UCSF

UC San Francisco Electronic Theses and Dissertations

Title
Characterization of Dendrite Development and Regeneration

Permalink
https://escholarship.org/uc/item/1fn3s6tx

Author
Devault, Laura

Publication Date
2018

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1fn3s6tx
https://escholarship.org
http://www.cdlib.org/

Characterization of Dendrite Development and Regeneration

by
Laura DeVault

DISSERTATION
Submitted in partial satisfaction of the requirements for degree of
DOCTOR OF PHILOSOPHY

in
Neuroscience
in the

GRADUATE DIVISION
of the
UNIVERSITY OF CALIFORNIA, SAN FRANCISCO

Approved:

—— DocuSigned by:

Enic H Eric Huang

N——BABDSCIF0428410 Chair

/—Dncusigncd by:

o { H " Jonah Chan
>——DeBaSignel bp2a5
fimer, kas
S DORUISIGHEd b5 494

£ ,)5};.3__,\ Yuh-Nung Jan

Aimee Kao

/
M DSBDAEFIBCTE4B3

Committee Members



Copyright 2018

by

Laura DeVault



Dedications and Acknowledgements

| want to thank my colleagues, friends and family for the help and support that I received
while working on this dissertation. Without their kindness and support, none of this would have

been possible.

It has been inspirational to work in the Jan lab. Yuh Nung and Lily have created a truly
unique environment to study and work. Yuh Nung has been a very calm and kind mentor.
Whenever | go to talk with him about a problem that I’m having in lab or a concern that I have,
he’s very patient and reasonable. I always leave his office with a feeling that my problem is

entirely manageable. Thank you so much for letting me join the lab.

Yuh Nung and Lily have attracted wonderful people to the lab. The hard work of the
professional staff makes the lab run smoothly. Sandy, Tong, Marena, Monica, Rose, Lani and

Mariati are amazing resources and without them our experiments simply would not be possible.

Working in such a talented lab has been inspirational. There’s such a wide range of
expertise. Attending our lab meetings, I’ve learned so much. I’d like to extend a special thank

you to the following Jan lab members:

Susan has taught me so much about genetics. Her patience and willingness to teach have

helped me learn a great deal and made a good number of experiments possible.

Katie has taught me so much about how to be successful scientist. | appreciate all the
time that she’s taken to work with me. I’ve learned so much from her. She has an excellent sense

for teaching and giving relevant feedback.



Tun’s help with the functional experiments in my paper was invaluable. It is often the

first question people ask when | describe my study. Thank you for helping answer it.

Caitlin, Smita, Shan, Maja and Jacob provided help editing my paper and dissertation.
Their comments helped clarify my writing. Matt encouraged me to pursue difficult questions and

tackle technical hurdles.

David G, Josh, Jason, Shan, Lynn, Mario and Hung, my fellow Jan lab graduate students,
have provided scientific help and companionship. Josh’s work in adult neurons helped me a great
deal and I appreciate his willingness to answer my questions. Shan was such a good colleague

and friend. Mario and Lynn, thank you for the baked goods.

My committee, Eric Huang, Jonah Chan and Aimee Kao, have been supportive and
helpful. All of them care deeply about the students at UCSF. I couldn’t have asked for a better

committee.

| would like to thank my family for their support. My parents helped me develop a love
of learning and reading. Thank you for the sacrifices that you made for my education that

enabled me to be here today.

Chase, my partner, has been a constant source of support throughout this process. I
appreciate the emotional support he gives me when | doubt myself. He helps put everything into

perspective and reminds me what is important.

My friends in San Francisco have made my time here such fun. My graduate school

classmates have been simply wonderful. A special thank you to Peter, Mihir, Karuna and Sarah.



Contributions

Yuh Nung Jan directed and supervised the research that forms the basis for this
dissertation. Portions of this dissertation have been previously published. Chapter 1, 2 and 3 are
unpublished material. Chapter 4 is a reprint of “Dendrite regeneration of adult Drosophila
sensory neurons diminishes with aging and is inhibited by epidermal-derived matrix
metalloproteinase 2” by Laura DeVault, Tun Li, Sarah Izabel, Katherine L. Thompson-Peer, Lily
Yeh Jan and Yuh Nung Jan appearing in volume 32, issue 5-6 of Genes & Development (2018).

Individual author contributions are noted at the end of each chapter.

This work is comparable to work for a standard dissertation awarded by the University of

California, San Francisco.



Characterization of Dendrite Development and Regeneration
Laura DeVault

Abstract

Despite their key role in neuronal function, current understanding of dendrite
development and regeneration are lacking. We focused on the class IV dendritic arborization
(c4da) neuron of the Drosophila sensory system to address aspects of dendrite development and
regeneration due to the complex dendritic arbor and peripheral location of these neurons.
Although molecular motors are known to play a role in the development of the dendritic arbor,
there was not a comprehensive understanding of kinesins in dendrite development. Therefore, a
screen for kinesins which regulate dendritic arbor complexity was performed. Candidates for
further study were identified. Aspects of dendrite development in adulthood were also examined,
including the function of c4da neuron in the adult abdomen and the source of extracellular matrix
in the abdomen. The focus of this work is on the ability of neurons to regenerate dendrites. This
study characterizes the structural and functional capacity for dendrite regeneration in vivo in
adult animals and examines the effect of neuronal maturation on dendrite regeneration. which
has a dendritic arbor that undergoes dramatic remodeling during the first 3 d of adult life and
then maintains a relatively stable morphology thereafter. Using a laser severing paradigm, we
monitored regeneration after acute and spatially restricted injury. We found that the capacity for
regeneration was present in adult neurons but diminished as the animal aged. Regenerated
dendrites recovered receptive function. Furthermore, we found that the regenerated dendrites
show preferential alignment with the extracellular matrix (ECM). Finally, inhibition of ECM
degradation by inhibition of matrix metalloproteinase 2 (Mmp2) to preserve the extracellular

environment characteristics of young adults led to increased dendrite regeneration. These results

Vi



demonstrate that dendrites retain regenerative potential throughout adulthood and that

regenerative capacity decreases with aging.

Vi



Table of Contents

(@4 gF=To] (1 gl Rl 1 & oo [¥ o1 £ o] o AN 1
Dendrite DeVEIOPMENt. ... 2
RGN AL ON. ...t e 4
Dendrite REgENEIAtION. . ... .. ittt e e e e 9
SIONITICANCE. ... 10

Chapter 2: A genetic screen for kinesins involved in dendritic arborization.......c..ccccce..... 12
oo [0 Tox o] 12
RESUIES . ..ttt 13

RNAI screen of 21 kinesins in the Drosophila genome.............................. 13
unc-104 RNAI reduces dendritic arborization..................cooeviiiiiiiiiinnn 13
B o0 1 (o] B PP 14
Materials and Methods. ..........ouii e 16
ACKNOWIBAGEMENTS ...\ 16

Chapter 3: Characterizing the development and function of class 1V neurons in adult

(D] o ko] o] o] F- R TP PP 17
oo 0 Tod o] T 17
RESUITES . . .ttt 19

(1) What is the in vivo function of the c4da neurons in adults?............c.cccceeeveene 19

viii



(2) What tissues secrete basement membrane in the adult abdomen?................... 21

DISCUSSION . . . e e ettt e 22
Materials and MethOOS . ....oooi 25
ACKNOWIBAGEMENTS. .. .ot 25

Chapter 4: Dendrite regeneration of adult Drosophila sensory neurons diminishes with

aging and is inhibited by epidermal-derived Matrix-Metalloproteinase 2........cccceeeeeuenne. 27
oo [0 Tox o] o 27
RESUIES .ottt e 29

Adult dendrites can regenerate, but incompletely...................... 29
Injured dendrites recover functionality.................cooiiiiiiiii 32
Capacity for dendrite regeneration diminishes withage.............................. 33

Epidermal-derived Mmp2 mediates ECM reorganization and inhibits regenerative

CAPACHTY . ettt et 35
Dendrites preferentially regenerate into ECM-rich areas............................. 36
Integrin-mediated adhesion to the ECM regulates dendrite regeneration.......... 38
B o0 1 (o] B PP 40
Mature neurons regenerate dendriteS.............ooveiiiiiiiii i 40
Comparison to juvenile dendrite regeneration................cccooeveiiiiiiiniinnnnn. 41
Tissue maturation impedes dendrite regeneration...............c.oeveviiiiiinnn... 42
Dendrite ECM interaction has the potential to guide regeneration.................. 43



Materials and MethOOs. .. .ooooi e, 44

ACKNOWIEAGEMENTS. ...t 47
Chapter 5: Conclusion and FUtUIre DIreCtiONS....eueeeeeeerenteeseecsentssssesssnssnssssessnsonse 48
What mechanism underlies unc-104’s dendritic arborization phenotype?..........c..cc........ 48
Do kinesins contribute to dendritic regeneration?............cccceveieienieninieeienese e 49
How does CO2 stimulate c4da Neuron aCtivity?............cocevirerinieienene s 51
What functional and structural changes occur in regenerated dendrites?.............c.cco....... 52
How does aging affect the quality of regeneration? ................ccooiiiiiiiiiiiiennn.. 53
What molecular pathways define dendrite regeneration?............ccccveveveeercenienenieseennenn, 54

How does the extracellular environment influence the extent of dendrite regeneration?..55

R B NI S . e et teteeteeieeeeeeeeeeeeeeeeeeseeeeesesscosecsessessessssssssssssssssssssssssssssssssssssssssasss 85



List of Tables

(01T o) o PP

Table 1: List of RNAI stocks used in kinesin screen

Xi



List of Figures

(O 0T T ] (- 58

Figure 2.1 Knockdown of pavarotti and subito in c4da neurons.............................. 58

Figure 2.2 Knockdown of unc104 in c4da neurons decreases dendritic complexity....... 59

(@4 T T ] (= g 60

Figure 3.1 Application of carbon dioxide stimulates neural activity in c4da neurons.....60

Figure 3.2 Characterization of basement membrane in the adult Drosophila abdomen...62

Figure 3.3 Characterization of basement membrane in the adult Drosophila abdomen...63

(01 gF-10] (-] o S TP 64
Figure 4.1 Dendrites regenerate 1 day after eclosion......................ocoiiiil. 64
Figure 4.2. Dendrites functionally recover after injury.................cocoooiiiiiiinn.. 66
Figure 4.3. Dendrites regenerate at 3, 7, 30 days after eclosion.............................. 67
Figure 4.4. Loss of mmp2 increases dendrite regeneration....................cccoevvivinennne. 69
Figure 4.5. Regenerated dendrites associate withthe ECM.....................ocooiii, 71

Figure 4.6. During the 3 days period after eclosion, mmp2 influences dendrite

(=T [=] 01T LA o 1 72

Figure 4.7. Integrin expression alters dendritic crossings and dendrite outgrowth of

regenerated dendrites. ... ..ottt e 74

Figure 4.8. Images of disc for repeated imaging in adult Drosophila........................ 76

Xii



Figure 4.9. Muscle damage occurred during dendrite injury.................cooevviiininn... 77

Figure 4.10. Effect of injured neighboring neurons on dendrite regrowth.................. 78
Figure 4.11. Electrophysiological response of c4da neurons................c.coceeveevnnen.. 79
Figure 4.12. GMR51F10 Gal4 is expressed in the epidermis of the abdomen.............. 80
Figure 4.13. Dendrite length of uninjured neurons at 8 days after eclosion................. 81

xiii



Chapter 1: Introduction

The specialized morphology of neurons, estimated to have as much as 10,000 times the
surface area of other cell types, allows communication over both long and short distances
(Horton and Ehlers 2004). Polarized processes enable communication and are distinguished in
the neuron as axons, transmitters of electrical and chemical information, and dendrites, receivers
of information. There are similarities between axons and dendrites, but also striking differences

in the way axons and dendrites develop, maintain and repair their structures.

The dendritic arborization (da) neurons of Drosophila melanogaster provide an excellent
system to study the development, maintenance and repair of dendrites. As part of the peripheral
nervous system (PNS), four types of da neurons grow dendrites near the epidermis. The class iv
(c4da) da neuron has the most complex arborization pattern (Grueber et al., 2002). Much like
their larval counterparts, adult Drosophila c4da neurons tile the dorsal and ventral abdomen in a
non-overlapping manner, creating an ideal system for in vivo study. Once elaborated, c4da

neurons persist throughout the life of the adult (Shimono et al., 2009).

Laser ablation studies have established that c4da neurons are capable of axon and
dendrite regeneration in larvae (Song et al., 2012; Stone et al., 2014; Thompson-Peer et al.,
2016). However, it was unknown if the same neurons are capable of regeneration throughout
adulthood. Study of these neurons in adulthood furthers our understanding of neuronal
maturation, maintenance and aging (Lee et al., 2011). This dissertation uses Drosophila c4da
neurons to address unanswered questions about dendrite development and regeneration,
especially focusing on developing c4da neurons as a model to study dendrite regeneration in

adulthood.



Dendrite development

Dendrites contain distinct microtubule and secretory pathway structures.

Dendrites require the secretory pathway and microtubule structures to form the arborized
processes (reviewed in Valenzuela and Perez 2015; Rao and Baas 2018). Secretory components,
rabl, sec23, and sarl, were found to be required in a screen for dendrite elaboration phenotypes
in the c4da neurons. These genes are critical to the formation of Golgi outposts, a highly
polarized structure which predominantly populates dendrites (Ye et al., 2007). Golgi outposts
contribute to the highly branched network of the dendritic arbor by providing acentrosomal
microtubule nucleation sites (Ori-McKenney et al., 2012). Studies of hippocampal pyramidal
neurons demonstrate that similar structures are observed in mammalian dendrites (Horton et al.,

2005).

Microtubule polarity within processes also distinguishes dendrites from axons (reviewed
in Barnes and Polleux 2009; Conde and Casceres 2009). Axons of both invertebrate and
vertebrate neurons contain microtubules with a uniformly plus-end out orientation (Baas et al.,
1988; Stepanova et al., 2003). Dendrites contain a different microtubule structure. Primary
branches of invertebrate dendrites, including c4da neurons, have microtubules largely in the
minus-end out orientation (Stone et al., 2008; Goodwin et al., 2012). Immature dendrites and
higher order branches of invertebrate neurons have mixed microtubule polarity (Hill et al., 2012;
Ori-McKenney et al., 2012; Yau et al., 2016). Distinct molecular motors drive differences in
microtubule polarity. In Drosophila, loss of dynein, the minus-end directed motor protein, leads
to a simplified dendritic arbor, mixed microtubule polarity throughout neurites, and Golgi
outposts inclusion in the axon (Zheng et al., 2008). Loss of kinesin-5, a plus-end directed motor,

shifts the polarity of microtubules in mammalian neurons. This results in a greater proportion of



minus-end microtubules in the dendrites, as well as thinner and shorter dendrites (Kahn et al.,

2015).

Transcription factors regulate development of dendritic features.

Many transcription factors regulate dendrite arbor development (reviewed in Puram and
Bonni 2013). Mechanistically, some of these transcription factors act through regulation of the
microtubule cytoskeleton. The transcription factor, FoxO, regulates microtubule dynamics and
polarity in both axons and dendrites (Sears et al., 2016; Nechipurenko et al., 2012). FoxO
represses the kinesin, Pavarotti/MKLP1, an attenuator of microtubule dynamics (McLaughlin et
al., 2016). Loss of the aptly named Dendritic arbor reduction 1 (Darl) exerts more selective
effects on dendrite, but not axon growth. Dendrite specific defects in growth are attributed to
Darl’s suppression of Spastin, a microtubule severing protein and several dynein related genes

(Yeetal., 2011; Wang et al., 2015).

Transcription factors also regulate neuronal type-specific dendritic features. In da
neurons, the transcription factors, Cut and Knot, are combinatorially expressed by subtype
(Hattori et al., 2007; Jinushi-Nakao et al., 2007; Crozatier et al., 2008). These transcription
factors modulate cytoskeletal architecture including microtubule stabilization and f-actin

organization which distinguish architectures between subtypes of neurons (Das et al., 2017).

Extracellular cues guide dendrite development.

External signals also drive dendrite development and maturation (reviewed in Dansie and
Ethell 2011). Signaling from adjacent cells, such as the epidermis and glia, promotes dendrite
development and dendritic boundary determination. Dendrite outgrowth and branching

characteristics in larval c4da neurons are regulated by cell adhesion molecules present in the



epidermis (Jiang et al., 2014; Meltzer et al., 2016). Adult c4da neurons are also influenced by
signaling in adjacent cells of the epithelium and sternites. In the abdomen, dendrite outgrowth is
restrained by a Wnt5 boundary established by the sternites (Yasunaga et al., 2015). Epidermal

cells participate in dendrite reorganization.

In the larval epidermis, the heparin chondroitin sulfate proteoglycans (HSPGs), Dally and
Syndecan, promote dendrite growth and microtubule stabilization in c4da neurons (Poe et al.,
2017). In adults, modification of extracellular proteins regulates dendrite shape. Epidermal cells
secrete Matrix Metalloproteinase 2, which degrades basement membrane in abdomen and

mediates reorganization of the dendrites into a lattice like structure (Yasunaga et al., 2010).

Within the neuron, interactions with surrounding tissues are defined by several
transmembrane receptors. Dendrite attachment and outgrowth is guided by the interaction
between the dendrite and the extracellular matrix. Integrin cues present in the dendrites play an
important role in dendrite outgrowth (Han et al., 2012; Kim et al., 2012). Integrin signaling also
acts downstream of other extracellular cues important to dendrite development. Receptors,
identified in axon guidance studies, including Ret, guide dendrite adherence to the extracellular

matrix, which acts through integrin signaling (Soba et al., 2015).

Regeneration

Axon Regeneration

Our understanding of neuronal capacity for regeneration primarily stems from studies of
axon regeneration. In the PNS, axons are capable of robust regeneration (reviewed in Girouard et
al., 2018; and Filous and Schwab 2018). The ability for axons to regenerate is largely confined

to the PNS, although there are notable exceptions in the central nervous system (CNS) including



olfactory sensory neurons (Morrison et al., 1995), monoaminergic neurons of the mediobasal
hypothalamus (Chauvet et al., 1998) and serotonergic neurons (Hawthorne 2011, Zhou et al.,
1995; Sharma et al., 1990; Inman and Steward 2003). Studies of regenerating axons in the PNS
have described axonal injury and regeneration, while identifying several pathways that influence

the extent of regrowth.

Severing disrupts axonal structures.

After injury, axons undergo stereotyped changes resulting in degeneration and
regeneration. After a severing event, the injured axon degenerates hundreds of micrometers
within 30 minutes to several hours (Kerschensteiner et al., 2005). Recent work suggests that this
period may be suitable for intervention. Although only observed in a fraction of axon injuries,
spontaneous resealing of the axon prevented degeneration and facilitated functional recovery in
vivo (Williams et al., 2014). In most severing events, in which resealing does not occur,

degeneration proceeds.

Mechanistically, the stress of axon injury disrupts cytoskeleton and induces lipid second
messengers. Dual leucine zipper kinase (DLK) is activated by cytoskeletal disruption after axon
injury (Valakh et al., 2015). DLK acts as an early retrograde signal to the cell body (Shin et al.,
2012; Huntwork-Rodriguez et al., 2013). DLK activates a MAP kinase cascade which is required
for axon regrowth (Hammarlund et al., 2009; Ghosh-Roy et al., 2010). Activation of DLK
promotes mitochondrial localization to the axon (Han et al., 2016), as well as mRNA stability
and local translation (Yan et al., 2009). Interestingly, DLK activation has also been linked to
apoptosis and neuronal degeneration, further establishing DLK’s link to sensing neuronal injury

(reviewed in Tedeschi and Bradke 2013).



Appropriate bundling and stabilization of microtubules occurs in regenerating axons.
Disorganization and disassembly of microtubules drives axon degeneration and retraction (Ertlrk
et al., 2007). Pharmacological stabilization of microtubules after spinal cord injury, through
application of Taxol or epithilone B, increased regrowth by promoting growth cone extension
(Ruschel et al., 2015; Hellal et al., 2011). Interestingly, application of epothilone B also
influences the extracellular environment, decreasing scaring and the infiltration of fibroblasts

into the injury site (Ruschel et al., 2015).

Lipid second messengers also play a major role in axon injury and repair. Conversion of
phosphatidylinositol biphosphate (PIP2) to phosphatidylinositol triphosphate (PIP3) by
phosphoinositide 3-kinase (P13K) occurs during axon injury. Phosphatase and tensin homolog
(PTEN) catalyzes the reverse reaction, PIP3to PIP.. Manipulating this pathway has been
associated with major changes in regenerative potential of the axon (Reviewed in Zhang et al.,

2018)

Molecular pathways are activated during axon regeneration.

Downstream of PI3K, the mammalian Target of Rapamycin (nTOR)/AKT pathway
promotes growth. During peripheral nerve regeneration of sensory neurons, there is increased
expression of Akt and PI3K (Christie et al., 2010). This reflects a shift in the balance of lipid
second messengers in favor of PIPs. Deletion of PTEN can also shift the balance of lipid second
messengers to PIP3 and induce downstream expression of Akt. Numerous studies have identified
PTEN as a regeneration regulator (reviewed in Park et al., 2010). Pharmacological inhibition of
PTEN can further increase regeneration in sensory neurons in the PNS (Christie et al., 2010).
This pathway may also contribute to the failure of the CNS to regenerate. Deletion of PTEN in

retinal ganglion cells (RGC) and the cortical spinal tract promotes axon regeneration in the CNS
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after optic nerve crush or spinal cord injury, respectively (Park et al., 2008; Lui et al., 2010;
Zukor et al., 2013). Neuronal intrinsic expression of this pathway may also account for cell type
specific differences in regenerative capacity. Endogenous expression of mTOR in subtypes of

retinal ganglion cells (RGC) correlates with their ability to regenerate (Duan et al., 2015).

Increases in regeneration observed upon PTEN deletion are further enhanced by
modulation of Suppressor of Cytokine Signaling 3 (SOCS3) (reviewed in Luo and Park 2012). A
negative regulator of the JAK/STAT pathway, deletion of SOCS3 alone leads to increased
neurite formation in RGCs after optic nerve injury (Smith et al., 2009). Deletion of both SOCS3
and PTEN increases regeneration to a greater extent than either manipulation alone (Sun et al.,
2011; Jin et al., 2015). This effect has been noted in a variety of cell types including dorsal root
ganglia (Gallaher and Steward 2018), RGCs (Sun et al., 2011) and corticospinal tract neurons
(Jin et al., 2015). Despite increased axon growth, studies of retinal injury in SOCS3, PTEN co-
deletion models found that recovery was incomplete. Neurons failed to appropriately remyelinate

the axon, contributing to the lack of functional recovery (Bei et al., 2016).

Another PI3K interactor, Glycogen synthase kinase 3 (GSK-3) has also been identified in
regeneration studies (Saijilafu et al., 2013). Deletion of GSK-3 enhances the speed and extent
axon regrowth after axotomy (Liz et al., 2014; Barnat el al 2016; Gobrecht et al., 2016).
Mechanistically, GSK-3 negatively regulates cytoskeletal assembly during regeneration,
including microtubule assembly. Gsk-3 phosphorylates Map1B, stabilizing the balance of
populations of tyrosinated and acetylated microtubules, preventing dynamic outgrowth after
injury (Gobrecht et al., 2014; Barnat et al., 2016). Gsk-3 also phosphorylates Collapsin response

mediator protein 2 (CRMP2), a microtubule interacting protein found in the axonal growth cone



during regeneration. Phospho-mimetic CRMP-2 is sufficient to decrease regeneration after

axotomy (Liz et al., 2014).

These studies suggest that Gsk-3 negatively regulates multiple aspects of cytoskeletal
assembly after injury. Despite the genetic evidence for gsk-3 in regulating axon regeneration, it is
unknown if the GSK-3 pathway is a pharmaceutical target for intervention. Pharmacological
inhibition of Gsk-3 has produced mixed results. Systematic application of lithium, a Gsk-3
inhibitor, increased axon regeneration in the CNS (Dill et al., 2008). But other studies suggest
that Lithium and a more specific Gsk-3 inhibitor may inhibit growth by decreasing microtubule
and actin filament stability (Owen et al., 2003; Lucas et al., 1998; Krylova et al., 2002). This

suggests our understanding of the GSK-3 pathway in axon regeneration is incomplete.

Extracellular cues influence regeneration.

Beyond the initial period, a second phase of degeneration takes place over several weeks.
During this phase, macrophages and microglia invade the injury site and participate in further
axon degeneration (Horn et al., 2008; Busch et al., 2009; Evans et al., 2014). Infiltration of the
injury site by macrophages and microglia produces a dense scar in the mammalian CNS. This
scar has a controversial role in influencing regeneration (reviewed in Cregg et al., 2014 and

Sharma et al., 2012).

Growing over a several week period after injury, the glial scar consists of astrocytes and
secreted proteoglycans, namely chondroitin sulfate proteoglycans (CSPGs), and HSPGs. The
core of the scar contains primarily HSPGs, whereas the surrounding area of the scar primarily
consists of CSPGs and keratin proteins (Moon et al., 2002). Although the presence of these

secreted proteoglycans had historically been considered uniformly inhibitory to growth, recent



work suggests that the astrocytic scar aids axon regeneration. Genetically targeted strategies to
prevent scar formation failed to improve axon outgrowth. The scar may act as scaffold to provide
local delivery of growth factors aiding regrowth (Anderson et al., 2016). Some of the
controversy may stem from opposing roles for HSPGs and CSPGs in outgrowth. HSPGs are
permissive for axonal growth, during both development and regeneration (Gysi et al., 2013).
Syndecan, an HSPG, is critical for axon growth cone stabilization in C. elegans (Edwards et al.,

2014). But, other components of the scar have inhibitory effects on axon regeneration.

CSPGs inhibit axon myelination in vivo (Siebert et al., 2011). Cultured neurons in
development and injury studies establish fewer neurites in the presence of CSPGs (McKeon et
al., 1991; Snow et al., 1994). Removal of CSPGs has been shown to increase regeneration.
Treatment of spinal cord injuries with chondroitinase ABC, which is known to cleave CSPGs,
increased neuronal repair (Bartus et al., 2014; Yick et al., 2004; Steinmetz et al., 2005; Filious et
al., 2010; Carter et al., 2011 reviewed in Zhao and Fawcett 2013). Other pharmacological

inhibitors of CSPGs have been shown to improve myelination outcomes (Keough et al., 2016).

Dendrite Regeneration

Far less is known about dendrite regeneration. The difficult of following a highly
branched network during degeneration and regrowth in vivo has hindered study of dendrite
regeneration. Studies of the c4da neuron of Drosophila promise to remedy this deficit. In the
PNS of Drosophila larvae, severing a single branch of the dendritic arbor results in dendrite
degeneration followed by regrowth, as measured by branching at the injury site and
rearrangement of the existing arbor to cover the degenerated dendritic territory (Song et al.,

2012). Regeneration can also be observed after the severing of all dendrite branches. From the



remaining cell body, new dendrite branches sprout and repopulate the dendritic field (Thompson-

Peer et al., 2016; Stone et al., 2014).

Some molecular pathways identified in axon regeneration studies have been shown to
also contribute to dendrite regeneration. Response to injury of a single dendrite of a c4da neuron
during the larval stage requires PTEN (Song et al., 2012). Dendrite regeneration may also be
increased by SOCS3 deletion. In a spinal cord injury model, SOCS3 deletion resulted in neurites

positive for Map2, a dendrite marker (Park et al., 2015).

But there is also evidence for molecular pathways specific for dendrite or axon
regeneration. Mechanisms required for sensing microtubule damage upon axon injury are not
required for dendrite regeneration. DLK pathway genes, dlk, jnk and fos were dispensable for
dendrite regrowth, suggesting that dendrite regeneration is DLK independent (Stone et al., 2014).
Other genes associated with regrowth of the axonal cytoskeleton, including spastin and atlastin,
which coordinate microtubule and ER concentration at the tip of regenerating axons, are
dispensable for dendrite regrowth (Rao et al., 2016). This suggests that cytoskeletal damage in
dendrites activates distinct pathways from those in axons or that dendrite damage is sensed by a

cytoskeletal independent pathway.

Significance

The focus of this dissertation is dendrite regeneration. A thorough understanding of how
dendrites grow and develop provides a foundation for understanding dendrite regeneration. In
my effort to understand dendrite growth, I have filled in some of the gaps in our knowledge of

dendrite development.
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A screen for kinesins that contribute to dendrite elaboration and development of the c4da
neurons is described in the second chapter of this study. Kinesins, a group of motor proteins, play
a broad role in cell biology regulating processes including microtubule assembly to organelle
trafficking. Many of these processes are important for dendrite development. But, at the time of
the study, there was not a systematic evaluation of kinesin contribution to the dendritic
development. Our study suggests that kinesins also contribute to the development of the dendritic

arbor and identifies targets for future study.

In the third chapter, I describe two studies of adult c4da neurons. One explores the
development of surrounding tissue, by identifying the source of the basement membrane in the
abdomen. Cell type specific drivers point to hemocytes as a source of basement membrane in the
abdomen. The other study examines the function of adult c4da neurons. Calcium imaging of the
c4da neurons in vivo suggests that neurons are activated by the application of CO- to the

abdomen.

The fourth and final chapter focuses on dendrite regeneration in adult c4da neurons.
Previous studies of dendrite regeneration have focused on the larval period. It was unknown if
dendrite regeneration occurred throughout adulthood. We establish that dendrite regeneration
occurs in adulthood and establish a method for studying dendrites longitudinally during
adulthood. Regenerated dendrites are characterized and compared to uninjured dendrites. This
chapter also describes how extracellular signals, related to dendrite maturation influence
regeneration. Taken together, these studies highlight how understanding dendrite development

and regeneration are linked.

11



Chapter 2: A genetic screen for kinesins involved in dendritic arborization

Introduction

Structurally, neurons contain distinct polarity along axonal and somatodendritic domains
with complex and potentially long processes. Within these processes, cellular components
critical to neuronal function are transported to distant portions of the neuron and retained in those
locations. Molecular motors, including dynein and kinesins, are critical to cargo transport as well
as the development of the polarized cytoskeleton. Defects in microtubules, motor proteins, and
motor adaptor proteins have been associated with neurological phenotypes ranging from defects
in neuronal migration, vesicular transport, and neurodegeneration (reviewed in Franker et al.,

2013, Dantas et al., 2016, Terenzio et al., 2017; Jaarsma et al., 2015).

The c4da neuron has a broad dendritic arbor located just under the surface of the
epidermis of larvae which is amendable for studying neuronal polarity in vivo. Molecular motors
are integral for the establishment of the dendritic arbor. Loss of dynein impairs dendrite
arborization and microtubule polarity (Zheng et al., 2008; Satoh et al., 2008). Dynein co-factors,

Lis1l and NudE, have also been implicated in dendritic arborization (Arthur et al., 2015).

Less is known about the role of kinesins in establishing the invertebrate dendritic arbor.
In recent years, kinesins have been shown to play an important role in c4da neuron development.
Kinesin-1 regulates Golgi outpost trafficking and microtubule sliding, drastically impacting
dendritic arbor complexity (Kelliher et al., 2018; Winding et al., 2016). Other kinesins may also
impact dendrite arborization but have not been systematically evaluated. To identify other

kinesins important in arborization, we conducted an RNAI screen in c4da neurons.
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Results

Our screen targeted the role of kinesins in Drosophila dendritic arbor development. There
are 25 reported kinesins in the Drosophila genome (Goshima et al., 2003). We used 25 RNAI
lines and one null mutant to target 21 kinesins (Table 1). Five kinesins (costa, CG10845,
CG17461 and no distributive disjunction) were not assessed due to lack of available reagents. In
addition, we decided to exclude kinesin-1, as it has been studied in the c4da neurons (Kelliher et

al., 2018).

We speculated that loss of a kinesin could increase or decrease dendritic arbor branching
and possibly shift the density of the dendrite arbor. To detect these shifts in the dendritic arbor,
we used Sholl analyses to compare across three neurons from each RNAI line. We found that

knock down of most kinesins did not alter dendritic arborization compared to wild type.

We selected three genes for further analysis based on a reduction in dendritic branching:
pavarotti, subito and unc-104. Knockdown of subito and pavarotti caused a mild reduction in
branching (Figure 2.1). The greatest reduction in dendritic arbor was observed upon knockdown
of unc-104 (Figure 2.2). This phenotype occurred in 50% of larvae, which may be explained by
the presence of TM3, Sb in BL28951, a non-larvae balancer. Upon knockdown of unc-104
(BL28951), neurons extended primary branches of similar length to wild-type arbors but failed to
extend secondary and tertiary branches like wild-type neurons. Unlike knockdown of dhc64c,
which produced many branches near the cell body, knockdown of unc-104 did not increase
branching near the cell body. Throughout the length of the primary branches, we observed short
secondary branches. The total dendritic length and branch number were reduced upon unc-104

knockdown. Sholl analysis also reflected the smaller and less branched dendritic arbor.
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Discussion

Our screen of 25 RNA lines identified 6 RNAI lines affecting the dendritic arbor. Three
of these lines were for dhc64c. The identification of dhc64c confirms that our screen can identify
motor proteins that contribute to the complexity of the dendritic arbor. Dynein plays a well-

established role in building the dendritic arbor (Zheng et al., 2008; Satoh et al., 2008).

We noted a slight decrease in arborization upon knockdown of kinesin-6 family
members, pavarotti and subito. These results should be confirmed through use of MARCM
mutants as use of RNAI may result in incomplete or off target knockdown of the protein. Other
published works suggest that kinesin-6 family members, including pavarotti, play a role in
dendrite development through regulating microtubule dynamics. In Drosophila, Pavarotti and
binding partner, RacGAP50C, regulate neuroblast proliferation and neurite outgrowth (Goldstein
et al., 2005; del Castillo et al., 2015). RacGAP50C has also been identified as a regulator of
sensory dendrite branching (Gao et al., 1999). Additionally, the mammalian homolog,
CHO1/MKLP1, has been shown to be critical for the development and maintenance of dendrites

through the regulation of minus-end microtubules (Lin et al., 2012).

The most striking result of our screen was the identification of unc-104, a kinesin-3
family member, as a potential contributor to dendrite development. Previous studies also
observed that expression of unc-104 RNAI reduces dendritic complexity in c4da neurons (Chen
etal., 2012). Loss of function studies should be used to confirm this phenotype. Below, we
explore the possibility that unc-104 contributes to the dendritic arbor through either regulation of

the cytoskeleton or trafficking of a molecular cargo.
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Differences in cytoskeletal structure and microtubule dynamics were previously linked to
unc-104. In unc-104 mutants, structural defects occurred in the neuromuscular junction (NMJ)
and in actin rich branches of class 111 da neurons (c3da). C3da neuron branch distribution was
shifted distally compared to controls. The NMJ was also compromised. Synaptic vesicle and
boutons failed to develop (Medina et al., 2006; Kern et al., 2013). Structurally, the NMJ
contained a decreased presence of stabilized microtubules (Pack-Chung et al., 2007). Previous
work has shown highly ordered microtubule structure in the c4da neurons, which may be
sensitive to deficiencies in microtubule assembly. Primary branches have the strongest presence
of stabilized microtubules, secondary branches have lesser amounts of stabilized microtubules
and tertiary branches have little to no stabilized microtubules (Ferreira et al., 2014; Sears et al.,
2016). Further evidence for an altered cytoskeletal structure comes from c4da neurons.
Microtubule dynamics changed upon unc-104 knockdown, dramatically increasing EB1 comets
in the dendritic arbor (Chen et al., 2012). Linking the changes in microtubule dynamics to the
cytoskeletal structure may provide a mechanistic understanding of unc-104’s role in dendrite

development.

A second mechanistic explanation for the dendritic branching phenotype observed may
relate to a defect in endo-lysosomal trafficking. It is not known what role the endo-lysosomal
pathway plays in dendrite development, but there is evidence that unc-104 participates in endo-
lysosomal trafficking. Mammalian Kinesin-3 family members traffic lysosomes into the
periphery of cells along a tyrosinated microtubule network in HeLa cells (Guardia et al., 2016).
Dendrites are also rich in tyrosinated microtubules (Baas et al., 1988) and mammalian Kinesin-3
family members facilitate trafficking into dendrites along these microtubules (Lipka et al., 2016;

Tas et al., 2017). More recently, studies in the c4da neurons, suggest that Unc-104 interacts with
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clathrin adaptor protein, a-Adaptin, to regulate the endo-lysosomal pathway during dendritic
pruning (Zong et al., 2018). Evaluating other endo-lysosomal proteins during the course of
dendrite development will provide insight into the importance of these pathways for dendrite

growth.
Materials and Methods

To visualize c4da neurons and knockdown specific kinesin proteins, we crossed w; ppk-cd4-

tdGFP, UAS-dcr; ppk-gal4*® (Han et al., 2011) flies to RNAI lines available from the

Bloomington stock center (Table 1). Larvae from this cross were raised to the third larval instar.

To image c4da neurons, larvae were mounted on a SP5 confocal microscope system at 40x

magnification. Dendrite length and sholl analysis were semi-automatically traced and quantified

using the Simple Neurite Tracer plug-in for Image J.
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Chapter 3: Characterizing the development and function of c4da in adult Drosophila

Introduction

Sensory dendritic arborization (da) neurons of Drosophila larvae have been characterized
and studied for almost 20 years. The majority of these studies have focused on larvae. More
recent studies have demonstrated that a subset of these neurons survive larval metamorphosis
and persist during the adult stage of the Drosophila life cycle. C4da neurons, v’ada and ddaC,
populate the ventral and dorsal abdomen, respectively (Kuo et al., 2005; Shimono et al., 2009;
Satoh et al., 2012). Due to the heavy pigmentation of the dorsal, but not ventral abdomen, v’ada,
is the most accessible for and therefore is the focus of this chapter. Here, | address two

outstanding questions about v’ada neurons in the adult:
(3) What is the in vivo function of the c4da neurons in adults?

In larvae, c4da neurons have been implicated in a wide range of nociceptive behaviors,
including activation by intense short-wave length light, harsh touch and heat (Hwang et al.,
2007; Mauthner et al., 2014; Tracey et al., 2003; Xiang et al., 2010; Gorczyca et al., 2014; Guo
et al., 2014). In electrophysiological preparations, larval c4da neurons can be activated with an
acidified solution (Bioko et al., 2012). Further characterization suggests that these neurons play a
role in larval escape behaviors. Optogenetic stimulation of the c4da larval neurons initiates larval
rolling. Buzzing, reminiscent of the sound of parasitic wasps which target Drosophila larvae, can
also elicit rolling. Thus, these sensory neurons may initiate the rolling behavior to escape

approaching wasps (Hwang et al., 2007).

It is not known if c4da neurons serve a similar function in adults or what physiological

circumstances activate the c4da neurons in adults. In the 4™ chapter of this dissertation, we
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demonstrate that the adult neurons, much like the larval c4da neurons, respond
electrophysiologically to stimulation by acidified solutions (Boiko et al., 2012). It is not known
what the endogenous source of acid may be. Further study is needed to understand the
physiological function of these neurons. To this end, we applied a calcium imaging approach to

look at c4da neuron function in the adult.

Calcium based imaging approaches have been applied to the larval c4da and c3da neurons to
study function in vivo. The c3da neurons respond to gentle touch through the channel nompc,
which initiates calcium transients in the neuron’s dendrites. While calcium imaging has not been
used to assay larval c4da neuron function, ectopic expression of nompc also induced calcium
transients after gentle touch in larval cd4a neurons (Yan et al., 2013). Calcium imaging
approaches have not been successfully used to study endogenous stimuli in c4da neurons. In this
set of experiments, | sought to identify stimulation paradigms using calcium imaging to study the

function of c4da neurons in adult Drosophila.

(4) What tissues secrete basement membrane in the adult abdomen?

Our study of regeneration in adult Drosophila suggests that remodeling of the surrounding
environment, including the basement membrane regulates the potential for regrowth as the fly
ages. A more thorough understanding of the source of basement membrane in the adult will aid

future studies.

During metamorphosis, tissue remodeling, and programmed cell death shape the abdomen of
the emerging fly. Larval epidermal cells, a subset of larval muscles, and certain classes of da
neurons undergo programmed cell death. Other da neurons drastically remodel by pruning and

regrowing dendrites (Kuo et al., 2005; Williams and Truman 2005; Kuo et al., 2006). During this
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time, histoblasts generate adult epithelial cells which migrate into and populate the abdomen.
The adult epithelial cells, as well as remodeled neurons and muscle repopulate the abdomen

(Kuleesha et al., 2016; Madhavan et al., 1980; Ninov et al., 2007; Bischoff et al., 2009).

When the adult emerges from the pupal case, the abdomen consists of a layer of epidermal
cells, a layer of basement membrane and a deeper layer of lateral abdominal muscles. The c4da
neurons are located in the basement membrane layer. It is unknown what the initial sources of
basement membrane in the adult abdomen are. Basement membrane protein production has been
associated with a wide range of tissues, ranging from the fat body (Pastor-Pareja et al., 2011),
and hemocytes (Matsubayashi et al., 2017; Van De Bor et al., 2015). Basement membrane
remodeling has also been associated with epithelial cells in the abdomen (Yasunaga et al., 2010).
We therefore evaluated epithelial cells and hemocytes as sources of basement membrane in the

abdomen.

Results

(1) What is the in vivo function of c4da neurons?

Initial attempts to assess the activity of the c4da neurons in vivo focused on spontaneous
activity in restrained, but unanesthetized flies, using the imaging chamber described in the
following chapter (Figure 4.8). In these preparations, the abdomen could freely contract, as well
as move laterally. Vertical movement was largely prohibited by the presence of foam padding.
The limited vertical movement facilitated sustained proximity to the cover slip and imaging of
the neurons during movement. There were instances of increased GCaMP6f signal during
movement or spontaneous contraction in individual dendrites, but these were transient in nature

(Figure 3.1 B, +9s frame). This activity was not uniform, and movement was mostly not
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synchronized with GCaMP6f transients in the dendrites. Little to no GCaMP6f signal was

observed in the cell body.

More sustained GCaMP6f activity was observed upon application of CO; to the imaging
chamber (Figure 3.1 A). In the same preparation, application of CO> resulted in sustained
GCaMP6f signaling throughout the dendritic arbor and cell body. Upon application of COz, there
was a 567% increase in GCaMP6f signal in the cell body (n=6). Without application of CO»,
there was a 6% increase in GCaMP6f signaling in the cell body over a comparable period (n=5)

(Figure 3.1 D). The GCaMPG6f response did not diminish during stimulation (Figure 3.1 C).

To address age dependent changes in neurons, 21-day old flies were assessed. There was
a 403% (n=4) increase in GCaMPG6f activity after exposure to CO- in the cell body of c4da
neurons. This suggests that neurons maintain their responsiveness to this stimulus as the animal

ages. Animals older than 21 days were not assessed.

Expression of the DEG/ENaC ion channels, ppkl and ppk26, are required for many c4da
neuron driven larval behaviors. Response to mechanical stimuli, but not thermal stimuli, requires
heteromeric expression of ppkl and ppk26 (Zhong et al., 2010; Guo et al., 2014; Gorczyca et al.,
2014; Mauthner et al., 2014). Proprioceptive properties of c4da neurons have also been linked to
both ppkl and ppk26 (Ainsley et al., 2003; Gorczyca et al., 2014). To better understand the

nature of this stimulus, 1 sought to look at this response in ppkl and ppk26 null backgrounds.

Loss of ppk26, did not alter the response to CO,. Upon application of CO; to ppk26 4
flies, there was a 415% (n=6) increase in GCaMP6f signaling in the cell body (Figure 3.1 E). The

prolonged response during CO, exposure was also observed in these flies.
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At the time of these studies, there was not an available GCaMP6f reagent on the 111
chromosome. To study ppkl, which is located on the 1l chromosome, we used the UAS-
GCaMP6m reagent, which was available on I11. We did not observe the same dramatic increase
in signal with the 6m reagent as compared to use of the 6f reagent. Upon CO; application to
GCaMP6m expressing flies, there was an 82% (n=3) increase in signal. In ppk1 4’5 animals, there
was a 7% decrease in GCaMP6m signal upon CO> application (Figure 3.1 F). Due to the
relatively small increase observed in these neurons, we discontinued experiments with the 6m

reagent. Future experiments with GCaMP6f may provide more information.
(2) What is the primary source of the basement membrane in the adult abdomen?

In the abdomen of adult Drosophila, there is developmentally regulated distribution of
Collagen IV. Previous studies have used an endogenously tagged viking, a Collagen IV a chain,
to study localization (Figure 3.2 A). Collagen 1V initially surrounds the lateral tergosternal
muscles (LTM) of the abdomen. Within three days of eclosion, epidermally derived Matrix
Metalloproteinase 2 degrades Collagen 1V between the muscle and epidermis. In older animals,

thin strips of Collagen IV are relegated to the space between muscles (Yasunaga et al., 2010).

To understand the source of basement membrane in the abdomen, we used tissue specific
Gal4 lines for hemocytes and epithelium and UAS expression lines for GFP tagged secreted
forms of CollagenlIV a chains, vkg and cg25c. Epithelial cell driven expression of vkg was
punctate in nature, with a mixture of small and large GFP particles. Epithelial cell driven
expression of cg25c¢ was diffuse with some amorphic shapes (Figure 3.3 C). The pattern of
epithelial driven expression of vkg and cg25c does not match the endogenous pattern of vkg

expression.
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Hemocyte driven expression of vkg and cg25¢ mimicked the endogenously tagged
expression pattern for vkg. There were lateral stripes of GFP that extended ventrally towards the
sternites (Figure 3.2 B). The spacing of these stripes was consistent with the spacing of LTM
muscles of the abdomen. Dendrites of the c4da neurons largely corresponded with these stripes.
The correlation between the Gal4 driven expression pattern and the endogenous expression
pattern of Collagen 1V suggest that hemocytes are a source of basement membrane in the
Drosophila abdomen.

Discussion
In vivo function of c4da neurons

Calcium imaging suggests that application of carbon dioxide can induce neuronal activity
in the adult c4da neurons. Dramatic increases in GCaMP signal throughout the dendritic arbor
and cell body were observed when CO, was administered to the adult fly. This response was also
observed in 21-day old flies, suggesting that these neurons are responsive to carbon dioxide
throughout adulthood. However, it is unknown how this stimulus induces neuronal activity.
Carbon dioxide has a complex effect on Drosophila and further study will be required to
determine the mechanism that mediates neuronal response upon introduction of CO..

Carbon Dioxide may directly stimulate c4da neurons. Studies of the larvae establish that
c4da neurons act as nociceptors (Boiko et al., 2012; Hwang et al., 2007; Mauthner et al., 2014;
Tracey et al., 2003; Xiang et al., 2010). It is possible that CO> is noxious to Drosophila. At low
concentrations, CO: is an aversive stimulus to walking Drosophila. Stressing Drosophila causes
secretion of CO2, which has been shown to repel other flies through chemosensory receptors
expressed in olfactory sensory neurons (Suh et al., 2004; Jones et al., 2007; Kwon et al., 2007).

The aversive nature of the stimulus is consistent with the role of c4da larval neurons as
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nociceptors. However, additional studies suggest the attractive or aversive nature of CO2 may be
context dependent. Attractive qualities have been associated with CO> during flight and feeding
behaviors. In flight, obligate olfactory receptors expressed in coelomic sensilla neurons mediate
attraction to CO, (Wasserman et al., 2013). A subset of gustatory neurons in the taste peg also
detect CO., which may function to test nutrient value from microorganisms such as yeast
(Fischler et al., 2007). Because the valence of this stimulus is unknown, we cannot conclude that
the c4da neurons are acting as nociceptors in this instance. Chemosensory receptors, Gr63a and
Gr21a, have been shown to mediate the molecular responsiveness to CO- in Drosophila (Kwon
et al., 2007). Presence of these chemosensory receptors in the c4da neurons would support direct
detection of CO; by the c4da neurons.

An alternative explanation is that CO indirectly stimulates c4da neurons, either through
changes in the hemolymph or muscle contraction. Changes to the hemolymph may directedly
stimulate these neurons through changes in pH. Interestingly, c4da neurons are responsive to
changes in pH (Boiko et al., 2012). In adults, c4da neurons can be stimulated at pH 3.0 as
described in chapter 4. Studies of CO2 as an anesthetic in Drosophila describe physiological
effects include a rapid drop in pH of hemolymph, and increased heart rate followed by cardiac
arrest (Badre et al., 2005). However, previous studies suggest that the change in hemolymph
acidity upon CO2 exposure may be outside of this range demonstrated to stimulate c4da neurons.
Twenty minutes of 100% CO2 exposure only lowers HL3, a hemolymph like solution, to pH 5.0
(Badre et al., 2005). It is possible that a greater change in pH is observed in vivo or that the drop
to pH 5.0 is sufficient to prime neurons for further stimulation. A more thorough understanding

of how CO2 alters hemolymph will be required to understand this response.

23



Indirect stimulation may also occur through muscle contraction. Initial application of CO;
results in abdominal contraction proceeding the GCaMP activity observed in neurons. Larval
studies posit that the c4da neurons act as proprioceptors, gathering information about muscle
contraction and abdominal movement. Loss of c4da neuron specific ion channels, Ppk1 and
Ppk26, results in uncharacteristically straight and fast crawling behavior, indicative of
proprioceptive defects (Ainsley et al., 2003; Gorczyca et al., 2014; Fushiki et al., 2016). While
these studies have not been expanded to adulthood, the positioning of the adult c4da neuron
indicates that muscle contraction may be important to the function of these neurons. Early in
adulthood, the c4da neurons reorganize to largely align with abdominal muscles (Yasunaga et al.,
2010). Although this reorganization has not been linked to c4da function, it is reasonable to
speculate that form and function are related. Further study of GCaMP activity in Mmp2 deficient
Drosophila, in which neurons do not align with the lateral muscles of the abdomen, may offer
insight into this possibility. Understanding if dendritic realignment facilitates neuronal activity of

c4da neurons will clarify if muscle contraction is the underlying stimuli for these neurons.

Source of adult basement membrane
Basement membrane provides developmental cues to surrounding tissues. Basement
membrane stiffness shapes organ morphogenesis (Crest et al., 2017; Bunt et al., 2010) and
composition affects stem cell niches (Van De Bor et al., 2015). The maturation of the c4da
neuron dendritic arbor is shaped by the presence of basement membrane in abdomen (Yasunaga
et al., 2010). However, little is known about the source of basement membrane in the abdomen.
Our results suggest that hemocytes are an important source of basement membrane in the

adult abdomen. Tissue specific expression of these genes in the hemocytes matched the
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endogenous localization of GFP tagged vkg. Epithelial specific expression of secreted Vkg and
Cg25c did not match the endogenous localization of VVkg. This suggests that epithelial cells are
not a major source of these proteins. Hemocyte originated basement membrane is consistent with
studies from embryonic Drosophila, in which hemocytes contribute Collagen 1V, Laminin A and
Perlecan (Matsubayashi et al., 2017; Kushche-Gullberg et al., 1992). It is possible that other
sources contribute to basement membrane development in abdomen, specifically the fat body
and muscles, which are known to synthesize Collagen IV (Yasothornsrikul et al., 1997; Pastor
Pareja et al., 2011; Matsubayahsi et al., 2017). Assessing the contribution of the fat body and

muscles will be an interesting avenue for future exploration.
Materials and Methods
Fly Stocks

To perform calcium imaging in c4da neurons, we used flies heterozygous for UAS-tdTomato,
UAS-GCaMP6f; ppk-gal4 (Chen et al., 2013). To perform calcium imaging in a ppk26 null fly,
we used UAS-tdTomato, UAS-GCaMPG6f; ppk267%? crossed to ppkgal4; ppk264%°. To perform
calcium imaging in a ppk1 null fly, we used ppk14/%; ppkgal4 crossed to ppk14/%; UAS-tdTomato,
UAS-GCaMP6m. We evaluated ppkgal4 and UAS-tdTomato, UAS-GCaMP6m heterozygotes as a

control.

To evaluate the potential source of basement membrane in the adult abdomen, we used expressed
GFP-tagged inducible forms of Collagen IV subunits, Viking and Cg25c (Van De Bor et al.,
2015). We used GMR51F10-Gal4 (Losick et al., 2013) to express in the adult epithelium and

VT050116-Gal4 to express in the hemocytes (line identified by Sarah Headland).
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Calcium Imaging

Calcium imaging was performed in the adult anesthetization chamber described in Chapter 4.
Flies were mounted in the chamber as previously described in an area with less foam, where the
fly’s movement was somewhat, but not entirely constricted. No CO> was applied initially. Time
of COz application was noted, and experiments were aligned to the initial application time. After
initial application, CO2 exposure was sustained. Controls, in which no CO2 was applied, were
also performed. Quantification of GCaMP activity was performed in the cell body. Images were
corrected for drifting across stacks by using the StackReg plugin in Image J. An area that
encompassed the cell body was measured for both tdTomato and tdGFP florescence. To
normalize GCaMP activity, a ratio of average GCaMP florescence to tdTomato florescence in
the area surrounding the cell body was calculated (GCaMPn). To calculate an average, 10 frames
were selected starting 15 frames after the stimulus was applied. The Baseline activity was
calculated 15 frames from the application of the stimulus. Data was aligned to initial application

of CO..

AGCaMP = (GcaMPN - GcaMPN-baseline)/ GCaMPn-baseline-
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Chapter 4: Dendrite regeneration of adult Drosophila sensory neurons diminishes with

aging and is inhibited by epidermal-derived Matrix-Metalloproteinase 2

Laura DeVault, Tun Li, Sarah lzabel, Katherine L. Thompson-Peer, Lily Yeh Jan, Yuh Nung Jan

Introduction

Dendrite injury can result from acute injury to the neuron or from progressive
degeneration of the neuron. Alzheimer’s disease, depression and stroke are associated with loss
of dendrite complexity, spine loss and dendritic withering (Koleske, 2013; Vickers et al., 2016).
Indeed, the severity of dendrite loss may correlate with the severity of behavioral deficits (Falke
et al., 2003). Whereas the importance of dendrite loss in these conditions is well recognized,
dendrite recovery and regeneration remain unstudied, and dendrite regeneration also takes place
in young adult Drosophila and C. elegans (Oren-Suissa et al., 2017; Stone et al., 2014). It will be
important to examine the quality of the regenerated dendrite and to determine whether dendritic
regenerative capacity persists throughout adulthood. However, these inquires have been
hampered by the difficulty of following the progression of dendrite regeneration over time. To
further our understanding of dendrite regeneration in adults, we establish a system to study

dendrite regeneration in the peripheral nervous system of adult Drosophila.

Drosophila dendritic arborization (da) neurons are well suited for studying the
mechanisms of dendrite regeneration. Adjacent neurons non-redundantly cover the epithelium of
the larval body wall and the adult abdomen. Their dendritic arbors are primarily restricted in a
two-dimensional space by the surrounding epithelia (Grueber et al., 2002). The position and

elaborate morphology of the dendritic arbor has facilitated many in vivo studies of dendrite
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development (Dong et al., 2015; Jan & Jan, 2010). Interestingly, these neurons develop and
elaborate a dendritic arbor twice, once during the larval stage, and again during metamorphosis
(Kuo et al., 2005; Kuo et al., 2006; Williams et al., 2005; Williams et al., 2005). The dendritic
arbor of the c4da neuron that degenerated during the early pupal stage is then re-elaborated
subsequently during the pupal phase and extends into the space between the lateral abdominal
muscles and the epithelium. Initially, the arbor extends radially from the center of the abdominal
segment. Within the first 3 days after eclosion, the orientation of the dendritic arbor matures,
taking a lattice like orientation, which aligns with the lateral muscles of the abdomen. This
change in orientation depends on tissue remodeling after eclosion, which is specifically mediated
by Mmp2 secretion from the epidermal epithelial cells (Yasunaga et al., 2010). The arbor
remains stable in orientation and dendrite length after this change for at least 21 days (Shimono

et al., 2009), presenting the opportunity to study adult dendrites in vivo as the animal ages.

Previously, it was reported that the c4da neuron in newly eclosed Drosophila is capable
of regenerating dendrites following injury (Stone et al., 2014). This raised several interesting
questions: (1) Does the neuron’s ability to regenerate dendrites change with aging? (2) What is
the quality of the regenerated dendrites in terms of their morphology and function? (3) What
regulates the capacity of dendrite regeneration? We were particularly interested in finding ways
by which to enhance a neuron’s ability to regenerate dendrites, which might lead to therapeutic
applications. To examine injury and regeneration of dendrites, we chose to focus on v’ada, a
c4da neuron with favorable location for our experiments in the adult Drosophila. We first
developed a novel method to follow changes in individual, identifiable neurons in vivo at
multiple time points in adult flies. Without the ability to repeatedly image the same animal as the

adult fly ages, previous studies of c4da neurons in Drosophila adults had relied on imaging the
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mounted abdomens of dissected animals in terminal experiments or were limited to the period
immediately after eclosion (Shimono et al., 2009; Stone et al., 2014). While protocols have been
developed to mount legless adults for time lapse imaging sessions of up to 12 hours (Yasunaga et
al., 2010), this approach was terminal. To study dendrite recovery from injury, we needed to
enable animals to survive multiple imaging sessions and fully recover. Whereas it is possible to
repeatedly image the wings of intact adults to study the regeneration of axons of wing neurons
after injury (Brace et al., 2017; Soares et al., 2014), those wing neurons are unsuitable for

examining dendrite architecture because they lack complex dendritic arbors.

Using the adult c4da neuron system, we characterized the recovery from injury and
examined how tissue remodeling affects regenerative growth of the dendrites. Here, we show
that adult neurons can regenerate dendritic arbors after injury. Regenerated dendrites have
structural features that are less complex than those of uninjured neurons, as indicated by the total
dendritic length, territory coverage and the presence of stabilized microtubules. Nevertheless, the
regenerated dendrites recovered their ability to respond to sensory stimuli. Regenerative
capability of the dendrites declined with the age of the fly, starting at 3 days after eclosion. This
decline corresponded with the period of dendritic remodeling. Preventing dendritic remodeling

through knockdown of mmp2 preserved the ECM and increased dendrite regeneration.

Results

Adult dendrites can regenerate, but incompletely

To examine the response of adult dendrites to injury, we established a novel method to
repeatedly image the same identified neuron in anesthetized adult Drosophila. To achieve this,

we developed a padded chamber for mounting adult flies, exposed to a carbon dioxide source as
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an anesthetic, where the abdomen is positioned so that it is suitable for confocal imaging (Figure
4.1A, Figure 4.8). Flies were anesthetized only during the injury procedure and subsequent

imaging sessions and were otherwise housed in individual vials.

Adult flies were initially anesthetized on ice. Once the fly was placed into the padded
chamber, we severed the dendrites of individual neurons using a two-photon laser (Figure 4.1B).
Using the laser mediated focal injury, all dendrites were severed at the first branch point, as
described in previous studies of larval dendrite regeneration (Stone et al., 2014; Thompson-Peer

etal., 2016).

Having established a technique that allows us to image as well as injure the dendrites of
c4da neurons in vivo in adult flies, we then tested if dendrites had the ability to regenerate by
following dendritic growth of the same neurons after injury in the same fly. We chose to perform
our experiments on v’ada neurons, because this subset of c4da neurons are situated at the ventral
surface of the abdomen and not obscured by dark pigment making them particularly well suited
for our experimental protocol. Laser mediated focal injury to v’ada was performed at 1 day after
eclosion (@1 Day). Imaging 1 day after severing all dendrites, we found that dendrites distal to
the site of injury had degenerated. For all experiments, we imaged neurons at 1 day after injury
to confirm that all dendrites had been fully severed and subsequently degenerated (+1 Day,
Figure 4.1C, top left). At 7 days after injury, neurons were again imaged to assess dendrite
regrowth (+7 Days, Figure 4.1C top right). Although focal in nature, laser injury of the abdomen
also injured surrounding tissues. We noted injury and subsequent degeneration of the lateral
muscle of the abdomen, typically one or two muscle fibers (Figure 4.9). The dendrite arbor of
each neuron covers a defined territory of the body wall. We quantified regeneration as the total

change in dendrite length in um between +1 and +7 days after injury and as the fraction of the
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total territory that is covered by regenerated dendrites at +7D after injury (Figure 4.1C, D, 4.3C).
For all experiments, control uninjured neurons were also mounted during injury and imaged at

all time points.

We found that, after injury at 1 day after eclosion (@1D), most neurons of the adult fly
did regrow dendrites by 7 days after injury. Adjacent uninjured control neurons did not grow in
length between +1 and +7 days after injury. By contrast, neurons whose dendrites had been
severed demonstrated significant increases in dendrite length and territory coverage over this
time (Figure 4.1D). Although regenerated dendrites displayed significant regrowth, the
regenerated arbors failed to occupy the same area or regrow to the same total dendrite length as
uninjured neurons. Between +1 day and +7 days after injury, we observed an increase of 250 +
300 pm in uninjured neurons compared to an increase of 2700 = 900 um in injured neurons
(Figure 4.1D). The arbor of injured neurons was also more compact and smaller than that of
uninjured neurons, occupying only 33 = 13% of the territory occupied by control, uninjured
neurons (Figure 4.1E, 4.3C). Neighboring neurons did not influence the extent of dendrite
regeneration. Injured neurons with intact, uninjured neighbors regenerated dendritic arbors with
dendritic lengths and coverage areas statistically indistinguishable from injured neurons with

injured or absent neighboring neurons (Figure 4.10).

In addition to assessing the length and coverage of the regenerated dendrites, we wanted
to examine the structural integrity of the dendrites. To assess the cytoskeletal structure of
regenerated dendrites, we examined microtubule stability in the injured and uninjured arbors.
Futsch, the Drosophila homolog of MaplB, is associated with stabilized microtubules and is
found in the axon, cell body and dendrites of neurons (Hummel et al., 2000). Previous studies

have shown that Futsch is highly expressed in primary branches and at lower levels in secondary
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branches, but is rarely detectable in tertiary branches (Ferreira et al., 2014; Sears et al., 2016). In
uninjured neurons, we observed strong Futsch staining along primary branches and weaker
staining of higher order branches. In injured neurons, we observed patchy and weaker Futsch
staining in the primary branches and throughout the regenerated dendritic arbor (Figure 4.1F).
We selected the most intensely stained Futsch branches for comparison to primary branches in
injured and uninjured neurons and found that regenerated dendrites had significantly weaker
Futsch intensity compared to uninjured neurons (Figure 4.1G). This suggests that regenerated

dendrites are different from uninjured dendrites.

Injured dendrites recover functionality

We next tested whether regenerated dendritic branches could also functionally recover.
Larval c4da neurons are polymodal; they respond to light, thermal, chemical and mechanical
stimuli (Boiko et al., 2012; Hwang et al., 2007; Mauthner et al., 2014; Tracey et al., 2003; Xiang
et al., 2010; Gorczyca et al., 2014; Guo et al., 2014; Mauthner et al., 2014). Delivery of an acid
stimulus is sufficient to drive larval c4da neurons to threshold and evoke a burst of action
potentials (Boiko et al., 2012). To test the ability of regenerated neurons to functionally respond,
we performed electrophysiology experiments using acidified solutions to stimulate injured
neurons 7 days after injury as well as uninjured neurons in age matched flies as a control.
Neurons were injured at 1 day after eclosion. At 1 day after injury, balded neurons, namely
neurons whose dendrites have all been severed and subsequently degenerated after injury, but
have not yet regenerated, did not respond to an acid stimulus (Figure 4.11). At 7 days after
injury, injured and uninjured neurons were indistinguishable in their response to acid stimulation.
To better characterize the response to acidified stimulation, we performed a dose response curve,

using solutions with acidity ranging from pH 3 to pH 7. Maximal response was observed at pH 3,
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and the response declined at pH 4. No substantial response was observed at pH 5 or higher.
Uninjured neurons had a firing rate of 14.9 + 6.9 Hz and injured neurons had a firing rate of 10.1

+ 4.0 Hz at pH 3 (Figure 4.2A, B).

Response to mechanical stimuli depends on the presence of Ppk26 in larvae (Gorczyca et
al., 2014; Guo et al., 2014; Mauthner et al., 2014). While no studies have yet demonstrated that
adult neurons respond to mechanical stimuli, adult c4da neurons express Ppk26 (Figure 4 2C).
Appropriate expression and trafficking of ion channels is a minimal requirement for neuronal
function. Presence of neuron specific ion channels suggests that neurons are competent to
respond to stimuli. To test for expected ion channel presence, we performed
immunohistochemistry using a Ppk26 antibody. We found that Ppk26 was present at the cell
surface in both injured and uninjured v’ada dendrites (Figure 4.2C). This suggests that
regenerated v’ada dendrites could be competent to respond to mechanical stimuli in addition to
chemical stimuli. We also tested if Ppk26 was required for the response to acid stimulation and
found that Ppk26 is not required. We tested adult c4da neurons in ppk264///Df (3L) Exel®% flies,
which are null for ppk26, and observed bursting action potentials similar to those observed in

wild-type flies (Figure 4.11).
Capacity for dendrite regeneration diminishes with age

After observing that dendrites of v’ada neurons are capable of regrowth at 1 day after
eclosion, we wanted to determine if regeneration was possible in older adults. Dendrites undergo
extensive remodeling and rearrangement around 2 days after eclosion (Shimono et al., 2009;
Yasunaga et al., 2010), so it was especially important to determine if these neurons could
regenerate dendrites after this reshaping was complete and they had achieved a stable

morphology. To assess the potential and quality of regeneration as a function of age, we severed
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all dendrites in the neurons of adults that were either 3, 7, or 30 days old (@ 3 Days, @ 7 Days,
@ 30 Days), confirmed injury 1 day later (+1D), and assessed regeneration 7 days later (+7D).
Animals more than 30 days old were too frail to survive the injury experiment and subsequent

imaging.

We found that neurons in animals at all ages tested could regenerate after injury (Figure
4.3A, B). However, the extent of regenerative capacity diminished in older animals. In terms of
dendrite length, neurons injured at 3, 7, or 30 days only regrew half as much as neurons injured
in 1-day old adults. Neurons injured in 3, 7- and 30-day old adults regrew 1400 = 700 pum, 1300
+ 600 pum and 1400 + 500 um of dendritic length respectively over the 7-day period after injury,
compared to neurons injured at 1 day which regrew 2700 £ 900 um. Uninjured controls from 1,
3, 7 and 30 days respectively grew 250 + 300 um, 150 £ 350 pm, -400 £ 600 pm and 200 + 530
pum between +1 and +7 days after injury of adjacent neurons (Figure 4.3B). In terms of the area
of territory covered by regenerated dendrites, the area covered by 1 day old and 3-day old adult
neurons, 33 + 13% and 27 £ 17%, was comparable (Figure 4.3C). But neurons injured in 7-day
old adults recovered 17 + 12%, approximately half the territory of neurons injured in 1-day old
adults, while neurons injured in 30-day old adults could only cover 11 + 6%, approximately a
third of the area of neurons injured in 1-day old adults. Thus, we found that the ability to regrow
dendrite in length declined between 1- and 3-day old animals, but then remained stable, whereas
the ability to recover body wall territory with regenerated dendrites gradually decreased with

age.

Dendrite structure was disorganized in all regenerated neurons at all time points. One
measure for dendrite disorganization is the number of dendritic crossing events. These dendrites

normally display self-avoidance, where the sister branches of the same neuron do not cross one
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another. To account for the reduced size of injured dendritic arbors, crossing events are
normalized to dendritic length. We examined crossing events in neurons injured at 3 and 30 days
after eclosion (Figure 4.3E). At both times points, injured neurons had a greater number of self-

crossing defects than that of uninjured neurons (Figure 4.3F).

Epidermal-derived Mmp2 mediates ECM reorganization and inhibits regenerative

capacity

Adult c4da neurons undergo a dramatic transformation after eclosion. Neurons from
animals that have just eclosed have a radial orientation which is then reorganized into a lateral or
lattice-like orientation within 3 days after eclosion. This period corresponds with the decline in
dendrite regenerative capacity. Our data above demonstrate that neurons can regrow dendrites
after injury before and after this transition. We hypothesized that neuronal remodeling might
influence the extent of dendrite outgrowth after injury. Remodeling depends on epidermal
secretion of Mmp2 (Yasunaga et al., 2010). To address the role of neuronal remodeling in
dendrite regeneration, we examined regeneration in mmp2 mutants. We measured the
regenerative ability of dendrites in Drosophila trans-heterozygous for an allele of mmp2M!90489
and a deficiency for mmp2, Df(2R) BSC132. After confirming dendrite degeneration + 1 day
after injury, we measured dendrite regrowth and coverage at +7 days after injury (Figure 4.4A,
B, C). We found that, compared to injured wild-type neurons, injured neuron regrowth and
coverage was greater in mmp2 mutants. While wild-type neurons regrew 2700 = 800 um of
dendrite length and recover 31 + 3% of their territory, mmp2 mutants regrew 4200 + 800 pum and
recovered 47 + 9% of their territory, an increase of approximately 50% over wild-type (Figure

4.4B, C). Total dendrite length of uninjured neurons was also greater in mmp2 mutants than in
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wild-type (Figure 4.13). This suggests that mmp2 inhibits dendrite outgrowth as well as dendrite

regeneration after injury.

In the adult abdomen, the expression of mmp2 is restricted to transient expression in the
epidermal epithelial cells during a period directly after eclosion (Yasunaga et al., 2010). In
addition to the role for matrix metalloproteinases in tissue remodeling, MMPs have been shown
to facilitate wound healing and axon guidance in Drosophila (Huang et al., 2011; Miller et al.,
2007; Stevens et al., 2012). To determine from which cells mmp2 inhibits dendrite regeneration,
we examined the effect of tissue specific expression of mmp2-RNAI in the epidermal cells and in
c4da neurons. Epidermal expression of GMR51F10 (Epidermal) Gal4 was confirmed using
UAS-Red Stinger (Figure 4.12). Expression of mmp2-RNAI in either the epidermis (Figure
4.4D) or the c4da neurons (Figure 4.4G) did not affect total dendrite length of uninjured neurons
(Figure 4.13). We found that dendrite regeneration was enhanced by expressing mmp2-RNAI in
the epidermis (Figure 4.4E, F) but not in the c4da neurons (Figure 4.4H, 1). Knockdown of mmp2
in epidermal cells increased dendrite growth and coverage in injured neurons (Figure 4.4E, F).
Epidermal knockdown of mmp2 doubled the increase in dendrite length from 2700 + 1200 um to
5500 + 800 um and increased the area covered from 24 + 13% to 53 + 9% for injured neurons
compared to controls. This suggests that mmp2 derived from the epidermal cells limits dendrite

regeneration in adults.
Dendrites preferentially regenerate into ECM-rich areas

Neuronal maturation and the transition from radial to lattice-like dendrites is associated
with local degradation of the ECM surrounding the dendrites in the area between the epidermal
and muscle cells of the abdomen. Young neurons grow into an environment enriched with

Basement Membrane, BM, as marked by collagen IV, known in Drosophila as viking (vkg).
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After Mmp2 expression in the epidermis during the 3 days after eclosion, the abdominal BM is
degraded and there are stripes of collagen IV between lateral muscles in the abdomen, but the
BM no longer completely surrounds the muscles (Yasunaga et al., 2010). Visualizing collagen
IV through a vkgGFP tag, we confirmed that expressing mmp2 RNA. in the epidermis inhibited

collagen 1V degradation to an extent at 3 days after eclosion (vkgGFP, Figure 4.5A, B).

To explore the importance of ECM remodeling in the 3 days after eclosion and dendrite
regeneration, we performed a series of dendrite injury experiments using a temperature sensitive
allele of mmp2, Y53N (Page-McCaw et al., 2003, Wang et al., 2014). Trans-heterozygous flies
for mmp2">3N and Df(2R) BSC132 were lethal when raised at the non-permissive temperature of
29°C and viable at the permissive temperature of 25°C. Flies were viable when moved to the
non-permissive temperature after eclosion. Raised at the permissive temperature, wild-type and
mmp2Y>3N/Df(2R) BSC132 flies were either kept at 25°C, 29°C or shifted from 25°C to 29°C 3
days after eclosion. All injuries occurred at 3 days after eclosion, at which time all remodeling
should be complete (Figure 4.6 A, B, C). When moved to the non-permissive temperature at
eclosion, we found that dendrites of mmp2">3N/Df(2R) BSC132 neurons regrew to a greater extent
than wild-type neurons, reaching a length of 2574 + 612 um and 1523 + 312 um and covering 30
+ 9% and 22 + 5% of their territory (Figure 4.6 D, E). We observed no difference in total
dendrite length in uninjured mmp2Y>*V/Df(2R) BSC132 neurons and wild-type neurons raised at
29°C (Figure 4.13). At the permissive temperature, mmp2 Y>*N/Df(2R) BSC132 neurons and wild-
type neurons regrew to comparable lengths, 1834 + 802 pum and 1744 + 593 um, and areas 23 +
11% and 21 + 8%, respectively. No difference in regrowth was noted between neurons in flies
shifted from the permissive to non-permissive temperature; mmp2Y>*/Df(2R) BSC132 neurons

regrew to 1928 + 381 um, covered 21 + 3% of their territory and wild-type neurons regrew to
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1874 + 628 um and covered 23 £ 4% (Figure 4.6 D, E). This suggests that the primary influence

of mmp2 in dendrite regeneration occurs during the 3 days after eclosion.

To further examine the importance of ECM in regeneration, we wanted to determine if
the presence of ECM was favorable for growth of regenerating dendrites. To limit our study to
neurons that had already undergone dendrite realignment, we injured neurons at 3 days after
eclosion and looked at co-localization of collagen 1V and dendrites 7 days after injury (Figure
4.5C). In uninjured neurons, 58 + 3% of the dendritic arbor co-localized with collagen IV by 10
days after eclosion. After injury at 3 days after eclosion, approximately 78 + 12% of regenerated
dendrites co-localized with collagen 1V, more than what was observed for uninjured dendrites
(Figure 4.5D). Thus, after injury, dendrites grow in ECM rich regions. This may be due to either
preferential growth on ECM or selective elimination from non-ECM rich areas. We note that
ECM may be altered in injured abdomens, particularly in areas corresponding to muscle or

epidermal damage incurred during the dendrite injury procedure (Figure 4.9; Figure 4.5C).

Integrin-mediated adhesion to the ECM regulates dendrite regeneration

Given these observations of dendrite co-localization with collagen IV in adult flies and
previous observations about dendrite disorganization of injured larval neurons (Thompson-Peer
et al., 2016), we hypothesized that adhesion to the ECM could affect regenerative potential and
influence the increased crossing behavior of regenerated dendrites (Figure 4.3E, F). Adherence
to the ECM is influenced by neuronal expression of integrin, a heterodimeric cell surface
receptor consisting of an o subunit and a 3 subunit. Neuron-specific overexpression of
myospheroid (mys), a B integrin subunit and multiple edematous (mew), an o integrin subunit,
increases dendrite adhesion to the ECM. Uninjured dendrites of c4da neurons generally avoid

dendrites of the same neuron. Without proper ECM attachment, dendrites fail to properly avoid
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each other. Forcing adhesion to the ECM influences the crossing behavior of dendrites. Integrin
overexpression reduces the length of dendrites detaching from the ECM, thereby reducing the
number of non-contacting self-crossing events, defined as events where dendrites cross over
sister branches of the same neuron without direct contact. Upon integrin overexpression,
dendrites are forced into the same plane as other dendrites and can no longer avoid each other by
growing into a different plane (Han et al., 2012; Kim et al., 2012; Meltzer et al., 2016). In
regenerated larval dendrites, increased adhesion to the ECM through overexpression of mys and
mew increased the number of contacting crossings, defined as events where dendrites directly
touched the dendrite they are crossing over (Thompson-Peer et al., 2016). Similarly, in adults,
we found that overexpression of the integrin subunits, mys and mew, caused the contacting
crossings of regenerated dendrites to increase from 8.7 + 1.8 to 14 + 3 per 1000 um. In contrast,
expression of mew or mys RNAI in neurons decreased contacting crossings in regenerating
dendrites to 4.1 £ 1.9 and 5.7 + 2.3 per 1000 um, respectively (Figure 4.7A, B). Overexpressing
integrin did not promote dendrite outgrowth. There was no difference in the growth of either
control uninjured neurons or injured neurons overexpressing mys and mew as compared to
neurons expressing mCherry. RNAI knockdown of mew or mys decreased dendritic growth after
injury and decreased the total dendritic length of uninjured neurons (Figure 4.7C; Figure 4.13).
These results demonstrate that in regenerating a dendritic arbor after injury, integrins have
somewhat opposing roles in terms of dendritic length and organization. Loss of integrin subunits,
mys or mew, decreases the dendritic length of the arbor, but increases the organization of the

arbor, as measured through contacting crossing events.
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Discussion

Mature neurons regenerate dendrites

Here, we characterize dendrite regeneration in adult animals. Regeneration of dendrites in
adult animals has previously been shown for the PVD neuron of C. elegans (Kravtsov et al.,
2017; Oren-Suissa et al., 2017) and immediately after eclosion in adult Drosophila (Stone et al.,
2014). Our study is a significant advance in the study of dendrite regeneration in adult
Drosophila, because previous studies examined only the youngest possible adult Drosophila
injured at the time of eclosion, for the reason that adults mounted at any time after eclosion did
not survive (Stone et al., 2014). For the first few days after eclosion, these neurons display a
highly dynamic dendrite morphology (Shimono et al., 2009; Yasunaga et al., 2010), and then
achieve a stable dendrite shape. We confirm that neurons in the young adult fly can regenerate
their dendrites. We further characterize the regenerated dendrites. Regenerated dendrites have
altered structure compared to uninjured dendrites, as indicated through reduced Futsch staining
in primary branches. This could indicate that regenerated dendrites are more comparable to
higher order dendritic branches or they fail to build structurally sound primary branches. We also
establish that dendrite regeneration can occur in flies up to 30 days after eclosion and possibly
even older in age. The persistence of regenerative capacity is reminiscent of studies of axon
regeneration in adult Drosophila, in which sprouting after injury to the wing margin is observed
at 14 days. Older neurons regenerate axons at a slower rate than young neurons (Soares et al.,
2014). These results suggest that neurons retain the ability to sprout dendrites and axons late in

adult life, although at a diminished capacity compared to neurons in young animals.
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Comparison to juvenile dendrite regeneration

Parallel studies in Drosophila larvae offer a point of comparison between regeneration
during development and adulthood. The most apparent difference between neurons injured in
adulthood and neurons injured during the larval period is the extent of regeneration, which is
greater in larvae. In larval neurons injured at 48 hours after egg laying, dendrites recover almost
80% of dendrite length and approximately 50% of the area that is normally covered by an
uninjured neuron within 3 days after injury (Thompson-Peer et al., 2016). Adult dendrites regrow
to a much lesser extent. Even neurons injured at 1 day after eclosion only recover, 7 days after
injury, one third of the dendrite length and the area normally covered by an uninjured neuron.
Despite these differences, many of the features of regenerated dendrites are shared between the

adult and larval neurons.

One striking feature of regenerated dendrites is the disorganization and loss of regular
structure. Both larval Drosophila da neurons and PVD neurons of C. elegans display a loss of
self-avoidance in regenerated dendrites (Oren-Suissa et al., 2017; Thompson-Peer et al., 2016).
We found that adult Drosophila c4da neurons also display self-avoidance defects of their

regenerated dendrites, when injured at 3 days or 30 days after eclosion.

We also demonstrate the functionality of regenerated dendrites in adults. In larvae,
regenerated c4da neurons appropriately traffic Ppk26, a channel essential to neuronal function,
and the regenerated class |11 da neurons show partial response to gentle touch after injury
(Thompson-Peer et al., 2016). We demonstrate that regenerated adult neurons retain functional
properties; they exhibit not only appropriate trafficking of Ppk26 but also electrophysiological
responses to acid stimuli. This is the first demonstration of functional regeneration of adult

dendrites.
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Tissue maturation impedes dendrite regeneration

Our results suggest that degradation of the ECM creates a less permissive environment
for dendrite outgrowth and regeneration. In Drosophila larvae, dendrite outgrowth is regulated in
two phases. The initial stage of outgrowth, in which the dendrites must extend to cover the body
wall, occurs when ECM has low attachment to the epithelium. Increased ECM attachment to the
epithelium, regulated by the epidermally derived microRNAIi bantam, decreases plasticity and
elaboration of dendrite growth (Jiang et al., 2014; Parrish et al., 2009). ECM regulation in
adulthood also appears to have two phases. Young adults, during the phase in which the
dendrites re-elaborate to cover the body wall, have an ECM rich environment, permissive to
dendrite outgrowth (Satoh et al., 2012). The extracellular matrix degrades within 3 days of
eclosion (Yasunaga et al., 2010). We found that there was a pronounced difference between
dendrite regeneration during the early period with rich ECM and the period after ECM
remodeling, suggesting that the completion of tissue remodeling may decrease dendrite
regeneration. Thus, in both larvae and adults, the status of ECM influences the ability of

dendrites to grow and regenerate.

In support of the dependence of dendrite regeneration on the ECM, we found that mmp2
mutants have increased dendrite regeneration. MMPs have a broad role in injury response
including breaking down the blood brain barrier, glial scar formation, breakdown of inhibitory
molecules, and proteolytic activation of trophic cues (Page-McCaw et al., 2007; Andries et al.,
2017). Our results suggest that increased dendrite regeneration stems from the role for Mmp2 in
remodeling the ECM. Mmp2 has been distinctly associated with basement membrane (BM)
remodeling during fat body remodeling and abdominal maturation (Llano et al., 2002; Jia et al.,

2015; Yasunaga et al., 2010). Increased dendrite regeneration was specific to epidermal
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knockdown of mmp2 and associated with partial preservation of the BM between muscle and the
epidermis. This suggests that inhibiting tissue remodeling can aid the regenerating dendritic

arbor and partially rescue defects in dendrite regeneration in adult animals.

Dendrite ECM interaction has the potential to guide regeneration

We observed preferential placement for regenerating dendrites on collagen IV, an ECM
component. ECM cues may be derived from a combination of endogenous ECM patterning and
changes in the extracellular environment observed after injury. Injury is a complex process
which affects both the neuron and surrounding tissues, including the ECM. Studies of axon re-
innervation of the neuromuscular junction after injury similarly suggest that existing
extracellular cues guide regeneration. Regenerated synapses almost exclusively repopulate pre-
existing synapse locations which are rich in basal lamina, and the cues necessary for synapse
maturation (Sanes & Chiu, 1983). Moreover, therapeutic interventions have been proposed
through the introduction of collagen scaffolds as a tool for delivery of growth cues and structural
preservation (Cholas et al., 2012). Pro-regenerative qualities have been ascribed to exogenous
Collagen XII in zebrafish spinal cord regeneration (Wehner et al., 2017). Our experiments
suggest that the ECM plays an important role in dendrite outgrowth after injury. It will be of
interest to characterize the precise cues that are instructive for dendrite regrowth in future

studies.

Another interesting avenue for future studies concerns how neuronal regulation of ECM
interaction influences dendrite regeneration. Integrin has been proposed as a target for increasing
neurite regrowth (Platman 2012). Studies of axon regeneration have linked integrin activation to
improved outgrowth in dorsal root ganglion neurons (Ekstrom et al., 2003; Tan et al., 2012; Tan

etal., 2011; Hu et al., 2008; Vogelezang et al., 2001; Andrews et al., 2009). In retinal neurons,
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treatments to increase integrin expression enabled neurons to increase neurite outgrowth in
laminin poor environments, which are typically unfavorable to growth (lvins et al., 2000). Older
cultured neurons have also shown increased neurite growth upon increasing integrin expression
(Condic 2001; Lemons et al., 2008). We did not observe an increase in dendrite regeneration
upon integrin overexpression in vivo, while decreasing integrin expression caused a decrease of
dendrite regeneration. This suggests that integrin expression is important to regeneration but is

insufficient to increase dendrite outgrowth after injury in mature animals.

This study provides a platform for future exploration of the molecular mediators of
dendrite regeneration. Here, we establish that dendrite regeneration in adult Drosophila occurs
throughout adulthood. The regenerated dendrites have impaired growth, microtubule stability
and self-avoidance when compared to dendrites of uninjured neurons. Moreover, our studies
indicate that the capacity for regeneration decreases with age and the maturation of surrounding
tissues and identify ECM that is subject to remodeling and the ability of neurons to adhere to the

ECM via integrins as factors important for dendrite regeneration.
Materials and Methods
Dendrite Injury

We designed a disc to image adult flies (Figure 4.1A; Figure 8). The disc was cut from 1/8-inch
acrylic plastic by a ULS laser cutter. A circle of a 2.25 diameter with a rectangular groove and a
hole offset in the center was cut. The center of the rectangular groove was filled with foam to
cushion the adult fly. Magnetic strips with adhesive 1 x 0.5 x 0.06 in (Magnet Source) were used
to secure coverslips in place. The small hole was used to facilitate attachment to a carbon dioxide

line. Flies were temporary anesthetized on ice and then mounted in this chamber, using water as
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a mounting media. During imaging sessions, a light flow of carbon dioxide was used to
anesthetize and immobilize the flies. Flies were injured using a custom build Zeiss microscope
using a Chameleon laser (Coherent) set at 930nm as previously described (Song et al., 2012;
Thompson-Peer et al., 2016). After injury, flies were individually housed in food vials with
yeast. Subsequent imaging was performing on an SP5 confocal microscope. All experiments

were performed using male flies.
Fly Stocks

We used ;;ppkCD4tdGFP lines (Han et al., 2011) to visualize the c4da neurons in adult
Drosophila. Mef2 Gal4 was used to mark muscles in the adult abdomen. Studies of ppk26 were
performed using ppk264// and Df (3L) exel®1% (BL 7929) Studies of mmp2 were performed using
ylw*; Mi {MICIMmp2"19%48%/Cy0 (BL 31026), w8 Df(2R) BSC132/SM6a (BL 9410), mmp2
RNA.I line (v107888), mmp2Y*3N (Page-McCaw et al., 2003; Wang et al., 2014). UAS-Dcr2 was
used in combination with mmp2 RNAI to knockdown mmp2. Knockdown studies in the epithelial
cells were done using GMR51F10 Gal4 (Losick et al., 2013). To visualize the BM, we used
endogenously tagged Collagen IV, vkgGFP. Overexpression studies were performed using
ppkCD4tdGFP ; ppkGal4*? crossed to w; UAS-mys, UAS-aPS! / TM6B, Th (Han et al., 2012).
We used mew RNAI (BL44553) and mys RNAI (BL33642); knockdown of mew and mys were
confirmed by expression in the wing disk and observation of a failure for the wing to fuse

(Goulas et al., 2012).
Quantitative Analysis
Dendrite length was calculated by tracing dendritic arbors using the Simple Neurite Tracer

plugin in Image J 1.51n (NIH). Dendrite area was calculated by outlining the neuron and
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measuring dendrite coverage area. This measurement was normalized to the area of the segment,
as defined by the width and height of the segment. For all graphs, open circles represent

uninjured neurons, solid squares represent injured neurons.

Colocalization was analyzed in Imaris (Bitplane). Leica files were deconvoluted with Autoquant
(Media Cybernetics) and processed using parameters previous described (Han et al., 2012;
Meltzer et al., 2016). Neurons were traced in the GFP channel and the co-localization channel.

The ratio of co-localized dendrite to GFP dendrite was compared.

XZ projections were generated in Image J. Images were rotated to align muscles perpendicularly

for and cropped to comparable areas.
Immunohistochemistry

Adult abdomens were dissected (Krupp & Levine, 2010) and fixed for 30 minutes in 4%
Paraformaldehyde. Antibodies used were Ppk-26, rabbit, 1: 10,000 (Gorczyca et al., 2014) and

Futsch 22C, mouse, 1:50 (Hummel et al., 2000) (Developmental Studies Hybridoma Bank).

Using the measure tool of Image J, Futsch intensity was quantified by measuring Futsch intensity
in primary branches over 3 lines (width=3) proximal to the cell body and normalized to GFP in
that branch. All images were acquired with the same settings. These areas were averaged for

each neuron and the averages were compared between neurons.
Electrophysiological recordings

Fillet preparations were made by dissecting male flies 8 days after eclosion in hemolymph-like
saline containing (in mM): 103 NaCl, 3 KCI, 5 TES, 10 trehalose, 10 glucose, 7 sucrose, 26

NaHCO3, 1 NaH2P0O4 and 4 MgCl2, adjusted to pH 7.25 and 310 mOsm. 2mM Ca2+ was added
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to the saline before use. C4da neurons in segments A2, A3 and A4 were exposed by gently
removing muscles with fine forceps. v'ada neurons were visualized and identified by green
fluorescent protein driven by ppk promoter. Glass electrodes for electrophysiological recording
were pulled with a P-97 puller (Sutter instruments) from thick wall borosilicate glass and filled
with external saline solution. Action potentials were recorded extracellularly with a sample rate
of 10 kHz and low-pass filtered at 1 kHz. Multiclamp 700B amplifier, DIGIDITA 1440A and
Clampex 10.3 software (Molecular Devices) were used to acquire and process the data. A train
of action potentials were induced by 1 second puff application of acidified external

saline (pH=3,4,5,6,7) at the distal dendritic area though a glass electrode attached to Picospritzer
I11 (Parker Hannifin Precision Fluidics Division). Firing frequency within 2 seconds before and
after the puff was calculated, and the change in firing frequency was used to quantify the

intensity of the response to low pH stimulation.
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Conclusion and Future Directions

This dissertation explores unanswered questions about dendrite development and
regeneration. These topics are conceptually linked by growth, but distinct in their context.
Development occurs as tissues move from immature to mature states, surrounded by other tissues
dividing and growing in parallel. Programed regeneration can occur during the course of
development, including examples from Drosophila’s transition from larvae to adults. For
example, the mushroom body and c4da neurons prune dendrites during the pupal phase and
regrow dendrites during the development of the adult fly (Lee et al., 2000; Kuo et al., 2005;
Williams and Truman 2005; Satoh et al., 2012). Our study specifically addresses regeneration
after injury. Regeneration after injury requires a mature or maturing tissue to respond to an
unexpected insult and initiate growth in a matured environment in the presence of inflammation

and damaged tissue.

What mechanism underlies unc-104’s dendritic arborization phenotype?

Molecular motors drive growth of the cytoskeletal network and movement of molecular
cargo. Loss of the molecular motor, dynein, drastically reduces dendritic arborization, neuronal
polarity, and localization of organelles including Golgi outposts (Ye et al., 2007; Satoh et al.,
2008). Our screen identified 3 kinesins which may play a role in dendritic elaboration. While
knock-down of kinesin-6 family members, pavarotti and subito, had a mild effect on dendritic
elaboration, knock-down of kinesin-3 family member, unc-104 had a dramatic effect on dendritic
elaboration. Further work will be required to describe the contribution of unc-104 to dendrite

development and maintenance.
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Two mutually nonexclusive hypotheses exist for unc-104’s role in dendrite development
and are discusses in the second chapter of this dissertation. The first postulates that Unc-104
regulates microtubule dynamics leading to structural deficiencies in cytoskeletal structure. The
second postulates that Unc-104 transports elements of the endo-lysosomal pathway that
contribute to dendrite development. It is not known if unc-104 contributes to dendritic
maintenance. Examining knockdown of unc-104 in adult c4da neuron over time will determine if
unc-104 is relevant for dendritic maintenance, as well as development. It is also unknown if unc-
104 is important for dendrite regeneration but given the importance in dendrite elaboration seems

likely to play a role.

Do kinesins contribute to dendritic regeneration?

Other kinesins are likely important for regeneration of the dendritic arbor, as cytoskeletal
assembly and cargo transport are also critical to regrowth (reviewed in Bradke et al., 2012;
Gordon-Weeks et al., 2013; Li et al., 2014). Studies of axon regeneration have demonstrated that

several kinesins regulate microtubule dynamics during regrowth.

Axon injury induces local microtubule depolarization. Downregulation of kinesins that
stabilize microtubules at the dynamic injury site facilitates neurite outgrowth. In adult axons,
knockdown of KLP-7, a kinesin-13 family member that stabilizes microtubules, promotes
microtubule growth in the period immediately following axotomy in C. elegans (Ghosh-Roy et
al., 2012). Similarly, chemical inhibition of Kinesin-5 also aids regeneration, releasing inhibition
of advancing microtubules during axon growth (Liu et al., 2011; Xu et al., 2015; Baas et al.,

2015).
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Other Kkinesins aid axon regeneration. In both mammalian hippocampal and Drosophila
neuron cultures, Kinesin-1 promotes axon elongation through driving actively sliding
microtubules into outgrowing neurites (Lu et al., 2014; Watt et al., 2015). In rat sensory neurons,
kinesin-2 family member, KIF3C, positively regulates microtubule dynamics during
regeneration. Local translation of KIF3C promotes more dynamic populations of microtubules
after injury and increases regrowth when compared to neurons from null rats (Gumy et al.,

2013).

Cargo transport by molecular motors is critical during regeneration. Injury initiates
transport of retrograde signals to the cell body (reviewed in Shah et al., 2018). These signals
provide the cell body with information about the timing and extent of the insult (reviewed in
Rishal and Fainziber 2010). The Wallenda/DLK pathway plays a central role in relaying the
retrograde injury signal (Shin et al., 2012). Interestingly, dendrite regeneration has been de-
coupled from Wallenda/DLK signaling in larval c4da neurons (Stone et al., 2014). It is not
known how injury is communicated from the dendrites to the cell body during dendrite injury.
One direction for future study will include understanding how dendrite injury is communicated

to the cell body and regeneration programs are initiated.

Anterograde transport of mitochondria and mRNA to the axonal injury site is also
critical to regrowth (reviewed in Shah et al., 2018). Rebuilding the damaged neuron requires
energy. Failure to traffic mitochondria and maintain mitochondrial density at the injury site leads
to axon regeneration failure in C. elegans (Han et al., 2016). Mammalian studies confirm the
importance of mitochondria transport during regeneration. Armcx1, a mitochondrial protein
upregulated with injury, regulates mitochondrial transport during regrowth (Cartoni et al., 2016).

Local translation of proteins relevant to regeneration requires mRNA trafficking to injury site

50



(reviewed in Yoo et al., 2010). Shifts in mMRNA populations after axotomy suggest that mMRNAs
related to axon targeting and synaptic development are actively trafficked (Taylor et al., 2009).
Differences in the capacity of CNS and PNS neurons to traffic mRNA have been suggested to
account for the failure of CNS axons to regenerate (Kalinski et al., 2015). Although studies have
not examined mitochondria or mRNA after dendrite injury, both are likely to be important

contributors to rebuilding the dendritic arbor.

How does COz2 stimulate c4da neuron activity?

The behavioral significance of c4da neurons in adults remains unknown. Larval c4da
neurons respond to various sensory stimuli including light, heat, mechanical and chemical
stimulation. But these studies have not been expanded to adult c4da neurons. In
electrophysiological studies, larval c4da neurons can be stimulated by application of low pH
solutions to the distal dendrites (Boiko et al., 2013). Our study establishes that this stimulus also
activates the adult c4da neurons. To identify sensory stimuli for adult c4da neurons, this

dissertation explores c4da neurons function in vivo using calcium imaging.

We found that c4da neurons are stimulated by application of CO; to the adult abdomen.
This stimulus may be driven by muscle contraction or acidification of the abdomen after CO>
application. The first possibility, muscle contraction, suggests that these neurons function as
sensors of body wall position and peripheral movement. This is consistent with evidence that
larval c4da neurons act as proprioceptors (Adams et al., 1998; Ainsley et al., 2003; Gorczyca et

al., 2014).

It is also possible that CO> drives acidification of the abdomen leading to stimulation.

Larval and adult c4da respond to stimulation by low pH solutions (Boiko et al., 2012; chapter 4).
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But it is unknown if application of CO> results in a decrease in pH sufficient to stimulate the
c4da neurons in vivo. These scenarios are not mutually exclusive. Evaluating these two

mechanisms will aid our understanding of the adult c4da neurons.

What functional and structural changes occur in regenerated dendrites?

There remain unanswered questions about the function and structure of regenerating
dendrites. Our work suggests that functional recovery of these neurons occurs. We observed
dendritic competency to respond to stimulation in electrophysiological preparations, as well as
appropriate trafficking of Ppk26, an ion channel associated with neuronal function. These results
are consistent with functional recovery in regenerating neurons. Future work could expand our
understanding of functional recovery in these neurons by focusing on in vivo calcium imaging

using the functional study described above.

Our study described the structure of regenerated dendrites. We observed a reduction in
the presence of stabilized microtubules. This suggests that regenerating dendrites are not
competent to form primary branches and the regenerated branches more closely resemble higher
order branches. Further assessing the diameter and microtubule dynamics of regenerating
dendrites will provide more insight. It is unknown if the microtubule polarity of regenerated
dendrites is different from uninjured primary branches, which are uniformly minus- end out in
orientation (Stone et al., 2008; Rolls et al., 2007; Zheng et al., 2008; Satoh et al., 2008).
Regenerating branches may resemble higher order branches, which have mixed microtubule

polarity (Yau et al., 2016).
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How does aging affect the quality of regeneration?

Our study finds that neurons retain the ability to regrow until at least midlife, suggesting
an intrinsic ability to regrow dendrites. There may, however, be a decline in Drosophila older
than 30 days. Assessing older animals may require developing additional imaging methods, as

older flies are more fragile.

The quality of regeneration in older animals has not been systematically characterized.
Our characterization studies primarily focused on young adult animals. But we were able to
compare the extent of outgrowth and crossing behavior in both populations. Very young adult
Drosophila regenerated better than all other age groups, but outgrowth rapidly declined in the
first week of adulthood. Regrowth observed in 7-day old animals and 30-day old animals was

roughly comparable in terms of length.

Increased crossing behavior in regenerating dendrites was observed in both young and
old animals. There was a trend towards fewer crossing events in older animals that may warrant
additional study. We linked the crossing behavior in younger neurons to integrin signaling. But
we did not study the signaling pathways related to crossing behavior in older animals. It is not
known if known self-avoidance cues, including integrins, are altered in older animals. It will be
interesting to assess integrin expression throughout the lifespan and understand if augmenting

expression in aged animals can increase regeneration outcomes.

Our characterization studies of structure and function should also be expanded to older
regenerated dendrites. We have not assessed the microtubule structure of regenerated neurons at

this age. Older regenerated dendrites appear more frail than younger regenerated dendrites.
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Stabilized microtubules may also be further reduced in this population and microtubule dynamics

may be changed.

We also know nothing of the functional recovery of older neurons. It is not known if
older regenerated neurons traffic the appropriate ion channels to the distal dendrites or are
functional competent to respond to electrophysiological stimulation. Coupling these studies to

calcium imaging may aid understanding of functional recovery in older animals.

What molecular pathways define dendrite regeneration?

Our study of dendrite regeneration provides a platform for understanding the molecular
pathways which guide dendrite regeneration in mature neurons. It is not known if dendrite
severing produces the same downstream signals that axon severing produces. Cytoskeletal
disruption to the axon results in a retrograde signal to the cell body initiating axon repair
pathways. Studies of larval dendrite regeneration suggest that this pathway may not be important
for dendrite regeneration. RNAI knockdown of the DLK/INK pathway did not prevent dendrite
regeneration in larvae (Stone et al., 2014). As regrowth during the larval life phase may be
coupled to developmental growth, it will be important to confirm these results in adult neurons.
There is the possibility that DLK may be required during adult dendrite regeneration. If these
results are confirmed in adult neurons, understanding how cytoskeletal disruption in dendrites is

conveyed to the cell body will be important to understand.

Lipid second messengers likely convey dendritic severing. Although it is unknown if the
balance of PIP> and PIP3 change upon dendrite severing, there is evidence suggesting that
downstream targets influence regeneration. Dendrite recovery after injury to a single branch

requires the PTEN/AKT pathway during the larvae life stage (Song et al., 2012). Observing
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increased regeneration upon PTEN knockdown in adulthood would strengthen the argument for
the importance of this pathway for dendrite regeneration. It will also be interesting to look at

SOCS3 and GSK-3 in the context of dendrite regeneration.

How does the extracellular environment influence the extent of dendrite regeneration?

In our study of adult dendrites, we found that expressing RNAi for mmp2 in epidermis
significantly increased regeneration. This manipulation also inhibited reorganization of the
extracellular matrix in the abdomen, suggesting that the state of the extracellular matrix
influences the extent of dendrite regeneration. It is not known which cues in the extracellular

matrix are important for this response or which tissues secrete the extracellular matrix.

Our developmental studies of the adult abdomen describe the incorporation of
extracellular matrix protein, Collagen 1V, into the space between the epithelial layer and muscle.
We found a clear contribution of hemocytes to the extracellular matrix. It is possible that the
muscles and fat body contribute to the endogenous basement membrane of the abdomen but will
require additional study. It is not known if these tissues can contribute extracellular matrix
beyond the pupal phase. Promoting secretion of extracellular matrix beyond this phase may

prove therapeutic.

Other extracellular matrix proteins, including Laminin, may have different sources and
localization in the adult abdomen. We do not know the importance these proteins for dendrite
regeneration. Understanding the relative importance of extracellular proteins will require the
development of additional reagents to further our understanding of the microenvironment. A
more thorough understanding of the elaboration and maturation of the dendritic arbor will

provide new testable hypotheses about the regeneration of the mature dendritic arbor.
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Table 1. List of RNAI stocks used in kinesin screen

Stock  Reagent CG# Gene Kinesin family  mammalian
35475 | RNAi | CG33694 | CENP-ana CENP-E CENP-E
35816 | RNAiI | CG6392 | CENP-meta CENP-E CENP-E

Cytoplasmic
36583 | RNAI CG7507 | Dynein heavy chain 64C | DHC DHC1
Cytoplasmic
36698 | RNAI CG7507 | Dynein heavy chain 64C | DHC DHC1
Cytoplasmic
28749 | RNAI CG7507 | Dynein heavy chain 64C | DHC DHC1
Kinesin family member
35472 | RNAI | CG9913 | 19A
36733 | RNAI CG8183 | Kinesin heavy chain 73 Unc-104 KIF13
Kinesin-like protein at
33963 | RNAI | CG1453 | 10A Kinl KIF2
Kinesin-like protein at
35473 | RNAi | CG5300 | 31E Chromo-K KIF21
35975 | RNAiI | CG8590 | Kinesin-like protein at 3A | Chromo-K KIF4
Kinesin-like protein at
36577 | RNAiI | CG43323 | 54D KIF12 KIF12
Kinesin-like protein at
35596 | RNAiI | CG3219 | 59C Kinl KIF2
Kinesin-like protein at
35474 | RNAi | CG12192 | 59D Kinl KIF2
Kinesin-like protein at
33685 | RNAI | CG9191 | 61F BimC/Eg5 Eg5
Kinesin-like protein at
40945 | RNAi | CG10642 | 64D Kin-II KIF3A
Kinesin-like protein at
27549 | RNAiI | CG10923 | 67A Kip3 KIF18
Kinesin-like protein at
35606 | RNAiI | CG10923 | 67A Kip3 KIF18
Kinesin-like protein at
36268 | RNAiI | CG10923 | 67A Kip3 KIF18
Kinesin-like protein at
29410 | RNAi | CG7293 | 68D Kin-I1 KIF3B
Kinesin-like protein at
29410 | RNAi | CG7293 | 68D Kin-II KIF3B
Kinesin-like protein at
39037 | RNAiI | CG5658 | 98A Unc-104 KIAA1590
28897 | RNAiI | CG10718 | nebbish Unc-104 KIF14
2243 | mutant | CG7831 | non-claret disjunctional Kin C KIFC1
46137 | RNAiI | CG1258 | pavarotti MKLP1 MKLP1
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Table 1. List of RNAI stocks used in kinesin screen

Stock Reagent CG# Gene Kinesin family ~ mammalian
36623 | RNAI CG12298 | subito Kinesin-6 KIF20A
28951 | RNAI CG8566 | uncoordinated-104 Kinesin-3 KIF1A
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Figure 2.1 Knockdown of pavarotti and subito RNAI in c4da neurons. A. Ppk-tdGFP; Ppk
Gal4 drives expression of pavarotti RNAI (v46137) and subito RNAIi (BL36623). B. Sholl
analysis of dendritic arbor complexity for wild-type, pavarotti and subito RNAI neurons. The

number of intersections of the dendritic arbor at intervals of 10 um from the center are plotted.

Mean +/- SD is plotted (N=3).
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Figure 2.2 Knockdown of unc-104 in c4da neurons decreases dendritic complexity. A. Ppk-
tdGFP; Ppk Gal4 drives expression of UAS-dcr2 and RNAI for unc-104 (BL28951) and Dhc64c
(BL36583). B. Sholl analysis for dendritic arbor complexity of wild-type and unc-104 RNA.
neurons. The number of intersections of the dendritic arbor at intervals of 10 um from the center
are plotted. Mean +/- SD is plotted (N=3).
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Figure 3.1 Application of carbon dioxide stimulates neural activity in c4da neurons. A. Ppk
Gal4 drives expression of UAS-tdtomato and UAS- GCaMP6f. CO2 stimulus was delivered at 0
sec. Scale bar represents 20 um. A representative time course of response to stimulation is
shown before and after stimulation. B. Ppk Gal4 drives expression of UAS-tdtomato and UAS-
GCaMP6f. No stimulation is applied. Abdomen is largely restrained, but some movement occurs.
C. The ratio of GCaMP6f/tdtomato is plotted over time. Stimulation was delivered at 20 seconds
(N=6). D. Increase in neuronal activity in the cell body is plotted. A 10 second window ending 5
seconds before stimulus delivery was averaged to calculate baseline GCaMP6f/tdtomato. A 10
seconds window starting 15 seconds after stimulus delivery was averaged to calculate response.
An unpaired t-test revealed a statistically significant difference between neurons that had been
stimulated and those that had not t (9) =3.121, p=0.0123. E. Increase in neuronal activity in
control and ppk264!/ flies is plotted. An unpaired t-test revealed no difference between
stimulation of control and ppk264// flies t (10) =0.8165, p=0.4332. F. Increase in neuronal
activity in control (GCaMP6m) and ppk14/¢ flies is plotted. An unpaired t-test revealed a
difference between stimulation of control and ppk14/¢ flies t (7) =2.505, p=0.04508.
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Figure 3.2 Characterization of basement membrane in the adult Drosophila abdomen. A.
Endogenously tagged Collagen IV co-localizes with dendrites of c4da neurons. C4da neurons
are marked by tdTomato. Collagen IV is marked by vkg-GFP. Scale bar represents 40 um. B.
Hemocyte driven expression of Collagen IV a chain proteins, vkg and cg25¢ mimics endogenous
expression. Hemocyte Gal4 drives expression of UAS-IinGFP vkg and UAS-inGFP cg25c.
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Figure 3.3 Characterization of basement membrane in the adult Drosophila abdomen. C.
Epithelial driven expression of Collagen IV o chain proteins, vkg and cg25c is shown. Epithelial
Gal4 drives expression of UAS-inGFP vkg and UAS-inGFP cg25c. Scale bar represents 40 pum.
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Figure 4.1 Dendrites regenerate 1 day after eclosion. A. Chamber to image anesthetized adult
Drosophila. B. V’ada neurons in the adult abdomen are injured at the first branching points in
the dendritic arbor 1 day after eclosion. Scale bar represents 50 um. Red arrowheads indicate the
injury location. Orange arrowheads indicate the cell body of the neuron when visible in the plane
of the image. C. Top panels: neurons at 1 and 7 days after injury. Bottom panels: uninjured
control neurons. Scale bar represents 80 um. D. Total dendrite length at 1 and 7 days after injury.
Injured neurons (M=2738; SD=880) had a greater change in dendrite length than uninjured
neurons (M=255; SD=306), t (15) =7.11, p < 0.0001; n=10 injured, 7 uninjured. For all graphs,
open circles represent uninjured neurons, solid squares represent injured neurons. E. Sholl
analysis of injured and uninjured neurons at 7 days after injury. F. Injured and uninjured
dendrites are stained for Futsch. G. Average intensity along primary branch is plotted. Uninjured
neurons had greater intensity (M=0.28; SD=0.055) than injured neurons (M=0.14; SD=0.038), t
(9) =5.0, p=0.0007. n= 6 injured, 5 uninjured. Scale bar represents 20 um.
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Figure 4.2. Dendrites functionally recover after injury. A. Average firing frequency (Hz) in
response to acidified solutions between pH 3-7 in injured and uninjured neurons. At pH 3, There
was no statistical difference between uninjured (M=14.9; SD=6.9) and injured neurons
(M=10.14; SD=4.0), t (15) = 1.63, p=0.12; n=7 injured, 10 uninjured. B. Representative
recordings trace from stimulation of uninjured and injured neurons by an acidified solution at pH
3-7. C. Ppk26 is present in the dendrites of injured and uninjured dendrites. Scale bar represents
20 pm.
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Figure 4.3. Dendrites regenerate at 3, 7, 30 days after eclosion. A. Neurons were injured at 3,
7 and 30 days after eclosion. The dendritic arbor is shown 1 and 7 days after injury. Orange
arrowheads indicate the cell body of the neuron when visible in the plane of the image. Scale bar
represents 80 um. B. Difference in dendrite length between 1 and 7 days after injury for neurons
injured at 1, 3, 7, and 30 days after eclosion. Measured differences in dendrite length were
subjected to a two-way ANOVA. Injury, F (1, 53) =119.2, p < 0.0001, and age, F (3, 53)
=8.757, p < 0.0001, were statistically significant. The interaction effect was significant F (3, 53)
=3.880, p= 0.0140. Sidak’s post hoc test revealed that neurons injured at 1 day after eclosion
(M=2738; SD=880) had greater dendrite length than neurons injured at 3 days after eclosion
(M=1393; SD=710), 7 days after eclosion (M=1333; SD=598) and 30 days after eclosion
(M=1375; SD=479) n=10 injured, 8 uninjured neurons 1 day after eclosion; 10 injured, 8
uninjured 3 days after eclosion; 7 injured, 8 uninjured 7 days after eclosion; 5 injured, 5
uninjured 30 days after eclosion. C. Dendrite coverage of injured neurons measured 7 days after
injury. Area coverage by dendrite was subjected to a one-way ANOVA. F (3, 27) =6.575, p =
0.0018. Sidak’s post hoc test revealed that neurons injured at 1 day after eclosion (M=0.33;
SD=0.13) covered greater area than neurons injured at 7 (M=0.17; SD=0.12) and 30 days after
eclosion (M=0.11; SD=0.06) D. Sholl analysis of regenerated neurons and uninjured controls for
neurons injured at 1, 3, 7 and 30 days after eclosion. E. Injured and uninjured dendrites of
neurons injured at 3 and 30 days. Scale bar represents 20 um. Green arrows represent crossing
events. F. Dendritic crossing events per 1000 um. Dendritic crossing events were analyzed with
a two-way ANOVA. Injury, F (1,21) =30.03, p< 0.0001, and age, F (1,21) =17.34, p=0.0004
were significant. n=>5 injured, 9 uninjured neurons at 3 days after eclosion; 7 injured, 4 uninjured
at 30 days after eclosion.
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Figure 4.4. Loss of mmp2 increases dendrite regeneration. A. Wild-type and
mmp2M10048%/Df(2R) BSC132 neurons 1 and 7 days after injury. Orange arrowheads indicate the
cell body of the neuron. B. Change in dendritic length 7 days after injury. Dendrite lengths were
subjected to a two-way ANOVA. Injury increased the difference in dendrite length F (1, 16) =
78.65, p < 0.0001. Genotype was not statistically significant F (1, 16) = 2.8394, p =0.11. The
interaction effect was significant F (1, 16) = 8.394, p = 0.0105. Tukey’s post hoc test revealed
that mmp2 injured neurons (M= 4199; SD =835) grew more than wild-type injured neurons
(M=2722; SD=790) Uninjured mmp2 neurons (M=412; SD=439) were not different from wild-
type uninjured (M= 800; SD=746). n =5 injured, 5 uninjured wild-type; 5 injured, 5 uninjured
mmp2 mutants. C. Coverage of dendritic area at 7 days after injury. There was a significant
difference between wild-type (M =0.3126; SD =0.31) and mmp2 (M =0.4693; SD =0.093) t (7)
=3.580, p =0.0090 D. Epidermal Gal4 drives expression of control (UAS-Dcr2) and mmp2
(V107888) RNAI at 1 and 7 days after injury. E. Change in dendritic length 7 days after injury.
Changes in dendrite length were subjected to a two-way ANOVA. Injury, F (1, 22) =58.05, p <
0.0001, and mmp2, RNAI F (1, 22) =6.035, p=0.0224 were significant. The interaction effect was
significant F (1, 22) =17.14, p=0.0004. Sidak’s post hoc test revealed that mmp2 RNAi (M
=5495; SD=787) increased dendrite length compared to control RNAi (M=2703; SD=1188)
injured neurons. There was no difference between uninjured neurons in control RNAi (M=1230;
SD=1147) and mmp2 RNAI (M =518; SD =837) neurons. n=9 injured, 5 uninjured control
RNAI; 8 injured, 4 uninjured mmp2 RNAI neurons. F. Dendritic area 7 days after injury There
was a significant difference between control (M= 0.2436; SD=0.13) and mmp2 RNAI
(M=0.5295; SD=0.092) t (15) =5.137, p=0.0001. G. Neuronal Gal4 (Ppk Gal4) drives expression
of control (UAS-Dcr2) and mmp2 (V107888) RNAI. H. Change in dendrite length 7 days after
injury. Changes in dendrite length were subject to a two-way ANOVA with two injured
conditions (injured, uninjured) and two RNAI conditions (control, mmp2). There was a
significant effect of injury F (1, 13) = 92.12 p < 0.0001. There was not a significant effect of
RNAI F (1, 13) = 0.1814, p =0.67 or an interaction effect F (1, 13) = 0.56, p=0.47. n= 6 injured,
4 uninjured control RNAI, 6 injured, 5 uninjured mmp2 RNAI neurons. |. Regenerated dendrite
area 7 days after injury. There was not a significant difference between mmp2 RNAI and control
neurons t (8) = 0.9867, p =0.3527.
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Figure 4.5. Regenerated dendrites associate with the ECM. A. Epidermal expression of mmp2
RNA. partially preserves ECM at 3 days after eclosion. Collagen 1V (vkgGFP) marks ECM. B.
XZ view of ECM and dendrite co-localization. C. Co-localization of neuron (ppkCD4tdTom)
and Collagen 1V (vkgGFP) in injured and uninjured neurons at 7 days after injury. D. Proportion
of the dendritic arbor that co-localizes with Collagen 1V. There was a significant difference
between injured (M=0.7762, SD=0.12) and uninjured neurons (M=0.5828, SD=0.031) t (10)

=3.940, p=0.0028. n= 6 injured, 6 uninjured neurons.

71



DeVault_Fig.6

25° 25°-29° 29°
A +1D | +70 | B +iD [ +70 | C[—+1D [ +7D

wild-type
Injured

mmp2=V/Df(2R)BSC132
Injured

O
m

m  wild-type

0.5- mmp2Y%*N/Df(2R)BSC132

4000+ il

Z:::-ﬁ i ;_1I

0.4+

ISR

Dendrite coverage
normalized

Dendrite length (um)

o

Temperature Temperature

Figure 4.6. During the 3 days period after eclosion, mmp2 influences dendrite regeneration.
Wild-type and mmp2Y53N/Df(2R) BSC132 neurons were injured at 3 days after eclosion. Neurons
were imaged at 1 and 7 days after injury. A. Flies were kept at 25°C. B. Flies were raised at 25°C
and shifted to 29°C at 3 days after eclosion C. Flies eclosed at 25°C and were shifted to 29°C
within 1 day of eclosion. D. Regenerated dendrite area after 7 days is plotted. Area coverage
was subject to a two-way ANOVA. There was not a significant effect of temperature F (2, 44) =
1.513, p=0.2314, genotype F (1, 44) = 1.464 or interaction F (2, 44) =2.364, p=0.1058. Sidak’s
post hoc test revealed at 29°C, a difference between mmp2Y5*N'Df(2R) BSC132 and wild-type
neurons. E. Dendrite length 7 days after injury. Dendrite length was subject to a two-way
ANOVA. The effect of temperature was not significant F (2, 43) = 0.9129, p=0.4090. Genotype,
F (1, 43) = 5.612, p=0.0224 and interaction, F (2,43) =4.139, p=0.0227, were significant. Sidak’s
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post hoc test revealed that at 29°C, mmp2">3N/Df(2R) BSC132 regenerated neurons (M=2574,
SD= 612) had greater dendrite length than wild-type neurons (M=1523, SD=312). n= 10 wild-
type, 7 mmp2">3N/Df(2R) BSC132 neurons at 25°C, 8 wild-type, 5 mmp2">*V/Df(2R) BSC132
neurons shifted from 25°C—29°C, 11 wild-type, 8 mmp2"*3N/Df(2R) BSC132 neurons at 29°C.
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Figure 4.7. Integrin expression alters dendritic crossings and dendrite outgrowth of
regenerated dendrites. A. Dendritic crossings of injured and uninjured neurons in neurons
overexpressing integrin subunits (mys and mew), expressing mew RNAI, expressing mys RNAI
and expressing mCherry. Scale bar represents 20 um. Green arrows indicate contacting
crossings. B. Contacting crossings events were analyzed by a two-way ANOVA. Injury, F (1,
48) =56.16, p< 0.0001, integrin, F (3,48, 38) =33.32, p< 0.0001, and interaction, F (3, 48) =



4.945, p=0.0045, were significant. Post hoc analysis using Dunnett’s test for multiple
comparisons demonstrated that overexpression of mys, mew increased contacting crossings in
injured neurons (M=13.5; SD=3.0) compared to overexpression of mCherry (M=8.7; SD=1.8);
knockdown of mew (M=4.1; SD=1.9) and mys (M=5.7; SD=2.3) decreased contacting crossings
compared to mCherry. Knockdown of mew (M=1.9; SD=1.4) decreased contacting crossings
compared to mCherry expression (M=5.2; SD=1.8) in uninjured neurons. n= 9 injured, 7
uninjured mys, mew; 6 injured, 6 uninjured mCherry; 8 injured, 8 uninjured mew RNAI, 6
injured, 6 uninjured mys RNAI neurons. C. Change in dendrite length upon integrin
manipulation. Change in dendritic length was analyzed by two-way ANOVA. Injury, F (1,32)
=67.48, p< 0.0001, and integrin, F (3,32) = 3.95, p = 0.0166. were significant. There was no
interaction effect F (3,32) = 0.9318, p =0.4366. Post hoc analysis using Sidak’s multiple
comparison test revealed that injured mys RNAI (M=1526; SD=539) and mew RNAi (M=1380,
SD=487) had decreased changes in dendrite length compared to injured neurons expressing
mCherry (M=2636, SD=808).
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Figure 4.8. Images of disc for repeated imaging in adult Drosophila. Images of disc for
repeated imaging in adult Drosophila. Disc is shown under a microscope. Underside of disc with
connection to CO2 is shown.
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Figure 4.9. Muscle damage occurred during dendrite injury. Neurons are marked by
ppkCD4tdGFP. Expression of UAS-tdTomato by Muscle Gal 4 (Mef2) marks the lateral
abdominal muscles. Injury and degeneration are noted near location of scanning laser injury.
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Figure 4.10. Effect of injured neighboring neurons on dendrite regrowth. Status of
neighboring neurons does not effect dendrite regeneration. Dendrite coverage is not effected by
status of neighboring neurons. Dendrite coverage was subject to a t-test. There was not a
significant difference between regenerating neurons with injured neighbors (M=0.4490,
SD=0.0841) and regenerating neurons with intact neighbors (M=0.3834, SD=0.0870) t(10) =
1.329, p=0.2135. Dendrite length of regenerating neurons was not effected by the status of
neighboring neurons. Dendrite length was subject to a t-test. There was not a significant
difference between regenerating neurons with injured neighbors (M=3711, SD=834) and
regenerating neurons with intact neurons (M=3911, SD=568) t (10) = 0.4862, p=0.6373.n =6
intact neighboring neurons, 6 injured neighboring neurons.
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Figure 4.11. Electrophysiological response of c4da neurons. A. Sample traces for response to
acidified solution at pH=3. Balded neurons show no response to stimulation with acidified
solution n=10. B. Ppk26 is not required for response to acid stimuli. Flies null for Ppk26,
ppk2647/Df (3L) exel8104 responded to stimulation at pH=3.
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Figure 4.12. GMR51F10 Gal4 is expressed in the epidermis of the abdomen. UASRed-
Stinger is driven by GMR51F10 Gal4 expression in the abdomen.
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Figure 4.13. Dendrite length of uninjured neurons at 8 days after eclosion. A.

Knockdown of mys and mew decrease total dendrite length. Dendrite length was subject to a one-
way ANOVA. There was a significant effect of integrin manipulation on dendrite length F (3,14)
=23.07, p<0.0001. Tukey’s posthoc test revealed that mew RNAI (M= 6211; SD=611) and mys
RNAI (M=4957, SD=309) decreased dendrite length compared to mCherry expression (M=
8155; SD=1054) B. Mutants for mmp2 m1o0489/DF (2RBSC132 had increased dendritic length
compared to wild-type neurons. Dendritic length was subject to a t-test. There was a significant
difference between wild-type and mmp2wmioosss/ DF(2R) BSC132 neurons t (8) =6.150, p=0.0003.
C. Epidermal knockdown of mmp2 does not affect dendritic length in uninjured neurons. An
unpaired t-test revealed no difference t (10) = 0.7839, p=0.4419. D. Neuronal knockdown of
mmp2 does not affect dendrite length in uninjured neurons. An unpaired t-test reveal no
difference t (5) = 0.4433, p = 0.676. E. At 29° mutants for mmp2ysan/DF(2R) BSC132 did not
have increased dendritic length compared to wild-type neurons. An unpaired t-test revealed no
difference between mmp2yssn/DF(2R) BSC132 (M=11950, SD=1242) and wild-type neurons
(M=12007, SD=899) t (8) =0.0833, p=0.9356.
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