically in sensory neurons or peripheral glial
cells. UAS is activated in response to the GALA4 transcription factor binding (Brand and
Perrimon, 1993). Most lines have a fluorescently-tagged protein (green fluorescent protein, GFP,
or red fluorescent protein, RFP) under control of the UAS, and so the fluorescent proteins were
expressed exclusively in either sensory neurons or the glial cells (Henry et al., 2012). Pickpocket
(PPK) was used to drive GAL4 expression for class IV sensory neurons, whereas repo was used
for glial cells. Balancer chromosomes such TM6 or Cyo function to prevent homologous
recombination. Balancer chromosomes have a visible marker, in order to differentiate flies that
have the transgene from flies that do not, and are homozygous lethal, so the fly never obtains a

copy of TM6 or Cyo on both chromosomes.

Fluorescent Imaging and Confocal Microscopy

In each experiment, third-instar larvae were mounted onto a 3% agarose slide with the
dorsal side of the larvae facing upwards. Larvae were rinsed with PBS buffer and were imaged
with a combination of two different microscopes - Olympus FVV1000 microscope using Fluoview

Software or and LSM510 microscope using the LSM510 software. A table with information on
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the various fluorophores used their corresponding absorbance and emission wavelength is

depicted in the table below (Table 1). Images were compiled using ImageJ software.

PPK - Gal4,UAS - mcD8 - GFP

UAS - dicer?2;

Neurons express
dicer, but there is
an extra copy to increase

RMAI Effectiveness
TME6 is a balancer

chromosome

Figure 5: Example of a GAL4/UAS System. Gal4 transcription factor is placed downstream
from a promoter of a protein (PPK) that is expressed in Class IV sensory neurons. Gal4 binds to
UAS sequences and activates the dicer2, green-fluorescent protein tagged mcD8, and RNAI of
the candidate being tested. As PPK is only expressed in sensory neurons, expression of
fluorescent protein, RNAI and dicer2 is only expressed in class IV sensory neurons.

Fluorophore Fly Lines Absorbance peak & | Emission peak A
(nm) (nm)
GFP mcD8-GFP 488 507
tdTomato PPK-tdtomato 554 581
dsRed Red-stinger 558 583

Table 1: Fluorophores used with corresponding absorbance and emission peaks.
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Dendrite Regeneration Screen

PPK—Gal4,UAS—mcD8—GFP

The tester line for the dendrite regeneration screen was UAS — dicer?2; ey

RNAI knockdown of the gene of interest was induced by mating the tester line with flies that
have a UAS-RNAI sequence (Figure 5 and Table 2). As a control, | performed RNAi knockdown
of y-Tubulin 37C. y-Tubulin 37C is only expressed in early embryogenesis, making it an ideal
choice for a control (Tavosanis, 1997). In experiments where dendrites were damaged, | used a
UV pulse laser to sever all of the primary dendrites from the neuron (Figure 6). The UV pulse
laser allows for accurate targeting of dendrites; our lab has performed experiments where axons
were cut without damaging the glial cell membrane that wraps the axon.

After imaging, | placed the larvae on a cap with food and stored the larvae for 24 hours at
25°C. After 24 hours, the larvae were imaged once again to observe presence of dendrite
regeneration. Results were qualitative in nature, and so each RNAI tested was placed in a
category of either “did regenerate” or “did not regenerate.” However, there was also attention to
note RNAI candidates which produced significantly reduced dendrite regeneration. For each
RNAI candidate, 8-12 larvae were tested. If | observed dendrite regeneration for a particular
RNAI candidate, then | concluded that the tested protein likely is not involved in dendrite
regeneration. If regeneration did not occur or there was significantly reduced dendrite
regeneration present, then I concluded that particular kinase might be involved in the dendrite

regeneration pathway.



Figure 6: Inducing Dendrite Injury. Primary dendrites of sensory neurons were cut using UV
pulse laser. Red arrows indicate site of dendrite injury.

Table 2: RNAi Lines for Dendrite Regeneration Screen

12

Stock Number Gene Name Stock Number Gene Name
VDRC 25271 y-Tubulin 37C | BL 26292 CG17528
VDRC 4138 Cut VDRC 108937 Dpak1l

BL 32932 Cpl VDRC 47507 Hep

VDRC 992 ILR VDRC 101517 msn

VDRC 100296 PI3K VDRC 100717 SNF-related
VDRC 106642 Ras VDRC 106980 Stat92E
VDRC 7005 sgg VDRC 25528 MEKK
VDRC 104548 varicose VDRC 106449 MLK2
VDRC 35252 src-64B VDRC 105773 p38C
VDRC 26805 BcDNA VDRC 39131 Spock
VDRC 106573 Anon-71Aa VDRC 110765 Takl1

BL 31263 Tak1l VDRC 108356 LKB1
VDRC 103748 IK2 VDRC 107083 ALK
VDRC 104782 Ric VDRC 101624 skittles
VDRC 52553 par-1 VDRC 33516 slpr

BL 25786 CKl-alpha VDRC 32249 cdc2rk
VDRC 104793 caki VDRC 103413 Cdk7
VDRC 25343 dlimk VDRC 103561 cdk9
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Glial Cells and Dendrite Regeneration

In order to visualize glial cells, | observed progeny from the experimental cross

UAS—-redstinger UAS—-mCD8—GFP x PPK—-tdtomato repo—Gal4

; (Figure 7). The PPK-tdtomato has
TM6 Cyo TM6

)

Cyo
RFP directly fused to the PPK protein. UAS-redstinger allowed me to visualize the nuclei of the
glial cells in order to induce glial cell ablation. | used the UV pulse laser to induce glial cell
ablation by targeting the nuclei. I induced ablation to all accessible glial cells that surrounded the
class IV neuron. After glial cell ablation, | placed the larvae on a cap with food and stored the
larvae for 24 hours at 25°C. After 24 hours, | cut off the primary dendrites of the class IV sensory
neuron, and then checked for regeneration 24 hours later. Similar procedures were used to

classify dendrite regeneration as used in the dendrite regeneration screen.

Figure 7: Fluorescent Glial Cells and Sensory Neurons. Glial cell membranes are labeled with
mcD8-GFP, the glial cell nuclei are labeled with red stinger, and the class 1V sensory neurons are
labeled with td-tomato.
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Molecular Cloning

osm-9 (2811 bp) and ocr-4 (2271 bp) were cloned into a pUAST Drosophila vector from
plasmids containing osm-9 and ocr-4 cDNA. osm-9 was amplified using the forward primer
(5’ - TGGGAATTCGTTAACAGATCTGCCACCATGGGCGGTGGAAGT - 3’) and the
reverse primer (5 - TGTTAGCAGACTTCCTCTGCCCTCTCCACTGCCTTCGCTTTTGTC
ATTTGT - 37). ocr-4 was amplified using the forward primer (5 - AGAGGAAGTCTGCT
AACATGCGGTGACGTCGAGGAGAATATGGGTAATGCATCTAGTGCT - 3°) and the
reverse primer (5 - TCGAGCGCGGCCGCAAGATCTTTAGCCGGTAGGAATAATCAACTT
—3’). In order to have bicistronic expression of osm-9 and ocr-4, a viral 2A peptide sequence (5’
— GGCAGTGGAGAGGGCAGAGGAAGTCTGCTAACATGCGGTGACGTCGAGGAGAAT
— 3’) was built into the primer sequences of osm-9 and ocr-4. The restriction enzyme Bgll|
(cleaves A|GATCT sequence) was used in order to linearize the pUAST plasmid. Bglll
restriction sites were also maintained in the primer sequence, to be able to confirm presence of
osm-9, viral 2A, and ocr-4 inserts.

In-Fusion cloning was used in order to generate the plasmid construct. In-Fusion differs
from classical molecular cloning in that it solely requires 15 base pairs of homology between the
inserted sequences and the vector (Figure 8). The plasmid construct was amplified by
transforming and culturing Stellar chemically competent E. coli cells onto an LB agar plate with
ampicillin. Transformants were checked by colony PCR and plasmid was isolated and purified
using a miniprep protocol. Plasmid digestions were performed to verify plasmid product. The
plasmid was then further amplified and purified using a midiprep protocol and sent to be injected

into Drosophila to generate a transgenic fly line expressing these genes.



15

15 BP Homology
| Bglll RS g Osm-9
2811 bp
2271 bp

15 BP Homology
T < <\

15 BP Homology

8904 BP

Figure 8: In-Fusion Cloning Design. In-Fusion cloning requires 15 base pairs of homology
between the digested vector and the inserts. In the case of multiple inserts, there is also a required
15 base pairs between the inserts. Vector was digested using Bglll. Three different genes, osm-9
(2811 bp), the viral 2A sequence (54 bp) and ocr-4 (2271 bp) were inserted into the pUAST
sequence. pUAST has an ampicillin resistance gene so as to allow for selection of bacteria that
have been transformed with this plasmid. The final product should be 14,052 bp (with addition of
Kozak Sequence and an additional Bglll site).
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Results

Sensory Neurons in Control Group Exhibit Rapid Regeneration After Damage

Our laboratory has developed methods to study neuronal responses in both class | and
class IV sensory neurons. In order to study dendrite injury responses, we study class IV sensory
neurons instead of class | neurons, as regenerating dendrites in class | neurons exhibit periaxonal
growth after damage (Stone et al., 2014). The directed growth of the regenerating dendrites in
class I neurons is in the direction of the axon instead of towards the epithelial layer, where they
normally exist (Kim et al., 2012). When class 1V neurons have their dendrites damaged, there are
broad dendritic regeneration patterns that extend in all directions.(Stone et al., 2014). Thus, to
test to see if dendritic arbors regenerated after damage, | cut each of the primary dendrites from a
class IV neuronal cell body using a UV pulse laser (Figure 6).

Larvae were maintained at 25°C for 24 hours, at which point they were screened to see if
dendrites regenerated. | chose y-Tubulin 37C RNAI as a control for this screen, as y-Tubulin 37C
is only expressed during early embryogenesis (Tavosanis et al., 1997). As such, we would expect
for dendritic arbors to regenerate after damage with y-Tubulin 37C RNAI knockdown. This was
the observed result, as when primary dendrites of class IV dendrites were severed using a UV
pulse laser, neurons regenerated dendritic arbors 24 hours later in the y-tubulin 37C RNAI
control (Figure 9). Dendritic arbors do not take on the exact same arborization as the neuron
prior to injury. Rather, the regenerating dendrites will eventually regenerate to span
approximately the same area as the uninjured neuron.

For each candidate RNAI, approximately ten larvae were tested for dendrite regeneration.

After the primary dendrites were severed with the UV pulse laser, dendrite regeneration was
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observed 24 hours later and compared with the y-tubulin 37C control. Thirty-five different

proteins were tested for their role in dendrite regeneration. Candidates were compared with the y-
tubulin 37C control RNA. to see if there was regeneration, significantly reduced regeneration, or
a complete lack of regeneration. | used a binary system to classify the tested proteins. If a sample
showed regenerated dendritic arbors like that of the y-Tubulin 37C control, | classified the
neuron as “regenerated.” If the sample showed significantly reduced or a lack of dendrite

regeneration, | classified the neuron as “did not regenerate.”

Figure 9: Dendrites show rapid regeneration in y-tubulin 37C control knockdown. At time

t = Oh, primary dendrites were cut from the cell body, as indicated with the red arrows. After 24
hours, dendrites have undergone degeneration and show regeneration of dendritic arbors.
Dendritic arbors do not yet span the same area as the uninjured neuron, as depicted with the white
arrows.

Neurons with RNAI Knockdown of Dendritic Pruning and Regrowth Factors Show
Dendrite Regeneration

Drosophila neurons have mechanisms to prune and regrow new dendrites during

metamorphosis. Ecdysone, Brm, and CBP function to prune dendrites and allow for neurons to
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exhibit different dendrite morphologies during the pupal stage (Kirilly et al., 2011). Ecdysone is

a steroid hormone that interacts with epigenetic factors, primarily a Brahma-containing
chromatin remodeler (Brm) and a CREB-binding protein (CBP) in Drosophila to prune excessive
or unnecessary dendrite formation (Kirilly et al., 2011). IK2 is a microtubule severing protein
that also helps to regulate pruning of dendrites during metamorphosis (Lee et al., 2009). The
regrowth of pruned dendrites is controlled partly through the use of the Cut transcription factor
and Cysteine proteinase-1 (Cpl). Cp1 functions to control production of the Cut transcription
factor, and Cp1 has been shown to be indispensible for the regrowth of pruned dendrites (Lyons
etal., 2014).

Because of their role in dendritic pruning and regrowth during metamorphosis, | was
interested in testing 1K2, Cut and Cpl1 to see if they would play a role in dendrite regeneration. |
hypothesized that dendrites would be unable to regenerate when levels of these proteins were
reduced. Upon testing these candidates, | found that dendrite regeneration was able to occur in

knockdown of IK2, Cut, and Cp1l (Figure 10).

Neurons with RNAI Knockdown of RTKs and Downstream Effectors Show Dendrite
Regeneration

Receptor Tyrosine Kinases (RTKSs) are receptors that bind to growth factors or hormones,
leading to cross-phosphorylation of the receptor on tyrosine residues. RTKs have a rather diverse
set of downstream targets that vary considerably by cell-type. Ultimately, RTKs lead to
activation of factors that monitor cell development, growth and survival. For instance, in
Drosophila, inhibition of the ILR/PI3K/TOR pathway by E3 ligase contributes to dendritic

pruning (Wong et al., 2013), suggesting that this pathway contributes to processes that allow for
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normal cell function and maintenance. | decided to test two RTKsS, ALK and an insulin-like

receptor (ILR). Ras (a GTPase), Ric (a ras GTPase), Dpak1, and PI3K are each proteins that are
eventually activated downstream from initial RTK signaling. I suspected that neurons with RNAI
knockdown of these genes would lead to a reduction in dendrite regeneration after damage in
comparison with the y-tubulin 37C control. Knockdown of the RTK’s (Figure 11) or the earlier
downstream effectors of the RTK signaling pathway (Figure 12) did not show a significant

reduction in dendrite regeneration in comparison with the y-tubulin 37C control.
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Figure 10: Dendrite regeneration occurs in knockdown of dendritic pruning and regrowth factors.
RNAI knockdown of IK2 (A), Cut (B), and Cpl (C) did not prevent dendrite regeneration from occuring
to a similar extent as the y-tubulin 37C control. Almost all of the neurons tested in these knockdowns
showed dendrite regeneration (D).
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Figure 11: Dendrite regeneration occurs in knockdown of two RTKs. RNAI knockdown of ALK (A)
and ILR (B) did not prevent or reduce dendrite regeneration. There is no significant reduction in the
number of neurons that displayed dendrite regeneration out of the total number of neurons tested between
the control and the tested groups (C).

Neurons with RNAiI Knockdown of MAPKKKSs Show Dendrite Regeneration

Mitogen-activated protein kinase kinase kinase (MAPKKK) cascades are commonly used
downstream of initial RTK signaling to activate cellular responses. MAPKKKSs activate
MAPKKSs via phosphorylation, and these activated MAPKKSs activate MAPKS. In the axon
regeneration pathway, dual-leucine zipper kinase (DLK) is a mitogen-activated protein Kinase

kinase kinase (MAPKKK) that is activated after axonal injury, which subsequently activates the
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Figure 12: Dendrite regeneration occurs in knockdown of several proteins in RTK signaling
pathway. RNAI knockdown of Ras (A), Ric (B), Dpak (C), or PI13K does not produce a significant
reduction in dendrite regeneraiton after damage. There is no significant reduction in the number of
neurons that displayed dendrite regeneration out of the total number of neurons tested between the control
and the tested groups (D).

Jun N-terminal kinase (JNK, MAPK) and the transcription factor FOS (Gallo and Johnson,
2002). An increase in DLK/JNK/Fos signaling is necessary for axonal regrowth of damaged
axons (Xiong et al., 2010). Though dendrite regeneration uses a pathway that is independent of
DLK (Stone et al., 2014), | decided to test other members in the MAP kinase protein subfamilies
—slpr, p38C, Hep, msn, MEKK, takll, takl, and MLK2 — to see if they would have an affect on
dendrite regeneration (Figures 13 and 14). By targeting proteins of the RTK pathway that

ultimately act to affect responses such as cell growth, | predicted that | would see reduced or

complete lack of dendrite regeneration after damage. Dendrites were able to regenerate in
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neurons with RNAIi knockdown of these MAP kinases (Figure 13 and 14). Interestingly,

however, msn appeared to produce regenerated dendrites with complex arbors (Figure 13D).

B # neurons damaged

DO # of neurons
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37c
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Figure 13: Neurons with RNAi knockdown of various MAP kinases showed dendrite
regeneration after damage. Slpr (A), p38C (B), Hep (C), and msn (D) were knocked down with
RNAI to see if they play a role in dendrite regeneration. Dendrites were able to regenerate in all
tested proteins (E). Interestingly, reduced levels of msn seems to produce complex dendritic
arbors 24 hours after damage, as indicated with the red arrows.

Neurons with RNAI Knockdown of Calcium-calmodulin Dependent Kinases Show Dendrite
Regeneration

Intracellular calcium levels are typically low in comparison with the extracellular matrix.
Thus, it makes sense that perforation of the neuronal cell membrane of the axon creates an

increase in intracellular calcium that travels towards the cell body. This calcium then triggers the
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Figure 14: Neurons with RNAI knockdown of various MAP kinases showed dendrite regeneration
after damage (continued). MEKK (A), Takl1(B), Takl (C) and MLK2 (D) were tested for their roles in
dendrite regeneration, and dendrites were able to regenerate in all cases (E).

pathway for axonal regeneration by activation of cAMP and PKA. Calcium-calmodulin
dependent kinases (CAMKS) are another type of calcium-dependent protein. CAMKSs, by their
name, require calcium for activation. Upon activation, CAMKSs can phosphorylate cCAMP
response element-binding proteins (CREBS), and phosphorylated CREBSs act as transcription
factors. Activated CAMKSs ultimately lead to regulation of gene expression through CREBs. It
would be reasonable to suspect that a gene for dendritic growth is activated in part by this
calcium-dependent CAMK signaling, as a perforation in the cell membrane at the site of dendrite

injury could lead to an influx of calcium to activate this gene expression system. Thus, I decided
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to test several different CAMKSs — LKBL1, an SNF-related kinase, par-1, caki, and CG17528 —

with the prediction that one of these proteins may lead to a reduction or complete lack of
dendrite regeneration (Figure 15 and 16). | also decided to test SPOCK (Figure 16), a secretory
pathway calcium ATPase pump that functions to maintain calcium levels in the cytosol (Van
Baelen et al., 2004). If this pump were not present in a neuron that has had dendrite damage, |
would suspect that the high intracellular calcium concentration from dendrite injury would not be
as well maintained, and that there would be reduced dendrite regeneration. Despite RNAI

knockdown of the CAMKSs and SPoCK, dendrites were able to regenerate in response to damage.

SNF-1 related

16 B # neurons damaged

O # of neurons
regenerated

v Tubulin LKB1  SNF-related par-1
3arc

RMAI Line

Figure 15: Neurons with RNAi knockdown of various calcium-calmodulin dependent kinases
showed dendrite regeneration after damage. LKB1 (A), SNF-1 related (B), and Par-1 (C) were tested
for their roles in dendrite regeneraiton using RNAi knockdown, and dendrites were able to regenerate in
all cases (D).
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Figure 16: Neurons with RNAI knockdown of various calcium dependent kinases showed dendrite
regeneration after damage. RNAi knockdown of two CAMKSs — Caki (A) and CG17528 — (B) in
sensory neurons did not show significantly reduced dendrite regeneration (D). SPoCK is a calcium
ATPase that was tested for dendrite regeneration (C), and this also did not produce a significant reduction
in dendrite regeneration (D).

Neurons with RNAI Knockdown of CDKs Show Dendrite Regeneration

Cyclin-dependent kinases (CDKs) are known most notably for their regulation of the cell
cycle. Some CDKs also have a role in regulation of gene expression; cdk9 and cyclin T
make up the p-TEFb kinase, which removes transcription pausing factors DSIF and NELF,
allowing for the transcription of RNA polymerase to continue on a gene of interest (Adelman
and Lis, 2012). In mammals, cdk7 has been shown to directly regulate mRNA synthesis to

manage cellular homeostasis (Kelso et al., 2014). Due to the role of many of these proteins
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required for normal cell function, | decided to test cdc2rk, cdk7, and cdk9 for dendrite

regeneration. There was no significant reduction in dendrite regeneration in neurons with cdc2rk,

cdk?, or cdk9 knockdown (Figure 17).
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Figure 17: Neurons with RNAi knockdown of various cyclin-dependent kinases showed dendrite
regeneration after damage. Cdc2rk (A), cdk7 (B), and cdk9 (C) were tested for their roles in dendrite
regeneration using RNAIi knockdown, and dendrites were able to regenerate in almost all tested neurons

(D).

Neurons with RNAi Knockdown of Microtubule Proteins Show Dendrite Regeneration

In Drosophila, dendrites have minus-end out microtubules, meaning that the direction of

polymerizing microtubules is oriented from the tips of the dendrites towards the cell body (Stone



27
et al., 2008). Functionally speaking, this means that vesicular transport of protein cargo from the

cell body towards the dendrites utilizes a dynein motor. When axons are damaged, there is an
upregulation of growing microtubules, and a dendrite is converted from minus-end out to a plus-
end out. The plus-end out dendrite grows, and the dendrite functionally begins to take on many
of the molecular functions of an axon (Stone et al., 2010). While this only seems to occur in
axons and not dendrites (Stone et al., 2010), | decided to test to see if reduction of shaggy, anon-
71Aa, and dlimk microtubule proteins would affect dendrite regeneration. Shaggy (sgg) is a
protein that phosphorylates futsch, and futsch plays a role in dendritic and axonal development
(Gogel et al., 2006; Hummel et al., 2000). Anon-71Aa (also known as DCX-EMAP), is a
doublecortin containing microtubule-associated protein that plays a role in mechanosensory
transduction in Drosophila. Dlimk is a kinase has been shown to regulate actin dynamics in both
mammals and Drosophila (Ohashi et al., 2000). RNAI knockdown of these proteins did not lead

to a significant reduction in dendrite regeneration (Figure 18).

Neurons with RNAI Knockdown of Various Proteins Involved in Development, Axonal
Clearance and Vesicular Trafficking Show Dendrite Regeneration

I decided to test several different proteins involved in various processes: CK1-a, which is
involved in the canonical wnt signaling pathway that in part controls neural patterning during
embryogenesis (Komiya and Habas, 2008); sktl, which was identified in a screen for proteins
involved in peripheral nervous system development (Prokopenko et al., 2000); Stat92E, a
transcription factor that promotes expression of proteins to clear axonal debris after damage

(Doherty et al., 2014); BcDNA, an ADP-Ribosylation factor GTPase that is involved in
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Figure 18: Neurons with RNAi knockdown of microtubule proteins showed dendrite regeneration
after damage. Sgg (A), Anon-71Aa (B), and dlimk (C) were tested for their roles in dendrite regeneration
using RNAI knockdown, and dendrites were able to regenerate in all tested neurons (D).

regulation of vesicular trafficking (Wennerberg et al., 2005); varicose, a protein involved in cell-
adhesion (Wu et al., 2007); and src64B, a kinase found to be involved in actin organization in
ovarian ring canals (Kelso et al., 2002). | hypothesized that knockdown of these proteins would
result in a reduced level of dendrite regeneration or complete lack of regeneration. Upon testing
these proteins, | found that none appear to regulate dendrite regeneration after injury (Figure 19

and 20).
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Figure 19: Neurons with RNAi knockdown of various proteins involved in development and axonal
clearance showed dendrite regeneration. CK1-a (A), skittles (B), and Stat92E were tested for their
roles in dendrite regeneration using RNAI knockdown, and dendrite regeneration was able to occur in

almost all tested neurons (D).
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Figure 20: Neurons with RNAI knockdown of kinases involved in vesicular trafficking, cell
adhesion, and actin regulation showed dendrite regeneration. BcDNA (A), varicose (B), and src64B
(C) were tested for their roles in dendrite regeneration using RNAi knockdown, and dendrite regeneration
was able to occur in almost all tested neurons (D).
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Figure 21: Dendrite regeneration occurs more than 80% of the time in each RNAI candidate.
Percent regeneration was calculated as a ratio of regenerated dendrites of the total number of larvae
tested. Results show that dendrite regeneration occurs after damage, with p >> 0.05 in each case.
Statistical analysis was performed using Fisher’s Exact Test.

Modeling Dendrite Injury Response in Presence of Dead Glial Cells

In order to test if dendrite regeneration can occur without glial cells, we needed to be able
to visualize three different features: the glial cell membrane (to be able to see the entire shape of
the glial cells), the glial cell nuclei (to cause glial cell ablation), and the class IV sensory neuron
membrane (to be able to test for dendrite regeneration). One of the initial challenges to overcome
was being able to visualize all of these features, as using the Gal4/UAS system would require
two separate Gal4 drivers and three different upstream-activating sequences. While the Gal4 may

be specific to either glial cells or sensory neurons, the UAS would not be. If both membranes are
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visualized with the UAS-mcD8-GFP, then it may be difficult to differentiate between sensory

neuron membranes and glial cell membranes. Additionally, the large number of transgenes
would likely be detrimental to the overall health of the flies, and would interfere with many of
the features that make Drosophila a convenient model system to work with. By using PPK-
tdtomato, which has RFP directly fused to the pickpocket protein expressed on the class 1V
neuron membrane, | eliminated the need for a separate UAS-mcD8-RFP to label the sensory
neuron. | used repo-Gal4 to drive expression of Gal4 in glial cells, UAS-redstinger to label the
glial cell nuclei, and UAS-mcD8-GFP to label the glial cell membranes.

This fly line was generated in order to determine the role of glial cells in dendrite injury,
but it was uncertain whether it would be feasible to perform a damage assay on both glial cells
and the sensory neurons. Also, whether the glial cells would be close enough to the epithelial
layer to induce damage was another practical concern. Figure 22 illustrates that | was able to
develop an assay to test if glial cells are required for the dendrite regeneration response to injury.
While dendrite regeneration is present 48 hours after glial cell ablation and 24 hours after
dendrite injury (Figure 22), the current sample size is too low to make definitive conclusions on
whether dendrite regeneration after damage will occur in absence of functioning glial cells. In
addition, some of the glial cells are farther away from the epithelial layer of the larvae and thus
not as easily accessible to the UV pulse laser, making it difficult to damage these glial cells.
However, the assay for killing glial cells and testing for dendrite regeneration is feasible and

should become streamlined with time.
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mcD8-GFP

Figure 22. Modeling dendrite injury responses and glial cell ablation. Image was taken 48 hours after
glial cell ablation and 24 hours after dendrite injury. Glial cells were killed using a UV pulse laser. Glial
cell membranes are marked with mCD8-GFP whereas the dendrites are marked with tdtomato. The
location of the targeted nucleus is indicated with the red arrow. Redstinger is not visible as this image was
taken after ablation; lack of fluorescence in this region illustrates absence of nuclei and a functionally
dead glial cell. After 24 hours, the dendrites were cut from the neuron, and regeneration of dendrites was
observed 24 hours later.

Generation of Transgenic Flies Containing osm-9 and ocr-4

Though there are orthologs to C. elegans osm-9 and ocr-4 in Drosophila — inactive and
nanchung, respectively — cells that express inactive and nanchung do not experience cell death
when exposed to NAM (Upadhyay et al., 2016). By cloning the two C. elegans genes osm-9 and
ocr-4 into a plasmid vector and subsequently making transgenic Drosophila, I aim to develop an
alternative assay to dendrite regeneration. The two genes were linked with a viral 2A sequence to
allow bicistronic expression of the two proteins. Expression of two proteins with a viral 2A
sequence is advantageous compared to using an internal ribosomal entry site (IRES), as using an

IRES often leads to reduced expression of the second gene in the sequence (Kaufman et al.,
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1991). In addition, a viral 2A sequence often is better than co-transfecting in vivo cells with two

separate plasmids, as this application is not as practical in vivo as it is in vitro (Daniels et al.,
2014)

In-Fusion cloning was used to generate a pUAST plasmid construct with osm-9 and ocr-
4. The pUAST Drosophila vector has a multiple cloning site (MCS) to allow for insertion of
genes of interest. Expression of the proteins was placed under UAS-control. This is important as
it will allow for us to have tissue-specific expression of osm-9 and ocr-4 under Gal4 in
Drosophila. E. coli transformants were screened using colony PCR, and plasmid was extracted
from positive transformants using a plasmid miniprep. The plasmids were digested using two
different restriction enzymes, and each produced bands at the expected sizes, confirming that the
plasmid contains the osm-9, ocr-4, and viral 2A genes (Figure 23 and 24). The plasmid construct
was then further amplified using a midiprep and injected into Drosophila embryos to generate
transgenic flies expressing osm-9 and ocr-4. The pUAST vector has the mini-white selectable
marker to allow for selection of flies that have taken up the plasmid. Transgenic Drosophila will
be used to develop an assay that will potentially induce damage to the neurons by feeding

nicotinamide to larvae expressing osm-9 and ocr-4 (Figure 24).
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Figure 23: Restriction enzyme digestion confirms plasmid product. Plasmid construct was digested
with Bglll (A) and BSRGI (B). Digests produced bands at the expected sizes.

Figure 24: OSM-9, OCR-4 and NAM. Osm-9 and ocr-4 form a heterotetramer in C. elegans neurons
(A)(Upadhyay et al., 2016). Upon binding of NAM (14B), there is a subsequent influx of calcium (14C).
Calcium-dependent proteases destroy the components of the neuron required for survival (Bano and
Nicotera, 2007).
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Discussion and Future Directions

Tested Proteins do not Appear to Play a Role in Dendrite Regeneration

When thirty-five different proteins were knocked down using RNAI, dendrites were able
to regenerate after damage in each case with no statistically significant reduction in dendrite
regeneration (Figure 21). The fact that dendrites were able to regenerate suggests that these
proteins do not regulate dendrite regeneration after damage. Though this was the case, we cannot
definitively conclude that these proteins do not play a role in dendrite regeneration after damage.
There is a small possibility that RNAI did not produce effective knockdown of one of the
proteins, and that particular protein may have been an enzyme involved in the dendrite
regeneration pathway. This is one of the downfalls of performing a broad genetic screen using
RNAI. However, due the large number of protein candidates that may be involved in dendrite
regeneration, the ability to quickly see which proteins play a role in dendrite regeneration far
outweigh the risks of using RNAI.

There is also the possibility that dendrite regeneration is a process that utilizes several
parallel pathways. In a parallel pathway, knockdown of one protein would not completely silence
the final response of dendrite regeneration, as there would be proteins in the parallel pathways to
compensate for the protein that was knocked-down. This would make it particularly difficult to
identify a protein using the RNAI screen described herein. If the dendrite regeneration pathway
does require a series of parallel pathways, we may need to look at alternative methods to begin to
understand proteins involved in dendrite regeneration. Though the screen has not revealed any

proteins involved in the dendrite regeneration pathway, the results speak as a testament to the
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remarkable capability of a neuron to regenerate in response to injury. The fact that dendrite

regeneration utilizes a pathway that is independent of the axonal regeneration pathway, and that
none of the protein candidates produced a lack of dendrite regeneration after damage means that

dendrite regeneration likely utilizes a pathway different from what we had initially expected.

Glial Cell Injury Assay and Dendrite Regeneration

We developed a fly line that has a red fluorescent protein directly fused to PPK, which
has allowed us to visualize glial cells and class IV neurons using separate fluorophores. Prior to
these experiments, it was unknown whether we would be able to utilize a UV pulse laser to kill
glial cells and subsequently damage dendrites to test for regeneration after damage. One of the
major concerns was that performing a large amount of local damage with the laser would kill the
sensory neuron. Figure 22 shows that it is possible to monitor dendrite regeneration after killing
the glial cells. The sample size is too small at this point (n=1) to definitively conclude whether or
not glial cells play a role in dendrite regeneration after damage. However, this assay will provide
the gateway to being able to understand if glial cells are necessary for the dendrite regeneration
response.

There are still quirks to damaging the glial cells with the UV pulse laser. Each sensory
neuron has approximately 3-4 glial cells that surround it towards the synaptic end of the axon. In
some cases, these glial cells are superficial enough to the epithelial layer to induce damage with
the UV pulse laser, while in other cases they are not. Typically, the larvae is mounted dorsal-side
up with the two trachea facing upwards. In instances where the glial cells are not accessible for

damage with the laser, | will accommodate this by mounting the larvae on a slight angle, to allow
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for easier access to glial cells that are deeper in comparison to the epithelial layer. Once this

assay becomes more streamlined, | plan to test to see if glial cells are required for dendrite

regeneration damage using this assay we have developed.

Future Directions

From the RNAI screen, | observed that damage to a class IV sensory neuron with msn
(misshapen) RNAIi knockdown exhibited more complex dendritic arbors after regeneration than
seen in the y-tubulin 37C RNAI control (Figure 13D). Msn is thought to have MAPKKKK
activity from sequence similarity with other MAPKKKKSs (Su et al., 1998). | would like to
further explore msn to see if it has complex dendritic arbors prior to dendrite injury, or if this
only occurs in the regenerative response. Complexity phenotypes are interesting to explore
because of their functional outcomes; a neuron with a high surface density of dendrites at the
epithelial layer would have a smaller receptive field. It would be interesting to test if these class
IV neurons do in fact have smaller receptive fields by performing two-point discrimination tests.
It would also be interesting to see if these neurons have an increased nociceptive response from
the increase in number of input processes that seem to be apparent in larvae with msn RNAI
knockdown.

In addition to performing the RNAI screen, I am working with M.D./Ph.D. student
Richard Albertson and utilizing a transcriptomics approach to determine global gene expression
changes following dendrite injury. This is accomplished by freezing larvae at specific time points
following injury. These animals can then be cryosectioned and prepared for laser capture

microdissection. Neuronal somas of interest are pooled into a single sample, and a cDNA library
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is generated according to protocols developed by Kevin Janes (Wang and Janes, 2013). These

cDNA libraries can be extensively profiled by gPCR prior to RNA sequencing to ensure sample
quality. RNA sequencing will allow determination of dendrite regeneration associated genes,
and allow more focused candidate analysis using RNAi and mutant fly lines. These experiments
will provide much needed insight into dendrite regeneration.

The screening process will also presumably become faster once | am able to take
advantage of transgenic Drosophila expressing the C. elegans osm-9 and ocr-4 genes. By taking
these transgenic flies and mating them with the tester line, | hope to be able to take advantage of
larvae that have the same features as those described in this experiment (i.e. Dicer2, mcD8-GFP
in sensory neurons) but with sensory neurons that are damaged in response to nicotinamide
instead of the UV pulse laser. Through the expression of osm-9 and ocr-4 channels in Drosophila
and feeding the larvae with nicotinamide, | aim to be able to induce damage to the dendrites of
Sensory neurons.

Naturally, developing this assay will come with certain challenges; neurons may simply
die upon addition of nicotinamide. It will be necessary to determine an appropriate concentration
of nicotinamide to use to induce damage without simply killing the neuron. While the aim of this
experiment is to focus on damaging just the dendrites, it is also possible that both dendrites and
axons will be damaged after adding nicotinamide. This could provide interesting insight into how
Drosophila respond to loss of all processes in vivo, as there is little insight as to whether neurons
can regenerate in response to both damaged dendrites and axons. Once | am able to make this
assay become functional, we will be able to induce damage to the neurons without using the UV
pulse laser, and will greatly simplify damage assays for the use of this project as well as for

future projects to come.
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It will also be interesting to further examine the role of glial cells in dendrite regeneration

using the assay described. If dendrites do regenerate after glial cell ablation, then glial cells most
likely do not play a role in the dendrite regeneration response to injury. If dendrites do not
regenerate when glial cells are killed, then perhaps glial cells send a signal that is required to
trigger the dendrite regeneration response. It would be interesting if this were the case, as glial
cells are most often described in the context of axons and synaptic terminals. To identify proteins
involved in this process, | may choose to screen for proteins involved in the glial cell response by

performing RNAI knockdown in glial cells instead of the sensory neurons as in this assay.

Final Thoughts

Once we have identified a protein involved in the dendrite regeneration pathway,
predictions will be made on other proteins involved in the pathway by using the known list of
candidates from the cDNA analysis, and comparing this list to the known interactions of the
identified protein with other proteins. By doing so, we hope to be able to discover the dendrite
regeneration pathway. Understanding neural response to injury is important because dendrites
are damaged during traumatic brain injury, stroke, and seizures (Gao and Chen, 2011; Murphy et
al., 2008; Zeng et al., 2007). Observing the rapid and robust nature of dendrite regeneration in
Drosophila has also raised many questions about the functionality of regenerated neurons. Are
the class IV nociceptive neurons able to respond to touch with damaged and subsequently
regenerated dendrites? Do regenerated axons ultimately meet with their synaptic counterparts?

There are still many questions that remain about neural response to injury, specifically in regards
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to dendrites. Looking forward, the experiments described herein will help to provide the tools

necessary to answer the remaining questions about dendrite regeneration after injury.
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