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Katanin p60-likel Promotes Microtubule Growth and
Terminal Dendrite Stability in the Larval Class IV Sensory
Neurons of Drosophila
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Dendrite shape is considered a defining component of neuronal function. Yet, the mechanisms specifying diverse dendritic morpholo-
gies, and the extent to which their function depends on these morphologies, remain unclear. Here, we demonstrate a requirement for the
microtubule-severing protein katanin p60-like 1 (Kat-60L1) in regulating the elaborate dendrite morphology and nocifensive functions
of Drosophilalarval class IV dendritic arborization neurons. Kat-60L I mutants exhibit diminished responsiveness to noxious mechanical
and thermal stimuli. Class IV dendrite branch number and length are also reduced, supporting a correspondence between neuronal
function and the full extent of the dendritic arbor. These arborization defects occur particularly in late larval development, and live
imaging reveals that Kat-60L1 is required for dynamic, filopodia-like nascent branches to stabilize during this stage. Mutant dendrites
exhibit fewer EB1-GFP-labeled microtubules, suggesting that Kat-60L1 increases polymerizing microtubules to establish terminal
branch stability and full arbor complexity. Although loss of the related microtubule-severing protein Spastin also reduces the class IV
dendrite arbor, microtubule polymerization within dendrites is unaffected. Conversely, Spastin overexpression destroys stable micro-
tubules within these neurons, while Kat-60L1 has no effect. Kat-60L1 thus sculpts the class IV dendritic arbor through microtubule
regulatory mechanisms distinct from Spastin. Our data support differential roles of microtubule-severing proteins in regulating neuro-
nal morphology and function, and provide evidence that dendritic arbor development is the product of multiple pathways functioning at

distinct developmental stages.

Introduction

The remarkable diversity of neuronal dendrite morphology plays
a central role in the specialized functions of neurons. Identifica-
tion of the mechanisms conferring these varied morphologies,
and the ways in which neurons’ distinctive functions rely on
them, is thus essential for understanding the nervous system.
Both neuronal morphology and function depend on the micro-
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tubule cytoskeleton, in fundamental events including process
outgrowth and stabilization, synapse formation, and vesicle
transport. Consequently, microtubule maintenance, assembly,
and disassembly are tightly regulated by numerous proteins.
Among these, the microtubule-severing proteins use ATP hydro-
lysis to break microtubule polymers along their lengths or pro-
mote end depolymerization (Roll-Mecak and McNally, 2010;
Sharp and Ross, 2012). At least three severing proteins,
Katanin-60 (Kat60), Spastin, and Katanin p60-likel (Kat-60L1),
are expressed in the Drosophila nervous system. Studies of Kat60
and Spastin indicate that each assembles into hexameric rings to
disrupt tubulin—tubulin contacts along microtubules, thereby
breaking polymers into smaller pieces (McNally and Vale, 1993;
Roll-Mecak and Vale, 2008). Severed pieces can be further disas-
sembled, as observed in vitro (McNally and Vale, 1993; Zhang et
al., 2007; Yu et al., 2008). However, severed polymers can also
provide a source of more easily transported or nucleating pieces,
thus promoting additional microtubule formation (Roll-Mecak
and McNally, 2010).

The Drosophila dendritic arborization (da) neurons, a subset
of the multidendritic (md) sensory neurons, innervate the over-
lying larval epidermis in a stereotyped pattern, providing nearly
complete coverage. These neurons provide a valuable system for
studying the correlation between dendritic form and function.
Four classes of da neurons are distinguished according to their
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dendritic branching patterns and complexity, ranging from the
class I neurons with simply constructed dendritic arbors, to the
class IV neurons, which exhibit the most highly branched den-
dritic trees (Grueber et al., 2002). Activation of the complex class
IV arbors is sufficient to mediate larval mechanical and thermal
nociception (Hwang et al., 2007; Zhong et al., 2012).

A role for microtubule severing in the regulation of class IV da
neuron dendrites is supported by studies demonstrating that
spastin mutants, whether loss or gain of function, result in den-
dritic arbors of reduced complexity (Jinushi-Nakao et al., 2007;
Ye et al., 2011). In addition, Kat-60L1 induces microtubule de-
struction during dendrite pruning of these neurons at metamor-
phosis (Lee et al., 2009). In situ data indicates that kat-60L1 is also
expressed in the embryonic nervous system, however, suggesting
an important role even before metamorphosis (Tomancak et al.,
2002).

In this study, we show a dendrite-specific, novel role for Kat-
60L1 in the establishment of the class IV arbor during larval
development. Using a combination of genetic, behavioral, and
live imaging techniques, we reveal that Drosophila Kat-60L1 is
required for the full extent of dendrite branching and elongation.
Kat-60L1 increases the number of growing microtubules and the
stability of terminal branches during late larval development. We
also demonstrate a requirement for Kat-60L1 in the class IV-
mediated larval nocifensive response, correlating defects in den-
dritic morphology to neuronal function. This correlation is also
seen in spastin mutants; however, Spastin is not required for mi-
crotubule polymerization in dendrites and its loss affects neuro-
nal function more broadly in the cell. Based on our data, we
propose that Kat-60L1 plays a unique role in regulating microtu-
bules to promote terminal arborization and function of class IV
sensory neuron dendrites.

Materials and Methods

Drosophila stocks and crosses. The genetic deletion Df(3R)kat-60L1%%
was created by imprecise excision of the neighboring enhancer-promoter
(EP) insertion, EY21697, in the gene CG2051. Approximately 350 poten-
tial deletion lines were screened by PCR to uncover one deletion in kat-
60L1, denoted BE6. A combination of primer walking and sequencing
was used to delineate the breakpoints of Df{3R)kat-60L1°%° to a 498 bp
region, 3R:1609500-1609997, in the second intron of kat-60L1, and 3R:
1,614,857, where part of the EP remains in the genomic DNA of CG2051.

For kat-60L1 loss-of-function analysis, we crossed ppkl.9-GAL4,
UAS-mCD8::GFP; kat-60L1%%°/TM6b to kat-60L17%* “'*3°/TM6b.

We used Vienna Drosophila RNAi Center (VDRC) kat-60L1 RNAi
lines 31599, 31598, and 108168, and VDRC spastin RNAi line 108739.
For kat-60L1 RNAi experiments, we crossed ppkl.9-GAL4,
UAS-mCD8::GFP to a double RNAi stock, kat-60L131°%° RNAL. jqt.
6OL131598 RNA o ¢ 1w s ] 108168 RNAi

For rescue experiments, we crossed ppkl.9-GAL4, UAS-mCD8::GFP;
Df(3R)kat-60L1PE/TM6b to kat-60L1"5* 01236 UAS-Venus-kat-60L1"*/
TM6b to obtain genetic rescue animals of the genotype ppkl.9-GAL4,
UAS-mCD8::GEP/+; Df(3R)kat-60L1°%/kat-60L17P 01236 UAS-Venus-
kat-60L1"*,

For live EB1-GFP analysis, we crossed 477-GAL4, UAS-EB1-GFP/CyO;
kat-60L17B% <01236/TMe6b to Df(3R)kat-60L1%%¢/TM3 SerAct5c:GFP
to obtain larvae of the genotype 477-GAL4, UAS-EBI-GFP; kat-
60L17P 01236/ Df(3R )kat-60L1%°. Control larvae were obtained from
crosses of 477-GAL4, UAS-EB1-GFP/CyO to WCS.

Drosophila stocks were provided by the Bloomington Stock Center
(Bloomington, IN) and the VDRC (Vienna, Austria).

Reverse transcription PCR for developmental analysis of kat-60L1 iso-
forms. Primers were designed to amplify cDNA of both the kat-60L1 short
and long isoforms. The forward kat-60L1-short primer in exon 1 was
AACGACTGGTGGAGCAAAAT. The forward kat-60L1-long primer in
exon 1 was CGGCACACTCCATACCACT. Each was used with the
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shared reverse primer in the second exon: GCATTAGAGCCCAGGTTG.
The short isoform primers amplify a predicted cDNA-specific 344 bp
product and the long isoform primers amplify a predicted cDNA-specific
245 bp product. RNA was isolated by Trizol extraction from the follow-
ing tissues: stage 11-17 embryos, third-instar larval brains, adult heads,
adult testes, and adult ovaries; cDNA was generated using the Bioline
cDNA kit (Bioline USA).

Reverse transcription PCR to characterize kat-60L1 loss-of-function al-
leles and RNAi. A forward primer specific to kat-60LI cDNA, spanning
exon 3 and 4, excluding intronic sequence (Fig. 1A), GACAATACTC-
CAGGAAGCAGT, and a reverse primer in exon 5, ACGTTGCTTAT-
GTCCGATCC, were used for all reverse transcription PCR (RT-PCR)
experiments to characterize expression levels of kat-60L1 loss-of-
function mutant and RNAi backgrounds. RT-PCR was performed on
samples of adult heads from WCS controls and kat-60L1-mutant animals
and from larval brains of control and animals with either kat-60L1 or
spastin RNAi driven by the ubiquitous driver, e22c-GAL4, sqh-GAL4, and
UAS-Dicer2. RNA was isolated and cDNA was generated as above.

Behavioral analysis. To perform the nociception assays, ~6—10 female
flies were allowed to lay eggs for 4 d at 25°C and 75% humidity. On
approximately the sixth day, wandering third-instar larvae were rinsed
out of the vial and into a plastic 60 mm Petri dish. Excess water in the dish
was aspirated such that the larvae remained moist but were not floating.

For thermal nociception experiments, larvae were treated and tested
using a noxious heat probe (Hwang et al., 2007; Caldwell and Tracey,
2010). Briefly, the stimulus was delivered by touching the larvae laterally,
in abdominal segments 4, 5, or 6. Each larva was tested only once and
discarded. The response latency was measured as the time interval from
the point at which the larva was first contacted by the probe until it
initiated the rolling movement (the beginning of the first complete 360°
roll). Statistical significance was determined using the nonparametric
rank-sum Wilcoxon test.

Mechanical nociception assays were similarly performed according to
Hwang et al. (2010). Briefly, wandering third-instar larvae were stimu-
lated with a 50 mN calibrated Von Frey filament. Von Frey filaments were
made from Omniflex monofilament fishing line (6 b test; diameter,
0.009 inch [0.23 mm]). Fibers were cut to a length of 18 mm and attached
to a pulled glass pipette such that 8 mm of the fiber protruded from the
end and 10 mm anchored the fiber. Noxious stimuli were delivered by the
rapid depression and release of the fiber on the dorsal side of a larva. A
positive response was scored if at least one nocifensive roll occurred after
the first stimulus. For thermal and mechanical tests, each genotype un-
derwent three trials where at least five vials of crosses were established to
obtain a sample size of ~40 larvae for a given trial. The averaged results
from the trials for a given genotype were used to obtain a behavioral score
and to generate the SEM, and statistical analyses were performed using
the Student’s ¢ test.

Optogenetic activation. In cages, ~6 virgin female flies of the genotype
ppk1.9-GAL4, UAS-ChR2::eYFP; UAS-Dicer-2/K87 were crossed to
10-15 males of the desired RNAiline. VDRC lines used were para (6131),
spastin (108739), and kat-60L1 (108168). Females were allowed to lay
eggs for 24 h with a dollop of yeast paste (either atr+ [500 um] or atr—).
The larval progeny were allowed to develop and feed on the yeast paste
for an additional 72 h in the dark. Larvae were then stimulated with blue
light (460-500 nm) with the Hg light source of a Leica MZ16 FA stereo-
microscope. Blue-light pulses were manually controlled and lasted sev-
eral seconds. A positive nocifensive roll was scored if the larva completed
at least one revolution (360°) in response to a blue-light pulse. The aver-
aged results from three trials for a given genotype were used to obtain a
behavioral score and to generate the SEM, and statistical analyses were
performed using the Student’s ¢ test (Honjo et al., 2012).

Gateway cloning of UAS-Venus-kat-60L1. The kat-60L1-long (RA)
cDNA clone (accession number, AY051591) was obtained from the Dro-
sophila Genomics Resource Center and amplified by PCR and gel ex-
tracted for purification. The forward primer included the ATG start site:
CACCATGCGGGTCGAGGA; the reverse primer included the 5" UTR:
GGGTGCTGGGCCAGCAGCCCGTAC, and amplified a 1.84 kb prod-
uct. This product was cloned into a pENTR/D-TOPO entry vector (In-
vitrogen) and verified by sequencing. Recombination into the pTVW
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Figure1.

Molecular characterization of kat-60L7. A, Kat-60L1 encodes two transcripts, short (top) and long (bottom), that differ at the 5" UTR and first exon. PBactPBJkat-60L 175 °2 (closed

triangle) is inserted in the shared second intron. P{EPgy2}CG205 157275 (open triangle) inserted in the neighboring gene was imprecisely excised to generate Df{3R)kat-60L 152 (dashed line), which
removes kat-60L 7 exons 2-5, the region encoding the AAA ATPase domain. Black arrows denote primers used to amplify a cDNA-specific kat-60L 7 688 bp product. B, Primers used to amplify cDNA
and isoform-specific products are denoted as gray arrows in A and use a shared reverse primer. Isoform-specific RT-PCR on isolated tissues reveals strong enrichment of the short isoform in larval
brains and adult testes, while the long isoform is predominantly expressed in testes, suggesting isoform-specific roles. Primers for the short isoform amplify a 344 bp product and those for the long

isoform amplify a 245 bp product. €, Transcript levels are strongly reduced in homozygous kat-60L

7PBa(

adultheads, while transcriptis absent from adult heads homozygous for the Dff 3R)kat-60L 15

allele. D, Transcript levels are markedly reduced in larval brains expressing kat-60L7 RNAi transgenes driven ubiquitously by e22c-GAL4,sqh-GAL4.

Gateway vector (the Drosophila Gateway Vector Collection, Carnegie
Institution) was performed according to the manufacturer’s instructions.
The final N-terminal Venus-tagged kat-60L1-long vector UAS-Venus-kat-
60L1 was sent to the Duke University Model Systems Genomics Core
for injection and fly transformation (Durham, NC).
Immunohistochemistry. Antibodies used were mouse anti-GFP (1:500;
Invitrogen), mouse anti-Futsch 22C10 (1:500), and mouse anti-
acetylated Tubulin (1:500; both from Developmental Studies Hybrid-
oma Bank). Alexa-Fluor 488 or 568 fluorescent secondary antibodies
(Invitrogen) were used at 1:200. Whole-mount immunohistochemistry
on embryos was performed according to standard techniques. Larvae
were filleted by opening the ventral side in HL3 Ringers solution, fol-
lowed by fixation for 40 min in 4% paraformaldehyde (Electron Micros-
copy Sciences). The larvae were then rinsed three times and washed 3 X
15 min in PBST (0.2% Triton-X) and blocked with PBTNA (10% normal
goat serum, 1% BSA, and 0.01% azide in 0.2% PBST) for 1 h. Antibody
solutions were prepared in PBTNA and the larvae were incubated with
primary antibody for either 3 h at room temperature or overnight at 4°C,
rinsed three times, and washed 3 X 15 min in PBST. Secondary antibod-
ies were incubated with samples for either 2 h at room temperature or
overnight at 4°C and then washed as for the primary antibodies. Samples
were mounted in Vectashield (Vector Laboratories) for imaging.
Neuron visualization and analysis. Visualization of neuron morphol-
ogy was performed as described by Grueber et al. (2002), then analyzed
either manually or by Neuron], a plugin of ImageJ software (Meijering et
al., 2004). Images were collected on a Zeiss 510 confocal microscope and
converted to maximum intensity projections of z-stack images using
LSM Image Browser software, and brightness and contrast were adjusted
using Adobe Photoshop. One or two neurons per larva from abdominal
segments 3 or 4 were used for visualization and analysis and at least five
individual larvae per genotype were used for each set of analyses. The
total number of terminal dendritic branches was assessed by manual
counts to address the degree of branching. Terminal branch length was
measured using the trace function in Neuron]. Dendritic coverage was
quantified in Image] by overlaying a grid of squares, each ~0.12% of the
total average arbor size, over the arbor and calculating the number of
boxes containing only white space as a percentage of total box number.

Strahler analysis was conducted to assess branching complexity across
orders of branches. Branches were ordered and quantified, with the most
distal branches from the cell body (terminal) denoted 1 and those ap-
proaching the cell body (primary branches) ordered consecutively, up to
6, terminating at the cell body. For the developmental time course, em-
bryos were collected on grape juice plates from overnight collections and
newly hatched first-instar larvae of both genotypes were synchronized for
staging at 25°C. Beginning at the second-instar stage, larvae were col-
lected at the appropriate time point and imaged by confocal microscopy.

Live imaging and analysis of branching events in anesthetized larvae.
Third-instar larvae were anesthetized under 90% glycerol for ~10 min in
an enclosed Petri dish containing 1-2 ml of ether applied to a cotton ball.
Anesthetized larvae were then transferred to a slide containing halocar-
bon oil 27 and a coverslip was gently depressed dorsally. Dorsal cluster
class IV neurons from segments 3—6 were imaged on a Zeiss LSM 5 LIVE
confocal microscope using a 40X, 1.3NA Plan-Neofluar oil immersion
objective. Z-stack images of terminal branches near the dorsal midline
were collected approximately every 30 s for 15-30 min time periods.
Z-stack time series were converted into maximum intensity projection
time series using Zeiss LSM imaging software. To quantify branching
events, six late, wandering third-instar and five early (before wandering)
third-instar larvae per genotype were analyzed for 10 consecutive min-
utes (>500 branches per genotype were scored). Each branch was
marked as either stable, or undergoing a dynamic extension, retraction,
or extension/retraction (fluid) event over the 10 min interval. A branch
was scored as dynamic only if the branch could be tracked as moving
for >1 wm distance. Percentages were calculated for each branching
category and the SD was calculated across total larvae. Statistical
significance was determined using the Student’s ¢ test.

Live imaging of EBI1-labeled microtubules. All imaging of da neurons
was performed on intact third-instar larvae mounted on a dried agarose
pad under a coverslip. Third-instar larvae were selected for imaging but
were smaller than late, wandering third-instar larvae because smaller
animals allowed for improved visualization of so-called “comets,” the
concentrated pools of exchanging EB1-GFP at growing microtubule tips.
Neurons were imaged using a 63X oil objective on a Zeiss Axiovision
confocal microscope or a Zeiss 510 confocal microscope and images were
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recorded every 1 s for 200 cycles. Movies were
analyzed using Image] software. An EBI-
labeled comet was counted only if it was detect-
able and tracked in consecutive frames for at
least 7 s.

Results
Kat-60L1 short and long isoforms are
differentially expressed
throughout development
Several lines of evidence support a role for
Kat-60L1 in the Drosophila nervous sys-
tem. Embryonic in situs made available by
the Berkeley Drosophila Genome Project
show kat-60L1 mRNA expression local-
ized to sensory organs and neurons, the
brain, and the ventral nerve cord (VNGC;
Tomancak etal., 2002). Fly Atlas, the Dro-
sophila adult gene expression database,
also reveals fourfold enrichment of kat-
60L1 transcript in the adult brain and
VNG, as well as eightfold in adult testis,
relative to the whole animal (Chintapalli
etal., 2007). The role of Kat-60L1 in these
adult tissues has not been investigated.
To further understand the expres-
sion of Kat-60L1, we performed tissue-
specific RT-PCR. Kat-60L1 encodes a
short (605 aa) and long (669 aa) iso-
form: the 5" UTR of the long isoform
initiates from within the second intron
of the short isoform, while exons 2-5,
which include the AAA ATPase (ATPase
associated with diverse cellular activi-
ties) catalytic domain, are identical (Fig.
1A). These two kat-60L1 isoforms were
expressed differentially across the tis-
sues examined and, therefore, likely
play distinct roles (Fig. 1B). Transcript
for the short isoform was highly en-
riched in third-instar larval brains, at
intermediate levels in adult testes, and at
low levels in stage 11-17 embryos and
adult heads. Neither isoform was ex-
pressed in the adult ovary, consistent
with adult Fly Atlas results. In contrast,
the long isoform was highly enriched in
adult testes but expressed only at low
levels in third-instar larval brains, and
was not detectable in embryos or in

adult brains. Kat-60L1-short is thus the predominant isoform
in the larval nervous system and throughout nervous system
development, albeit at lower levels in embryos and adults.

Characterization of kat-60L1 loss-of-function alleles

Stewart et al. @ Katanin p60-like1 Regulates Dendrite Growth

A Mechanical nociception
80%
3 70%
S 9/
% 60%
5 0 50:/0 .
3._02) 40%
S 2 30%
25
T = 20%
o 9O
L 2 10%
0% N 2
O R
o()‘6 ‘O%\Q &
[ V»\% <
O
©
B 70% Thermal nociception 46°C C 70% Thermal nociception 42°C .
60% mwes 60% mwes
O k60L1 BE6/PB Ok60L1 BE6/PB
50% 50%
j=2 j=2
£ £
S 40% S 40%
€ €
@ @
© 30% O 30%
ko) ko
o o
20% 20%
10% 10%
0% 0% L
<12 '3 4 5 6 7 '8 9 10 >10 1’2 '3 45 6 7 8 9 10 >10
Time to response (sec) Time to response (sec)
D 70% ! . o . E 70% . . N
Thermal nociception 46°C RNAI Thermal nociception 46°C rescue
60% 60%
m ppk-Gal4 control W ppk-Gal4 control
50% O ppk>k60L1 RNAi 50% O ppk-Gal4 k60L1 rescue
g g
° 40% S 40%
€ <
@ @Q
S 30% 5 30%
o o
20% 20%
10% 10%
0% L B - S 0%
<172 '3 4 '5 "6 7 '8 '9 10 >10 <172 '3 "4 75 76 7 8 9 10 >10
Time to response (sec) Time to respond (sec)
Figure2. Kat-60L1is necessary for proper nocifensive responses. A, Mechanical nociception assay. Control larvae subjected to

a noxious mechanical force display an escape roll 70% of the time, whereas kat-60L 7£%"**-mutant larvae roll only 40% of the
time (1> 76;p <<1 X 10 —*). Rescue animals display an avoidance response indistinguishable from controls (n > 180; p << 1 X
10 ~* compared with mutants). B=E, Thermal nociception assay. B, kat-60L15%/"*_mutant larvae subjected to a high-
temperature thermal probe of 46°C take significantly more time to exhibit an escape response, as seen by their right-shifted
distribution compared with WCS controls (n = 3 trials, >110larvae;p << 1< 10 ~*). ¢, Mutants are also significantly delayed in
the NEL response compared with WCS controls at the lower threshold temperature of 42°C (n = 3 trials, >50 larvae; p <1 X
10 ~*). D, Specific expression of kat-60L7 RNAi in class IV da neurons phenocopies kat-60L 15275 insensitivity to noxious heat
compared with ppk1.9-GAL4; Dicer2 controls (n = 3 trials, >85 larvae; p << 1 X 10 ~—*). E, Specific expression of Venus-kat-60L 1™
in class IV da neurons in the kat-60L 15%"*-mutant background rescues the thermal insensitivity phenotype to control levels
(n =3 trials, >115 larvae; p > 0.05). In this and all subsequent figures, error bars indicate the SEM; p values are calculated using
a Student’s ¢ test except for thermal nociception experiments, which were calculated using a nonparametric rank-sum Wilcoxon
test, and *p < 0.05, **p < 0.01, ***p < 0.001.

mutants (Sherwood et al., 2004), did not exhibit defects at the
larval neuromuscular junction (data not shown). We also char-
acterized kat-60L1 RNAi lines made available by the Vienna Dro-
sophila RNAi Center by crossing UAS-RNAi animals to a GAL4
driver with ubiquitous promoter expression e22c-GAL4, sqh-

We next sought to identify mutant alleles for kat-60L1 with the
goal of investigating its in vivo functions. We began with an avail-
able piggyBac insertion (katanin p60-Like 17 ©°'2%¢ hereon re-
ferred to as kat-60L17%%; Thibault et al., 2004). This insertion is
located in the second intron of kat-60L1, which is common to
both isoforms (Fig. 1A). Notably, this allele showed highly re-
duced, but still detectable transcript levels (Fig. 1C). Adults ho-
mozygous for the mutation appeared healthy and, unlike spastin

GAL4 (Franke et al., 2010). RT-PCR of third-instar larval brains
showed strong, albeit incomplete, reduction of kat-60LI tran-
script levels in all RNAi samples, compared with wild-type con-
trols (Fig. 1D).

Because small amounts of transcript may be sufficient for Kat-
60L1 function, we reasoned that the above alleles might not un-
cover all of the endogenous requirements for Kat-60L1. We
therefore generated a genetic deletion of kat-60L1 by imprecise
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excision of P-element EY21697, which is located in the 5" UTR of
CG2051, an uncharacterized gene immediately distal to kat-60L1
on the right arm of chromosome 3 (Fig. 1A). We recovered one
excision, denoted Df(3R)kat-60L1%%, or BE6, that deletes from
the second intron of kat-60L1 to the 5" UTR of CG2051, removing
the majority of kat-60L1 and the entire coding sequence of
CG2051 (Fig. 1A). RT-PCR using primers spanning exons 3—5
confirmed that this region of kat-60L1 transcript is absent in a
homozygous BE6 background. Compared with the homozygous
kat-60L1""% brains, transcript was undetectable in the brains of
trans-heterozygous BE6/PBac animals (Fig. 1C); thus, we prefer-
entially used this background throughout the study. The use of
the transheterozygous allelic combination also enabled us to re-
duce the potential effects of second-site mutations in the genetic
background of each unique allele, and to cover the CG2051 dele-
tion in Df(3R )kat-60L1"". Animals homozygous for the BE6 de-
letion, as well as kat-60L1%"*"P* transheterozygotes, survived to
adulthood but exhibited a reduced lifespan, with 49% of the kat-
60L 1P¢/PBa¢ population dying by 2 weeks after eclosion. This was
dramatically different from the 2.5% mortality seen in wild-type
controls (n > 37).

Kat-60L1-short is necessary for proper nocifensive responses
mediated by class IV da sensory neurons

The class IV da neurons are polymodal nociceptors that me-
diate mechanical and thermal nocifensive responses (Hwang
et al., 2007). We used a mechanical nociception assay to de-
termine whether kat-60L1 mutations affect the function of
class IV neurons. In this assay, larvae are delivered a harsh
touch by depressing the dorsal body wall with a 50 mN Von
Frey fiber (Tracey et al., 2003). Wild-type larvae typically
(70% of animals) responded to this stimulus with nocifensive
escape locomotion (NEL), in which the animal rotates around
its long body axis. In contrast, kat-60L1%*"%* larvae re-
sponded less frequently to the noxious mechanical stimulus,
exhibiting NEL only 40% of the time (Fig. 2A).

To pinpoint whether this mechanical nociceptive defect orig-
inates in the class IV da neurons, we used the GAL4-UAS system
(Brand and Perrimon, 1993) to induce tissue-specific expression
of kat-60L1-RNAI, as well as Dicer2 (Dietzl et al., 2007), under the
control of ppkl.9-GAL4, which drives expression uniquely in the
class IV neurons (Ainsley et al., 2003). Notably, this manipula-
tion phenocopied the kat-60L1°*5% mutants (p < 1 X 10 *
compared with their matched controls; n > 130), indicating that
loss of Kat-60L1 solely in class IV da neurons reduces mechanical
nociceptive responses to levels equivalent to the genetic loss-of-
function mutant.

Because class IV neurons are polymodal nociceptors, we tested
whether the kat-60L1 defects are modality-specific by assaying kat-
60LI%%P5% mutant larvae for their response to noxious heat, also
mediated by the class IV da neurons (Hwang et al., 2007). Wild-type
third-instar larvae touched with a high-temperature probe of 46°C
initiated NEL within the first 2-3 s of stimulation. In contrast, kat-
60LI%E*2<_mutant larvae were severely delayed in their response,
often requiring up to 10 s (Fig. 2 B). This insensitivity was main-
tained at a lower threshold temperature of 42°C, indicating an over-
all failure to respond to noxious temperatures (Fig. 2C). Class IV
neuron-specific RNAi knockdown of kat-60LI expression again
phenocopied the kat-60L1 genetic mutant results, providing further
evidence that the site of action for Kat-60L1 in regulating this behav-
ior is localized to this neuronal subset (Fig. 2D).

To further confirm that the mutations in kat-60L1 were re-
sponsible for the observed nociceptive phenotypes, we generated
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an N-terminal Venus-tagged UAS-kat-60L1 rescue transgene.
kat-60L155¢?59 Jarvae that also expressed the short isoform
cDNA transgene specifically in class IV neurons were assayed for
rescue of the kat-60L1-mutant behavior phenotypes. In both
thermal and mechanical nociceptive assays, these larvae dis-
played nocifensive responses indistinguishable from controls
(Fig. 2A, E). Together, these data demonstrate that mutations in
kat-60L1 underlie the observed defects in larval nociception. Fur-
thermore, this requirement for kat-60L1 is specifically in the class
IV da neurons.

Kat-60L1 is required for the complex dendritic morphology of
class IV neurons

To understand the cell biological defects underlying compromised
class IV neuron function in kat-60L1 mutants, we examined the
dorsal cluster dendritic arbors marked with ppkl.9-GAL4,
UAS-mCD8:GFP in the kat-60L1°F"5* background (Fig. 3A-C).
Class IV dendrite arbors normally exhibit complex branching and
extensive coverage of the overlying epidermal wall. Loss of kat-
60L1 resulted in large gaps, both between neighboring class IV
dendritic arbors and within the arbor of an individual neuron.
We measured dendrite arbor coverage of each neuron by using an
overlaid grid of 250 um? squares (Fig. 3D; Jinushi-Nakao et al.,
2007) to quantify the area that lacked any portion of a dendrite
branch (white space). kat-60L1 loss-of-function larvae showed a
26% reduction in the grid squares containing dendrite segments
compared with control neurons, which showed dendrites in
98% of the squares in the grid. To determine the source of the
reduced coverage, we counted the number of dendrite termini
in the class IV da neuron arbors and observed a 22% reduction
in kat-60L1%5**52 mutants compared with controls (Fig. 3E).
Average lengths of dendrite termini exhibited a 29% decrease
in kat-60L1%%*?5¢ mutants compared with controls (Fig.
3F,A-C, insets).

Although terminal branches appeared most affected, closer
examination of branching patterns using Strahler analysis
(Grueber et al., 2002) revealed an overall reduction of branches in
more proximal regions as well. kat-60L1*"5% mutants exhib-
ited a significant reduction of branches in all orders except for
those most proximal (near the cell body), compared with con-
trols (Fig. 3G). Knockdown of kat-60L1 specifically in class IV
neurons by RNAI resulted in a similar reduction of dendritic
outgrowth compared with controls, albeit not as severe as the
genetic mutants (data not shown). Kat-60L1 thus regulates both
branch number and length of class IV dendrites to establish com-
plete coverage of the overlying epidermis. Expressing a single
copy of UAS-Venus-kat-60L1'* specifically in class IV neurons of
kat-60L155¢"59¢ |arvae completely restored dendritic arbor mor-
phology (Fig. 3C-G), confirming that loss of kat-60L1 within
these neurons is responsible for the observed mutant phenotypes.

To determine whether the morphological defects were specific
to the dendritic compartment, we observed class IV axonal pro-
jections, which extend from the cell body near the larval epithe-
lium to the VNC in the CNS. In the VNC, the axonal projections
form a ladder-like pattern due to innervation of longitudinal
tracts and contralaterals that cross the midline via commissures
(Grueber et al., 2007). ppkl.9-GAL4, UAS-mCD8::GFP-labeled
axons within the VNC in kat-60L1"*"*_mutant animals
showed no gross alterations in the appearance of commissures or
the longitudinal axon tracts compared with controls (Fig. 3H),
suggesting that the kat-60LI loss-of-function defects are specific
to the regulation of the dendritic arbors. Together, these data
suggest that Kat-60L1 is not required for the axonal projection of
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Figure 3.

Loss of kat-60L1 decreases dendritic branch number, length, and arbor coverage in class IV neurons. A-(, Comparison of kat-60L 1-mutant and control dorsal cluster class IV da neurons from

wandering third-instar larvae in a ppk1.9-GAL4, UAS-m(D8::GFP/~+ background. Representative arbors from (A) control, (B) kat-60L 7BE/P5_mutant, and (€) kat-60L 1-genetic-rescue larvae. D-G, Comparison
of (D) dendritic field coverage (n = 8 arbors per genotype;p << 1 10 ~*), (E) total terminal branch number (n>>5 arbors; p < 0.02), (F) terminal branch length (n > 735 branches from >S5 arbors;p < 1}
10 ~*), and (6) dendritic arbor complexity as measured by Strahler analysis between control, mutant, and rescue animals (n > 5 arbors; p << 0.02 for all orders). H, Representative images of ppk1.9-GAL4,
UAS-m(D8::GFP-labeled axons in third-instar larval VNCs from control (top) and kat-60L 75%"E-mutant (bottom) larvae appear identical. Scale bars, 50 um.

larval class IV da neurons, but it is required to establish their
highly branched dendritic arbor and mediate their nocifensive
functions.

Kat-60L1 is required during late larval stages for class IV
dendrite arbor outgrowth

When might Kat-60L1 be required for the establishment of the
class IV dendritic arbor? Kat-60L1 could function throughout
dendritic development or only at one or more discrete devel-
opmental time points. To distinguish between these possibil-
ities, we conducted a developmental time course of arbor
morphology. Class IV neuron dendrites begin branching dur-
ing mid-embryogenesis, ~16 h after egg lay (AEL), growing
rapidly in the late embryo and early larva to establish dendritic
tiling of the body wall by 48 h AEL. Between 48 h AEL (the
second-instar stage) and 120 h AEL (just before metamorpho-

sis), larvae triple in body length, and complete coverage of the
dorsal area (which increases sixfold) by class IV arbors is
maintained correspondingly. Thus, this latter process, re-
ferred to as dendritic scaling, also requires rapid branching
(Parrish et al., 2009).

We compared dendritic arbors of kat-60L1 mutants to wild-
type controls from early second-instar larvae (48 h AEL) just at
the beginning of the dendritic scaling phase, early third-instar
larvae (72 h AEL) in the middle of this phase, and late wandering
third-instar larvae (120 AEL), which should exhibit fully formed
dendritic arbors. Boxes of the grids overlaid on dendrite arbors at
the different stages were scaled in size relative to the entire arbor
so that each box represented ~0.12% of the total area. At 48 h
AEL, kat-60L1 mutants showed slightly lower average dendritic
coverage compared with controls (89 vs 93%; Fig. 4A, A’,D),
indicating a minor role for Kat-60L1 in dendrite outgrowth be-
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respectively). Scale bars, 50 m.

fore the scaling phase. Twenty-four hours later during the first
day of the third-instar stage, however, no significant difference in
dendritic coverage was observed in mutant larvae compared with
controls (Fig. 4B,B’,D). Mutants were thus able to compensate
for the earlier difference and establish full coverage, as well as main-
tain scaling growth, during this period. By the late-wandering third-
instar stage, however, morphological differences were equivalent to
the kat-60L1°%""*_mutant dendrite arbors reported above, with
kat-60L1 mutants displaying on average only 69% coverage, com-
pared with 93% coverage in controls (Fig. 4C,C’,D). These data
demonstrate that Kat-60L1 is not required for initial dendritic
branch formation in the larva, but rather for arborization after
72 h AEL during third-instar larval development. Different
branches of the dendritic arbor thus have distinct requirements
for their formation.

Kat-60L1 is required to stabilize nascent terminal dendrites

To further understand how dendritic branches fail to form prop-
erly during late third instar in kat-60LI-mutant animals, we per-
formed time-lapse imaging of branching events in live, intact
animals. We hypothesized that class IV arbors lacking Kat-60L1
fail to stabilize their terminal branches successfully due to a lack
of microtubule invasion following the initial step of filamentous-
actin-based protrusion to create nascent branches (Moore,
2008). This predicts that kat-60L1 arbors, lacking microtubule
stability, would display either less branch formation or unstable
branching compared with controls. Wandering, late third-instar

animals either wild-type or mutant at the kat-60L1 locus and
expressing ppk1.9-GAL4, UAS-mCD8::GEP to label class IV neu-
rons were anesthetized and continuously imaged via confocal for
15-30 min. Control larvae at this stage exhibited relatively stable
terminal branches, with few rapid branching events (Fig. 5A). In
contrast, kat-60L1 larvae exhibited highly dynamic branching
events. Terminal branches frequently extended (Fig. 5B, yellow
arrowheads), retracted (Fig. 5B, blue arrows), or extended and
retracted within a 15-30 min time period in kat-60L1 mutants.
We quantified the branching events by analyzing 10 consecutive
minutes of time-lapse movies every 30 s. Every branch in the field
was observed over time and marked as a stable (Fig. 5C,D, small
red circles), extension (Fig. 5C,D, yellow arrowheads), retraction
(Fig. 5C,D, blue squares), or extension/retraction (“fluid”; Fig.
5C,D, large green circles) branch event. The majority of branches
were stable in control arbors, with only 31 = 7.1% extending or
retracting, while kat-60L1-mutant arbors had on average nearly
twice as many dynamic branches (58 = 8.4%; p < 0.03; Fig. 5E).
Regardless of whether the dynamic events were extensions, re-
tractions, or fluid events, all occurred more frequently in mutant
arbors compared with controls (Fig. 5E).

In contrast to late third-instar stage control dendrites, early
third-instar control dendrites were highly dynamic (58 * 9.3%),
and no difference in branching events was observed compared
with kat-60L1 mutants at the same stage (60 * 8.7% dynamic
branches; p > 0.8). Terminal branches are therefore predomi-
nantly dynamic at early third instar, and stabilize as larval devel-
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opment progresses. Furthermore, while Kat-
60L1 does not play an obvious role in these
early terminal branch dynamics, it is required
for their subsequent stabilization.

Kat-60L1 promotes microtubule
growth in class IV dendritic arbors
Given Kat-60L1’s role in promoting late-stage
dendrite stability together with its proposed
function as a microtubule-severing protein,
we examined whether Kat-60L1 regulates mi-
crotubules within dendrites at this stage. Us-
ing an antibody directed against the
Drosophila. MAP1B ortholog Futsch, a
neuron-specific microtubule-binding pro-
tein and a marker of stabilized microtu-
bules, we observed no difference in the
intensity or distribution of this microtubule
population between kat-60L1 mutants and
wild-type controls (data not shown). How-
ever, Futsch immunostaining is not de-
tected in first-order (terminal) and some
second-order branches, where the most
striking kat-60L1 phenotypes are observed.
Similarly, immunostaining of the stable,
acetylated microtubule population failed to
reveal any difference between genotypes,
but also labeled only relatively proximal
branches (data not shown). These results
suggest that stabilized microtubules within
da neurons are localized proximally in the
cell and are not grossly affected by loss of
Kat-60L1.

Because immunostaining of stable mi-
crotubule populations failed to label the
terminal branches most affected in kat-
60L1 mutants, we examined the dynamic
population of microtubules within the
class IV arbors by imaging the microtu-
bule plus-end tracking protein EB1 in liv-
ing whole-mounted third-instar larvae
(Stone et al., 2008). EB1 proteins ex-
change rapidly at growing microtubule
tips (Zanic et al., 2009), thus providing a
highly sensitive marker of individual
growing filaments. The concentrated
pools of exchanging EB1-GFP at growing
microtubule tips appear as bright
“comets” and can be visualized and
tracked along polymerizing microtubules.
EBI-GFP was expressed using the class
IV-specific 477-GAL4 driver, which drives
expression at a lower level compared with
ppk1.9-GAL4 (Williams et al., 2006).
Moderate expression of EB1-GFP is re-
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over 450 sintervals, of class IV dendritic terminals expressing ppk1.9-GAL4, UAS-m(D8::GFP. Scale bar, 10 um. A, A representative
control larva exhibits relatively stable branches over a 15 min period. Only a few branches undergo retraction events (blue arrows).
B, In contrast, a representative kat-60L 7-mutant larva exhibits multiple dynamic branching events, including retractions (blue
arrows) and extensions (yellow arrowheads). C, D, Composite of stable versus dynamic events in class IV terminal branches,
analyzed from time-lapse movies imaged at 30 s intervals for 10 min. Stable branches are represented by small red circles,
retractions by blue squares, extensions by yellow arrowheads, and branches that both extend and retract (fluid) by large green
circles. A control larva (C) exhibits many stable branches and few dynamic branching events, while a kat-60L 7 mutant (D) exhibits
many dynamic branching events and fewer stable branches, as well as fewer overall terminal branches. £, Bar graph depicting the
relative percentages of stable and dynamic branching events from control and kat-60L 7-mutant larvae. Note the nearly twofold
increase for all dynamic branching events (retractions, extensions, and fluid) in kat-60L 7-mutant animals (total dynamic, 58 =+
8.4%) compared with controls (total dynamic, 31 = 7.1%; n = 6 larvae and >>600 branches analyzed per genotype; p < 0.03).

quired to distinguish individual comets among the background
of unbound EB1-GFP in branches. Although terminal branches
were difficult to visualize and rarely exhibited comets, comets
were clearly observed in the distal secondary and tertiary
branches adjacent to terminal branch points. Strikingly, we
found that, in these branches, kat-60L 1555 mutants exhibited
fewer than half as many EB1 plus-end comets compared with
controls (Fig. 6). We quantified the number of comets over

branch length and found on average 0.32 * 0.01 comets/um in
branches of control animals and 0.15 = 0.01 comets/pum in
those of kat-60LI-mutant animals (p < 1 X 10™% n > 95
comets in =6 larvae per genotype). In contrast, average comet
speed did not differ, moving 0.1 wm/s in both genotypes (p >
0.15), values consistent with speeds observed previously
(Mattie et al., 2010). Furthermore, there was no difference
between genotypes in the number of EB1-GFP comets in the
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comets travel. Scale bar, 5 m.

axons of these neurons, which averaged ~1/120 pm (n > 6
neurons per genotype; p > 0.8) in the proximal axon adjacent
to the cell body. Together, our live imaging data support a
novel role for Kat-60L1 in upregulating the number, but not
the rate, of growing microtubules in the dendrites of class IV
neurons, thereby promoting branch stabilization of the den-
dritic arbor during third-instar larval development. More-
over, the effect of Kat-60L1 on microtubule dynamics is
specific to dendrites, and is not seen in the axon.

Kat-60L1 is required specifically in dendrites, distinct

from Spastin

Previous work from others has shown that partial loss or gain of
the microtubule-severing protein Spastin also results in class IV
dendrites with reduced complexity (Jinushi-Nakao et al., 2007;
Ye et al., 2011). We therefore asked whether the functions of
Kat-60L1 in the larval class IV dendrites are unique, or a general
function of microtubule-severing proteins in these neurons.
Based on their similar morphological phenotype, we first pre-
dicted that, like kat-60L1 mutants, reduced Spastin levels should
lead to nocifensive defects. Indeed, animals deleted for one copy
of fly spastin, spastin®”" larvae, exhibited comparable insensi-
tivity to noxious mechanical stimuli, with WCS control larvae
displaying an escape response 73% of the time, but spastin®”" -
mutant larvae rolling only 58% of the time (p < 1 X 107%).
Responses to thermal nociceptive stimuli were also reduced in
spastin®”>* mutants, which exhibit similarly compromised ar-
bor morphology as kat-60L1 mutants (Fig. 7A; Jinushi-Nakao et
al., 2007). These data further support the notion that the full
dendritic complexity of the class IV neurons is required for
proper nocifensive responses.

Unlike Kat-60L1, however, Spastin is required not only for
complete dendrite arborization (Jinushi-Nakao et al., 2007), but
also for da neuron axon elaboration in the VNC (Ye et al., 2011).
Thus, the behavioral defects in spastin mutants could result from
the dendritic morphology perturbations, the axonal defects, or
both. In contrast, Kat-60L1 affected dendrites without altering
the gross morphology of the central projections of the class IV da
neurons, suggesting that the dendrite phenotype alone is respon-
sible for the severe nociception defects of Kat-60L1 mutants.

To further elucidate the spastin and kat-60L1 loss-of-
function phenotypes, we tested the effects of each mutation on
optogenetically triggered NEL. Exposure of animals express-
ing channelrhodopsin-2YFP (ChR2::eYFP) under the control

The number of growing microtubules is reduced in kat-60L7 dendrites. A, B, Representative time-lapse images of
EB1::GFP comets (arrowheads) in class IV dendrites of (4) control and (B) kat-60L 155”5 third-instar larvae. Images were col-
lected at 63 X magpnification over consecutive 5 s intervals. Arrow depicts the direction of the cell body, toward which most EB1
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of ppk1.9-GAL4 to blue light depolarizes
class IV da neurons and triggers NEL
(Hwang et al., 2007). The optogeneti-
cally activated NEL response bypasses
normal sensory transduction mecha-
nisms, but still requires downstream fac-
tors such as the voltage-gated sodium
channel Para, which is required for the ac-
tion potential (Siddiqi and Benzer, 1976;
Wu and Ganetzky, 1980; Zhong et al.,
2010). In control larvae expressing
ChR2::eYFP in class IV nociceptors, ro-
bust NEL behavior was seen in 69% of
animals in response to blue-light illumi-
nation. Consistent with previous studies
(Zhong et al., 2010), this was reduced to
21% when para RNAi was simultaneously
expressed (Fig. 7B). When we instead
knocked down kat-60L1 by RNAIi within
class IV neurons, ChR2::eYFP-triggered escape behavior was un-
affected (Fig. 7B), indicating that Kat-60L1 activity is not neces-
sary for steps downstream of sensory transduction. In
comparison, knockdown of spastin by RNAI, or genetic removal
of one copy of spastin, both caused a reduction in ChR2:
eYFP-triggered NEL that was comparable to knockdown of para.
Spastin loss therefore causes neuronal defects that cannot be
overcome by bypassing normal nociceptive transduction mech-
anisms, consistent with a functional requirement for Spastin in
both somatodendritic and axonal compartments of the class IV
sensory neurons. Kat-60L1 activity, in contrast, is required up-
stream at the level of the dendrite or cell body, and not for general
excitability and presynaptic function in these sensory neurons.

Kat-60L1 regulates dendritic microtubules in class IV
neurons through mechanisms distinct from Spastin

To find out whether the functional differences between kat-60L1
and spastin in class IV neurons are due to differences in their
subcellular site(s) of action or whether they have distinct effects
on microtubules, we examined EB1-GFP comets in spastin loss-
of-function mutants. In striking contrast to kat-60L1 mutants
(Fig. 5), spastin®”** dendrites showed no change in the number
of comets compared with controls, despite their similarly re-
duced arbors (0.31 comets/um vs 0.29 comets/um, p > 0.4). This
suggests that Spastin does not promote microtubule growth in
dendrites and instead regulates microtubules in a manner distinct
from Kat-60L1.

We further investigated the activities of Kat-60L1 and Spastin
on microtubules by overexpressing each protein. Spastin overex-
pression in class IV neurons dramatically reduced Futsch-labeled
microtubules in these cells (Fig. 8, compare B3, A3). Neighboring
neurons not overexpressing spastin served as internal controls
and were consistently Futsch-positive. In contrast, when kat-
60L1 was ectopically expressed within these cells, we saw no
change in the level of Futsch-labeled microtubules compared
with controls (Fig. 8, compare C3, A3). Kat-60L1 and Spastin
thus regulate the microtubule architecture and promote the
complex arborization of larval class IV dendrites through dis-
tinct mechanisms.

Discussion

We have shown here a somatodendritic-specific requirement for
the microtubule-severing protein Kat-60L1 in the establishment
of the full morphology and nociceptive functions of larval class IV
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da neurons. Loss of Kat-60L1 results in fewer and shorter den-
drite branches, reducing the density of the arbor spanning the
overlying epidermis. This reduced coverage is accompanied by
decreased class IV-mediated NEL responses. Optogenetic stimu-
lation bypasses the NEL defect, indicating that Kat-60L1 activity
is required only for steps upstream of general excitability and
presynaptic function, in the transduction of sensory input medi-
ated by the dendrites and cell body.

Kat-60L1 functions late in dendritic arbor development

The larval md neurons exhibit two stages of arborization: an
early, isometric growth phase that establishes dendritic tiling by
~48 h AEL, and a second, scaling growth phase, during which the
dendritic arbor expands proportionately with continuing larval
growth (Parrish et al., 2009). We observe differences in the den-
sity of dendritic coverage only in second and more significantly in
late third instars, at 48 and 120 h AEL, respectively. These are not
accompanied by obvious defects in tiling. Although mutant 48 h
larvae exhibit a slight reduction in arbor density, the role of Kat-
60L1 during this time is not essential because, by 72 h AEL, mu-
tant and control arbors are indistinguishable. Only at the late
third-instar larval stage (120 h AEL) is the effect of Kat-60L1 loss
on arbor density profound. Terminal branches, which are highly
dynamic in both genotypes just slightly earlier in development,
stabilize by this stage in wild-type, but not mutant, larvae. Kat-
60L1 thus plays a central role in the stabilization of terminal class
IV dendrite branches, a process that occurs between early and late
third-instar larval stages to establish the full class IV arbor. The spe-
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cific temporal requirement for Kat-60L1 late in larval development
provides direct evidence that establishment of the dendritic arbor
requires distinct molecules at different times. Even within the phase
of scaling growth (48-120 h AEL) the regulation of dendritic
branching differs, requiring Kat-60L1 only after 72 h AEL.

Mechanism of Kat-60L1 effects

What is the cell biological mechanism by which Kat-60L1 pro-
motes dendrite outgrowth and stability? To date, no published
account demonstrates that Kat-60L1 severs purified microtu-
bules, and exogenous overexpression in Drosophila eye or muscle
fails to elicit detectable effects on tissue integrity or microtubule
distribution (data not shown). This is in stark contrast to the
microtubule-severing proteins Spastin and Kat60, both of which
induce dramatic breakdown of purified microtubules in vitro,
and affect microtubule integrity in vivo. Nevertheless, we favor a
role for Kat-60L1 in microtubule severing based on the following
observations. First, the 67% amino acid sequence conservation
between the catalytic domains of Kat-60L1 and Kat60 is consid-
erably greater than that between Kat60 and Spastin (44%), con-
sistent with Kat-60L1 sharing a common enzymatic function
with these two proteins. Second, data from the Sharp laboratory
support a role for Kat-60L1 in severing and depolymerizing mi-
crotubule ends, much as they have shown for Kat60 in vitro (D.].
Sharp, personal communication; Zhang et al., 2011). Finally, our
EB1 analysis revealed reduced numbers of growing microtubules
in kat-60L1-mutant dendrite branches proximal to the terminal
branches. This phenotype is reminiscent of the net microtubule
loss observed in both neuromuscular junction boutons and class
IV dendrites of spastin mutants (Sherwood et al., 2004; Jinushi-
Nakao etal., 2007). Together, these results support a model anal-
ogous to that proposed for Spastin, in which Kat-60L1 severs
microtubules to generate new microtubule fragments from
which additional plus-end polymerization occurs, enabling the
growth or stabilization of new neurites.

Another possible scenario is suggested by experiments in inter-
phase S2 cells, showing that Drosophila Kat60 colocalizes at the cell
edge with cortical actin, in an actin-dependent fashion (Zhang et al.,
2011). Knockdown of kat60 by RNAi increases the frequency of actin
outgrowth and retraction, as well as the frequency of high-velocity
movement in migratory D17 cells. Therefore, like Kat-60L1 in class
IV dendrite terminals, Kat60 promotes stability as opposed to mo-
tility in these cells. Kat-60L1 could thus be similarly located in the
actin cortex of dendrite branches and sever microtubules as they
contact the cortex to promote branch stability. Although we rarely
observed microtubules in terminal branches, suggesting that these
branches are predominantly actin-based, we cannot rule out the
limits of our technical ability to visualize EB1 comets in these terminals.
Furthermore, because EB1 comets were most clearly visualized in earlier
third instar animals, the precise relationship between microtubule
polymerization and the acquisition of branch stability remains to be
determined. Future experiments that address this and the precise sub-
cellularlocalization of Kat-60L1, microtubules, and actin across the den-
dritic arbor will be necessary to distinguish among these mechanisms by
which Kat-60L1 promotes branch stability.

Roles of the microtubule-severing proteins in class IV

neuron development

Our discovery of a role for Kat-60L1 in larval class IV dendrite
arborization, together with earlier studies demonstrating a role
for Spastin in these cells (Jinushi-Nakao et al., 2007; Ye et al., 2011),
indicates a requirement for not one, but two microtubule-severing
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expressing wild-type (A7-A3) or ectopic levels of spastin (B1-B3) or kat-60L1 (C1-(3). A1-C1, Representative class |V arbors from each genotype expressing ppk1.9-Gal4, UAS-m(D8::GFP (GFP
staining in magenta). Arbors expressing high levels of spastin are strongly reduced in branch complexity (compare B1, A1). A2—(2, Futsch-positive neuronal microtubules are reduced in arbors
expressing high levels of spastin compared with wild-type or ectopic kat-60L T expression (compare B2, A2, (2). A3—(3, Merged images reveal that the class IV cell body (arrow, insets) and proximal
branches in control and kat-60L 7-overexpressing cells are rich in Futsch-positive microtubules, in contrast to spastin-overexpressing neurons. Scale bars, 20 m.

proteins in this process. Although loss of Spastin and Kat-60L1 both
reduce the dendritic arbor and NEL behavior in these cells, they have
independent roles in the class IV neurons. In contrast to kat-60L1
mutations, spastin mutations affect both axon and dendrite mor-
phology (Yeetal., 2011), and the inability of optogenetic stimulation
to bypass the reduced NEL phenotype indicates that axonal function
is also compromised. Additionally, these morphological and behav-
ioral defects do not arise from a reduction in distal growing micro-
tubules, as EB1 dynamics in spastin mutants are unaffected. Instead,
stable, Futsch-positive microtubules are sensitive to Spastin overex-
pression, and resistant to Kat-60L1 activity. While we do not yet
understand how Spastin loss compromises the dendritic arbor, it
almost certainly does so through a mechanism distinct from Kat-
60L1 and, indeed, may even be an indirect consequence of its effects
on axon development.

The microtubule-generating function for Kat-60L1 in larval
class IV dendrites suggested by our data also reveals that Kat-
60L1 plays strikingly distinct roles at two different stages of de-
velopment within the same cells. In the larval stage, Kat-60L1

promotes net microtubule gain and class IV dendritic outgrowth,
but in the pupal stage it has an opposite function, promoting net
microtubule loss during class IV dendritic pruning (Lee et al.,
2009). Such differences may arise from the regulation of Kat-
60L1 itself, which remains to be understood. Differences between
microtubules and their associated proteins at each developmen-
tal stage may also dictate the specific consequence of Kat-60L1
enzymatic activity. The microtubule-associated protein (MAP)
Tau is thought to regulate the susceptibility of microtubules to
severing by Kat60 (Qiang et al., 2006; Yu et al., 2008), while
Spastin is reported to target stable microtubule populations
(Jinushi-Nakao et al., 2007). Other MAPs, or post-translational
modifications of microtubules, may serve to differentiate micro-
tubule susceptibility to net polymerization or depolymerization
following Kat-60L1 activity. A reasonable prediction would be
that compared with larval dendrites, pupal dendrites are rich in
microtubules susceptible to Kat-60L1 severing, and lacking in
molecules required for microtubule fragment stabilization and
subsequent polymerization.
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The identification of Kat-60L1 as a late-stage, compartment-specific
regulator of dendrite arbor growth adds to our understanding of the
diverse ways in which this family of microtubule-severing proteins is
deployed. The differential consequences of kat-60L1 expression
at different stages, as well as the additional requirement for Spas-
tin in these neurons, provide further evidence that this protein
family evolved to allow for unique and precise regulation of the
neuronal cytoskeleton in multiple developmental contexts.

Kat-60L1 loss induces relatively moderate changes in the larval
dendrite arbor (~20% decreases in the area covered by dendrites,
the numbers of terminal dendrites, or terminal dendrite lengths),
and reduces the nocifensive responses mediated by these neurons by
nearly half. This suggests that the full NEL behavior requires com-
plete dendritic arborization, particularly of terminal branch out-
growth. This could reflect a simple spatial requirement, in that full
branch density is needed to effectively transduce nocifensive stimuli.
However, it also suggests the possibility of a unique role for the
terminal dendrite branches in class IV nociceptive functioning. Kat-
60L1 upregulation of microtubule polymerization, for example,
could not only stabilize terminal processes but also enable delivery of
or scaffolding for receptors or other machinery critical to sensory
function in these branches.

Our data support the idea that dendrite arborization is regu-
lated by distinct molecules at distinct developmental time points,
rather than through the repetition of a single “branching pro-
gram.” Differential combinations of these regulatory pathways,
including the activity of microtubule-severing proteins, contrib-
ute to establishment of the unique form and functions of the class
IV multidendritic neurons.
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