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A complex array of genetic factors regulates neuronal dendrite morphology. Epigenetic regulation of gene
expression represents a plausible mechanism to control pathways responsible for specific dendritic arbor shapes.
By studying the Drosophila dendritic arborization (da) neurons, we discovered a role of the double-bromodomain
and extraterminal (BET) family proteins in regulating dendrite arbor complexity. A loss-of-function mutation in
the single Drosophila BET protein encoded by female sterile 1 homeotic [fs(1)h] causes loss of fine, terminal
dendritic branches. Moreover, fs(1)h is necessary for the induction of branching caused by a previously identified
transcription factor, Cut (Ct), which regulates subtype-specific dendrite morphology. Finally, disrupting fs(1)h
function impairs the mechanosensory response of class III da sensory neurons without compromising the
expression of the ion channel NompC, which mediates the mechanosensitive response. Thus, our results identify
a novel role for BET family proteins in regulating dendrite morphology and a possible separation of developmental
pathways specifying neural cell morphology and ion channel expression. Since the BET proteins are known to bind
acetylated histone tails, these results also suggest a role of epigenetic histone modifications and the ‘‘histone
code,’’ in regulating dendrite morphology.
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Dendrites are the primary site of information input to
neural circuits, and the shape of dendritic arbors influ-
ences the electrophysiological responses of neurons
(H€ausser and Mel 2003). Due to the existence of highly
diverse morphologies among different neuronal subtypes,
a question of the relationship between form and function
arises: By understanding how the shape of a neuron is
specified, we can understand how morphology relates to
neural function and how altered morphology relates to
dysfunction.
Neurons can be defined by their physiology, morphol-

ogy, and gene expression. Neuronal diversity is thought to
arise from the combinatorial expression of genetic
determinants (Hobert et al. 2010). The dendritic arbori-
zation (da) sensory neurons of the Drosophila peripheral
nervous system (PNS) constitute a powerful system to

study genetic determinants of dendritic arbor morphol-
ogy (Corty et al. 2009; Jan and Jan 2010). In particular, the
use of Drosophila genetic techniques to study the spec-
ification of stereotyped, subtype-specific dendritic arbor
shapes (Grueber et al. 2002) resulted in the identification
of multiple transcription factors, encoded by abrupt (ab),
knot/collier (kn/col), spineless (ss), and cut (ct), which
regulate dendritic arbor morphology (Grueber et al. 2003;
Li et al. 2004; Sugimura et al. 2004; Kim et al. 2006;
Hattori et al. 2007; Crozatier and Vincent 2008). How-
ever, large-scale genomic analyses comparing the tran-
scriptomes of various neural subtypes indicate a daunting
amount of varied gene expression and implicate regula-
tion by multiple transcription factors (Sugino et al. 2006;
Hattori et al. 2013; Iyer et al. 2013). Thus, a particular
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neuronal morphology is likely the result of coordination
between multiple genomic programs.
Epigenetic modifications are one mechanism that

could allow coordinated, genome-wide expression pro-
files. Chromatin is packaged into nucleosomes, where
DNA nucleotides wrap an octamer of histone proteins.
The chromatin structure can be altered through three
main types of modifications, consisting of direct methyl-
ation of DNA nucleotides, post-translational histone-tail
modifications such as acetylation and methylation, and
ATP-dependent chromatin remodeling (Ho and Crabtree
2010). ATP-dependent chromatin remodelers were first
shown to regulate dendrite morphology when RNAi
knockdown of brahma (brm)-associated protein 60kD
(Bap60), Bap55, and the ATPase brm altered the dendritic
arbors of class I da sensory neurons (Parrish et al. 2006). In
mammalian neurons, the neural-specific Brg/Brm-associ-
ated factor (BAF) complex (nBAF), which contains
BAF53b and the ATPase Brg, regulates activity-dependent
dendrite growth (Wu et al. 2007). In addition, the Dro-
sophila BAF53a/b homolog Bap55 regulates dendritic
targeting of olfactory projection neurons (PNs) (Tea and
Luo 2011).
The post-translational modification of histone tails

involves three types of molecules: The ‘‘writers’’ add
methyl, acetyl, or phospho groups and consist of histone
methyl transferase (HMT), histone acetyltransferase
(HAT), and kinase enzymes. The ‘‘erasers’’ remove these
modifications and include demethylases (DMTs), histone
deacetyltransferases (HDACs), and phosphatases. Finally,
the ‘‘readers’’ are scaffolding proteins that recognize
and bind acetyl, methyl, or phosphate modifications to
position the ‘‘writer’’ and ‘‘eraser’’ enzymes along with
transcriptional machinery to the correct genomic posi-
tion and thereby modify gene expression (Borrelli et al.
2008). The discovery that the Polycomb repressor com-
plex, which binds methylated histone tails, regulates da
sensory neuron dendrite morphology indicates a role of
histone methylation in dendrite development (Parrish
et al. 2007) and a notion supported by the recent finding
that the chromodomain Y-like (CDYL) protein negatively
regulates dendritic complexity (Qi et al. 2014). Regarding
a role of histone acetylation in dendrite morphogenesis,
both HDAC and HAT activities have been implicated in
regulating dendrite morphology. Specifically, the Dro-
sophila HDAC1/2 homolog Rpd3 regulates class I da
sensory neuron morphology (Parrish et al. 2006) and
olfactory PN dendritic targeting (Tea et al. 2010). In
addition, HDAC2 suppresses dendritic spine density of
hippocampal CA1 and dentate granule neurons (Guan
et al. 2009). The HAT enzyme Pcaf also regulates class I
da sensory neuron dendrite morphology (Parrish et al.
2006). A different HAT enzyme, CREB-binding protein
(CBP), regulates the developmental pruning of class IV da
sensory neuron dendrites (Kirilly et al. 2011), and muta-
tions in the human homolog CREBBP cause the mental
retardation syndrome Rubenstein-Taybi (Petrij et al.
1995). While these studies indicate a definite role of
‘‘writers’’ and ‘‘erasers’’ of histone modifications in regu-
lating dendrite morphogenesis, the role of ‘‘reader’’ scaf-

folding proteins associated with histone acetylation has
not been thoroughly investigated.
Double-bromo and extraterminal (BET) domain-con-

taining proteins bind acetylated histone tails (Umehara
et al. 2010a,b) and modulate gene expression (Kanno et al.
2004; Sinha et al. 2005; Denis et al. 2006; Chang et al.
2007). In mice, mutations in one BET family member,
BRD2, cause neural tube closure defects, behavioral
abnormalities, and altered interneuron numbers (Gyuris
et al. 2009; Shang et al. 2009; Vel�ı�sek et al. 2011). In
addition, in certain human genomic population studies,
mutations in BRD2 have been associated with juvenile
myoclonic epilepsy (Pal et al. 2003) and photosensitivity,
which is frequently observed in idiopathic generalized
epilepsies (Lorenz et al. 2006). In the current study, we
provide evidence for a role of the Drosophila homolog of
BRD2, encoded by female sterile 1 homeotic [fs(1)h], in
regulating dendrite morphology and sensory function.

Results

fs(1)h1112 reduces higher-order dendritic arbor
complexity

The fs(1)h1112 allele was created by ethyl methanesulfo-
nate (EMS) mutagenesis during a previous forward ge-
netic screen of lethal X-chromosome mutations (Zheng
et al. 2008). To circumvent the early embryonic lethality
associated with this allele and assess the cell-autono-
mous function of fs(1)h in dendritic development, we
employed mosaic analysis with a repressible cell marker
(MARCM) (Lee and Luo 1999). This technique allows the
generation of homozygous mutant neuron clones marked
by GAL4-driven fluorescent proteins within an essen-
tially heterozygous animal. Using the pan-da neuron
GAL4109(2)80 driver (Gao et al. 1999) to express mem-
brane-bound UAS-mCD8-GFP, we visualized the den-
dritic arbors of single-cell sensory neuron clones within
live, intact third instar Drosophila larvae. We analyzed
these dendritic arbors through confocal imaging followed
by digital reconstruction and compared the morphologies
of the fs(1)h mutant and wild-type control clones.
The da sensory neurons consist of four subtypes

(classes) of neurons (class I, II, III, and IV), categorized
by their dendritic arbor morphology (Grueber et al. 2002).
The fs(1)h1112 mutation alters the normal morphology
of different classes of da neurons to a varying degree.
In class I and class II da neurons, the dendritic arbor
phenotype was mild but significant, causing a decrease
(;13%) in total class I da neuron dendritic length
[control: 1947 mm 6 57 mm, n = 5 cells vs. fs(1)h1112:
1699 mm 6 66 mm, n = 4 cells; P = 0.028] (Supplemental
Fig. S1G) and an ;41% decrease in class II da neuron
branch points [control: 40 6 5 branch points, n = 6 cells
vs. fs(1)h1112: 23 6 3 branch points, n = 5 cells; P = 0.017]
(Supplemental Fig. S1H). There was no significant change
in class I da neuron branch points [control: 306 1 branch
points, n = 5 cells vs. fs(1)h1112: 29 6 3 branch points, n =
4 cells; P = 0.937] (Supplemental Fig. S1G) or class II da
neuron dendritic length [control: 2009 mm6 84 mm, n = 6
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cells vs. fs(1)h1112: 1818 mm 6 214 mm, n = 5 cells; P =
0.560] (Supplemental Fig. S1H). In contrast, we observed
a stronger phenotype in the more complex arbors of class
IV da neurons (Supplemental Fig. S2). The class IV da
neuron dendritic arbors were severely reduced by ;64%
in total length [fs(1)h1112: 5514 mm 6 804 mm, n = 3 cells
vs. control: 15,430 mm 6 428 mm, n = 3 cells; P < 0.001]
(Supplemental Fig. S2E) and had ;74% fewer branch
points [fs(1)h1112: 129 6 26 branch points, n = 3 cells vs.
control: 488 6 17 branch points, n = 3 cells; P < 0.001]
(Supplemental Fig. S2F). As indicated by a Sholl analysis
(Supplemental Fig. S2G), this reduction in branching
occurred uniformly throughout the dendritic arbor.
The most striking phenotype was observed in class III

da neuron dendritic arbors, which are characterized by
small, filopodia-like protrusions (‘‘spikes’’) sprouting
from their primary dendrites (Grueber et al. 2002) and
giving them a furry appearance. Whereas the overall arbor
size of wild-type (Fig. 1A) and fs(1)h1112 class III da
neurons (Fig. 1B) appeared similar, the dendritic spikes
were nearly completely abolished in fs(1)h1112 neurons
(Fig. 1A9,B9). Indeed, fs(1)h1112 caused a severe (>90%)
reduction of the spikes compared with control [fs(1)h1112:
246 2 spikes, n = 8 cells vs. control: 2616 45 spikes, n = 6
cells; P < 0.001] (Fig. 1E). Dendritic arbors consist of
lower-order, thicker, primary dendrites and higher-order,
thinner, fine dendritic terminal branches. The class III
spikes represent the higher-order, fine dendritic branches,
but we also assessed whether fs(1)h1112 altered primary
branch morphology. We observed a smaller (26%) but
significant reduction in primary dendrite branch length
[fs(1)h1112: 2107 mm 6 137 mm, n = 8 cells vs. control:
2830 mm 6 184 mm, n = 6 cells; P = 0.011] (Fig. 1F). We
also observed a significant decrease (39%) in primary
dendrite branch point number [fs(1)h1112: 11 6 1 branch
points, n = 8 cells vs. control: 18 6 2 branch points, n = 6
cells; P = 0.008] (Fig. 1G), but this reduction was much
less severe than the nearly complete reduction in spike
morphology. Therefore, considering the phenotypes ob-
served in all classes of da neurons, the fs(1)h1112mutation
appears to affect mainly the smaller, terminal dendritic
protrusions, and this effect is stronger in dendritic arbors
of higher complexity. Since the class III da neurons are
responsive to gentle touch stimuli and their touch
sensitivity can be measured through in vitro recordings
(Yan et al. 2013), we decided to focus on the role of fs(1)h
in regulating both the structure and the function of class
III dendritic arbors.
There are two splice isoforms of fs(1)h: a short (Fsh-S)

and a long (Fsh-L) isoform (Supplemental Fig. S3A). De-
fects in embryonic segmental transformations caused by
fs(1)h mutations can be rescued by expressing Fsh-S
(Chang et al. 2007). Therefore, we attempted to rescue
the class III dendritic arbor phenotype of fs(1)h1112 with
a UAS transgene containing Fsh-S. ExpressingUAS-Fsh-S
resulted in a partial rescue (57% of control) of the
reduction of spikes [fs(1)h1112;UAS-Fsh-S: 149 6 15
spikes, n = 8 cells vs. fs(1)h1112: 24 6 2 spikes, n = 8 cells;
P = 0.004] (Fig. 1E) caused by fs(1)h1112 with a negligible
effect on primary branch length [fs(1)h1112;UAS-Fsh-S:

2316 mm 6 81 mm, n = 8 cells vs. fs(1)h1112: 2107 mm 6
137 mm, n = 8 cells; P = 0.712] (Fig. 1F), or primary
dendrite branch point number [fs(1)h1112;UAS-Fsh-S:
13 6 1 branch points, n = 8 cells vs. fs(1)h1112: 11 6 1
branch points, n = 8 cells; P = 0.662] (Fig. 1G). To look for
possible effects of Fsh-S overexpression using the GAL4/
UAS system, we examined the arbors of class III da
neurons with UAS-Fsh-S expression in wild-type and
fs(1)h backgrounds (Fig. 1D). The expression of UAS-Fsh-S
in a wild-type background caused a reduction of spike
number [UAS-Fsh-S: 1366 27 spikes, n = 7 cells vs. control:
2616 45 spikes, n = 6 cells; P = 0.01] (Fig. 1E) but no change
in primary branch length [UAS-Fsh-S: 2709 mm 6 183 mm,
n = 7 cells vs. control: 2830 mm 6 184 mm, n = 6 cells;
P = 0.945] (Fig. 1F) or branch point number [UAS-Fsh-S:
15 6 2 branch points, n = 7 cells vs. control: 18 6 2
branch points, n = 6 cells; P = 0.442] (Fig. 1G). These
findings indicate that the dendritic arbor defect in
spike morphology caused by fs(1)h1112 can be partially
rescued by expression of UAS-Fsh-S.
The rescue of the fs(1)h1112 dendrite phenotype by

expression of UAS-Fsh-S is only a partial rescue. More-
over, UAS-Fsh-S expression in wild-type da neurons
caused a reduction of dendritic spikes. One possible
explanation is that Fsh-S is required at a specific expres-
sion level such that either too little or too much expres-
sion would alter dendritic morphogenesis, as is observed
with the transcription factor Ct (Grueber et al. 2003).
Since the rescue employs GAL4/UAS-mediated expres-
sion of Fsh-S, the expression level is likely higher than
endogenous wild-type expression levels. To address this
possibility, we took advantage of the temperature de-
pendence of GAL4/UAS activity (Duffy 2002). In our
initial experiments, all flies were raised at 25°C, but we
posited that moderating the expression level may yield
a more favorable rescue. Therefore, we repeated the same
experiment while raising the flies at a lower temperature
(20°C) to attenuate GAL4/UAS expression (Duffy 2002).
We observed a significant increase in the number of class
III da neuron spikes in the dendritic arbors of neurons
expressing UAS-Fsh-S from both fs(1)h1112 [fs(1)h1112;
UAS-Fsh-S/+, 25°C: 149 6 15 spikes, n = 8 cells vs.
20°C: 202 6 10 spikes, n = 9 cells; P = 0.004] (Supplemen-
tal Fig. S4) and wild-type [UAS-Fsh-S/+, 25°C: 136 6 27
spikes, n = 7 cells vs. 20°C: 1986 7 spikes, n = 9 cells; P =
0.032] (Supplemental Fig. S4) neurons. However, we still
observed only a partial rescue of the fs(1)h1112 reduced
spike phenotype with UAS-Fsh-S expression at 20°C
[fs(1)h1112;UAS-Fsh-S/+, 20°C: 2026 10 spikes,n = 9 cells vs.
control, 20°C: 319 6 20 spikes, n = 8 cells; P < 0.001]
(Supplemental Fig. S4) and a reduced spike phenotype
with UAS-Fsh-S expression in a wild-type background at
20°C [UAS-Fsh-S/+, 20°C: 198 6 7 spikes, n = 9 cells vs.
control, 20°C: 319 6 20 spikes, n = 8 cells; P < 0.001]
(Supplemental Fig. S4). This suggests that Fsh-S is probably
still overexpressed at 20°C. We were unable to use a lower
temperature for these experiments because, at 20°C, we
observed a variable reduction of GFP intensity between
animals, which caused an inability to visualize the mor-
phology of some neurons for quantification. Our observa-
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tions of GAL4/UAS expression at two different tempera-
tures indicate that dendrite morphology is sensitive to the
level of Fsh-S expression and that both too little and too
much expression causes abnormal dendrite morphology.

fs(1)h1112 causes loss of Fsh-S expression in da sensory
neurons

Since there are two protein isoforms of fs(1)h and we
observed a partial rescue of fs(1)h1112 dendrite arbor
complexity with expression of UAS-Fsh-S, we wanted
to determine the localization of endogenous Fsh protein.
We addressed this question through the use of antibody
staining against fs(1)h protein products (anti-Fsh). Two
antibodies (Supplemental Fig. S3A) were used that recog-
nize either both the short and long isoforms (anti-Fsh-S+L)
or only the long isoform (anti-Fsh-L) (Chang et al.
2007). Consistent with a previous study (Chang et al.
2007), nuclear staining intensity was observed with anti-
Fsh-S+L (Fig. 2A–C). However, we failed to detect any
specific signal with anti-Fsh-L (Supplemental Fig. S5A–C).
Anti-Fsh-S+L staining was observed in all da sensory
neurons as well as epithelial cell nuclei (Fig. 2A–C). Thus,
Fsh protein is expressed in all da sensory neurons.
To identify the Fsh isoforms expressed by the da

neurons, we repeated the immunohistochemical experi-
ments using a mutant [fs(1)h17] that lacks Fsh-L but

retains Fsh-S (Chang et al. 2007). In fs(1)h17 hemizygous
mutants, the diffuse labeling of anti-Fsh-L (Supplemental
Fig. S5G–I) appeared identical to the pattern observed in fs
(1)h17/+ heterozygous (Supplemental Fig. S5D–F) and wild-
type (Supplemental Fig. S5A–C) larvae. Therefore, we
conclude that the anti-Fsh-L labeling is nonspecific in the
larval PNS tissue.Moreover, anti-Fsh-S+L labeling exhibited
nearly identical patterns of staining in fs(1)h17 hemizygous
mutants (Fig. 2G–I) and wild-type (Fig. 2A–C) or fs(1)h17/+
heterozygous (Fig. 2D–F) larvae. Therefore, we conclude
that the da neurons express Fsh-S but probably not Fsh-L.
While these data strongly suggest that the da neurons

do not express Fsh-L, we wanted to test the functional
contribution of Fsh-L to class III da neuron morphology.
Using GAL419-12 to express UAS-CD4-tdGFP in class III
da sensory neurons, we visualized their dendritic arbor
morphology in fs(1)h17 mutants. Overall, the dendritic
arbors appeared normal between fs(1)h17/+ heterozygous
(Supplemental Fig. S5J,J9) and fs(1)h17 hemizygous (Sup-
plemental Fig. S5K,K9) larvae. In addition, the number of
spike protrusions was identical between hemizygous and
heterozygous mutants (Supplemental Fig. S5L). There-
fore, Fsh-L does not appear to regulate class III dendrite
morphology. In contrast, our data suggest the Fsh-S iso-
form regulates dendrite morphology.
The fs(1)h1112 mutation consists of a small deletion

within the second bromodomain (BD2) of the fs(1)h gene,

Figure 1. fs(1)h mutant neurons display reduced
dendritic arbor branching. (A–D) Dendritic arbors of
class III da neuron (ddaF) MARCM clones in control
background (yw, FRT19A; sop-FLP, GAL4109(2)80,

UAS-mCD8-GFP/+) and crossed to various mutant
and transgenic flies as indicated. Bar, 50 mm. (A9–D9)
Magnified view representing the boxed regions in A–
D showing a loss of terminal branching (spikes) in
fs(1)h1112 mutants (B9) compared with the control
(A9). The spikes return whenUAS-Fsh-S is introduced
(C9) and is similar to UAS-Fsh-S overexpression (D9).
Bar, 25 mm. (E–G) Quantification of dendritic arbor
morphology. (E) fs(1)h1112 causes a nearly complete
loss of spikes, which is rescued byUAS-Fsh-S. fs(1)h1112

neurons also show a modest decrease in primary
dendrite branch length (F) and primary branch
points (G), which is not rescued by UAS-Fsh-S

expression. The values are reported as mean 6
SEM, and P-value statistical significance is reported
by results of one-way ANOVA followed by post-hoc
Tukey test.
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causing a premature stop codon, which could lead to the
generation of a truncated protein (Supplemental Fig. S3A).
Thus, it is possible that the fs(1)h1112 allele creates a protein
with a dominant-negative or gain-of-function effect. To
assess whether any Fsh protein product is expressed in da
neuronMARCMclones, we used the anti-Fsh-S+L antibody
to analyze fs(1)h1112 da neuron clones, which recognizes an
epitope (Supplemental Fig. S3A) preceding the premature
stop codon. Comparing fs(1)h1112 with wild-type neurons
from adjacent segments, we noticed a loss of staining in
fs(1)h1112 class III clones (Fig. 2J–K). Thus, fs(1)h1112 appears
to be a complete loss-of-function mutation.

The human fs(1)h homolog (huBRD2) substitutes for
Fsh protein function in regulating dendrite morphology

Since fs(1)h1112 causes a loss of anti-Fsh-S+L labeling (Fig.
2) and UAS-Fsh-S can partially rescue the reduction in

dendrite arbor complexity (Fig. 1), we wanted to assess

whether the human homolog can functionally substitute

for Fsh-S. Comparing the protein sequence of Drosophila

Fsh-S with its human homolog, BRD2 (huBRD2), indicates

69% similarity of FSH-S to huBRD2 and 54% similarity of

huBRD2 to Fsh-S (Supplemental Fig. S3B).Within domains

of known functional importance (the two bromodomains

Figure 2. fs(1)h1112 causes a loss of Fsh
protein expression. (A–L) Immunohisto-
chemical staining performed on third instar
larval da sensory neurons using anti-HRP to
label PNS neurons and anti-Fsh-S+L to
visualize Fsh protein expression. The da
neurons are indicated by name with yellow
text and arrowheads marking the nucleus.
The da neurons belong to different classes
as follows: class I, ddaD and ddaE; class II,
ddaB; class III, ddaA and ddaF; and class IV,
ddaC. The genotype is denoted at the left of
each row, and fs(1)h1112 mutant clones are
indicated by pink text. Similar anti-Fsh-S
signal is observed between wild-type (A–C),
fs(1)h17/+ (D–F), and fs(1)h17 (G–I) neurons.
Comparing wild type (A–C) with fs(1)h1112

(J–L) indicates a loss of anti-Fsh-S+L signal
in fs(1)h1112 clones compared with wild
type. Bar,20 mm.
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[BD1 and BD2] and the extraterminal [ET] domain), there is
>70% similarity, indicating a high degree of conservation
between Drosophila and human sequences. To test
whether huBRD2 can rescue the dendrite phenotype of
fs(1)h1112, we created aUAS-huBRD2 transgene to express
the huBRD2 coding sequence in da sensory neuron clones.
In fs(1)h1112 class III da neurons, the expression ofUAS-

huBRD2 significantly increased the number of dendritic
spikes (Fig. 3C) compared with fs(1)h1112 alone (Fig. 3B)
[fs(1)h1112;UAS-huBRD2/+: 119 6 10 spikes, n = 7 cells
vs. fs(1)h1112: 316 3 spikes, n = 9 cells; P < 0.001] (Fig. 3E).
Expression of UAS-huBRD2 in fs(1)h1112 class III da neu-
rons did not alter the primary dendrite length [fs(1)h1112;
UAS-huBRD2/+: 2610 mm 6 270 mm, n = 7 cells vs.
fs(1)h1112: 1951 mm 6 142 mm, n = 9 cells; P = 0.05]
(Fig. 3F) or branch point number [fs(1)h1112;UAS-huBRD2/+:
146 2 branch points, n = 7 cells vs. fs(1)h1112: 106 1 branch
points, n = 9 cells; P = 0.146] (Fig. 3G). These findings reveal
that huBRD2 partially rescues the fs(1)h1112 dendrite spike
morphology phenotype.

fs(1)h1112 affects initial establishment of dendritic
arbor complexity

The reduction in dendrite complexity caused by fs(1)h1112

could be the result of a failure to establish dendritic

branch complexity or a compromised maintenance of
dendritic complexity during development. Thus far, we
only assessed the dendritic morphology at the late third
instar stage, corresponding to ;100 h after egg laying
(AEL). To determine whether fs(1)h1112 impairs establish-
ment and/or maintenance of dendritic arbor complexity,
we performed a time-course study comparing dendritic
arbors of class III da neuron MARCM clones from wild-
type control (Fig. 4A–C) and fs(1)h1112 (Fig. 4D–F) geno-
types over three developmental stages (48, 72, and 96 h
AEL). Class III wild-type da neuron arbors continually
increased their number of spikes (Fig. 4G) from 48 to 96 h
AEL (48 h AEL: 696 4 spikes, n = 4 cells; 72 h AEL: 1186
16 spikes, n = 5 cells; 96 h AEL: 178 6 15 spikes, n = 4
cells) as their primary arbors lengthened (48 h AEL: 1100
mm 6 77 mm, n = 4 cells; 72 h AEL: 2119 mm 6 134 mm,
n = 5 cells; 96 h AEL: 2201 mm 6 65 mm, n = 4 cells)
(Fig. 4H) with a modest increase of branch points (48 h
AEL: 13 6 1 branch points, n = 4 cells; 72 h AEL: 14 6 1
branch points, n = 5 cells; 96 h AEL: 166 1 branch points,
n = 4 cells) (Fig. 4I). In contrast, fs(1)h1112 class III da
neuron arbors failed to proliferate spike protrusions (48 h
AEL: 51 6 4 spikes, n = 4 cells; 72 h AEL: 67 6 5 spikes,
n = 3 cells; 96 h AEL: 57 6 5 spikes, n = 5 cells) (Fig. 4G).
Their primary dendrites exhibited an increase in total

Figure 3. The fs(1)h1112 dendritic arbor phe-
notype can be rescued by the human fs(1)h

homolog huBRD2. (A–D) Dendritic arbors of
class III da neuron MARCM clones in a con-
trol background (yw, FRT19A; sop-FLP,

GAL4109(2)80,UAS-mCD8-GFP/+) and crossed
to various mutant and transgenic flies as
indicated. Bar, 50 mm. The loss of spikes
caused by fs(1)h1112 (B) is partially reversed
by expression of UAS-huBRD2 (C) compared
with the control (A). Bar, 50 mm. (E–G)
Quantification of dendritic arbor morphology
by number of spikes (E), primary branch
length (F), and primary branch points (G).
(C) The loss of spikes in fs(1)h1112 clones
is partially rescued by UAS-huBRD2. The
fs(1)h1112-induced decrease in primary dendritic
branch length (F) and primary branch points
(G) is not rescued by UAS-huBRD2 expres-
sion. The values are reported as mean6 SEM,
and P-value statistical significance is reported
by results of one-way ANOVA followed by
post-hoc Tukey test.
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dendrite length (48 h AEL: 1496 mm6 333 mm, n = 4 cells;
72 h AEL: 1448 mm 6 29 mm, n = 3 cells; 96 h AEL: 1959
mm 6 37 mm, n = 5 cells), although this increase was
delayed compared with wild-type clones (Fig. 4H). Since
there is some increase in dendritic length without an
increase in higher-order dendritic spikes, our data suggest
that fs(1)h1112 impairs the initial establishment of den-
dritic arbor complexity.
A change in finer branch dynamics could explain the

reduced dendritic complexity phenotype. To test this
hypothesis, we performed acute time-lapse imaging of
MARCM clones at 72 h AEL over a 30-min period. The
terminal branch dynamics were classified as growing,
retracting, or stable at each time point. We observed
no change in the amount of class III da neuron spike
growth between the control and fs(1)h1112 [wild type:
9.5%6 1.0%; fs(1)h1112: 12.8%6 1.4%; P = 0.06] (Fig. 4J).
However, the amount of retracting spikes increased in
fs(1)h1112 neurons [wild type: 16.7% 6 1.9%; fs(1)h1112:

25.7% 6 2.3%; P = 0.005] (Fig. 4J), while the amount of
stable spikes was reduced [wild type: 73.8% 6 2.5%;
fs(1)h1112: 61.5% 6 2.6%; P = 0.002] (Fig. 4J). Therefore,
the spikes of class III da neurons lacking Fsh-S show
a greater tendency to retract and reduced stability, which
cause a failure to establish higher-order dendritic spikes.

fs(1)h interacts with genetic programs regulating
dendritic development

We next wanted to explore the mechanism of how fs(1)h
regulates dendritic morphology. One idea posits that
neuron subtype-specific morphology arises from expres-
sion of specific combinations of molecules (Jan and Jan
2010). Previous studies have identified a variety of proteins
expressed in da neurons that regulate dendritemorphology
(Grueber et al. 2003; Li et al. 2004; Sugimura et al. 2004;
Kim et al. 2006; Hattori et al. 2007; Jinushi-Nakao et al.
2007). Therefore, it is possible that fs(1)h could regulate

Figure 4. Initial elaboration of dendritic arbor is
impaired by fs(1)h1112. (A–F) Images of the dendritic
arbors from control and fs(1)h1112 MARCM class III
da neuron clones at defined time points after egg
laying (AEL). Bar, 50 mm. The overall shape and size
of the dendritic arbors appear similar between
control and fs(1)h1112 neurons, but the spike mor-
phology is reduced in fs(1)h1112 neurons. (G–I)
Quantification and comparison of dendritic arbor
morphology between developmental time points.
Values are reported as mean 6 SEM, with statistical
significance reported as results of one-way ANOVA
and post-hoc Tukey test (colored horizontal bars) or
Student’s t-test (*). (G–I) The control neurons con-
tinually increase spike numbers, primary branch
length, and primary branch points throughout de-
velopment (blue bars). In contrast, fs(1)h1112 neurons
(G–I, red bars) fail to increase spike numbers and
remain reduced compared with the control from the
earliest time point examined (G). The fs(1)h1112

mutant neurons do exhibit growth of primary
branch length, although delayed from control (H),
and a decrease in primary branch length at later
time points (I). (J) Time-lapse imaging of 72 h AEL
MARCM clones over a 30-min imaging session.
Terminal branch dynamics were classified as grow-
ing, retracting, or stable, and the overall percentage
of each type of dynamic event was reported as
mean 6 SEM. fs(1)h1112 neurons show an amount of
growth similar to the control; however, the amount of
retraction is increased, while the number of stable
branches is decreased.
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the combinatorial expression of molecular factors govern-
ing dendrite development. In particular, the transcription
factor encoded by ct regulates the dendritic spikes of class
III da neuron arbors. To test this hypothesis, we first
examined the expression of Ct protein in fs(1)h1112 da
neuron clones. We observed a loss of anti-Ct staining
intensity in class III da neurons (Fig. 5A–F). Next, we
tested whether expression of UAS-Ct could rescue the
fs(1)h1112 dendrite phenotype. Although expression of
UAS-Ct in fs(1)h1112 clones seemed to mildly affect in-
duction of spike formation (Fig. 5G,g,g9), this effect was
variable throughout the dendritic arbor, and we did not
observe a statistically significant increase in spike number
[fs(1)h1112;UAS-Ct/+: 48 6 4 spikes, n = 7 cells vs.
fs(1)h1112: 36 6 4 spikes, n = 9 cells; P = 0.989] (Fig. 5I).
Since fs(1)h binds acetylated histones to alter transcrip-
tion, it is possible that expression of theUAS-Ct transgene
was altered in fs(1)h1112 mutants. To address this con-
cern, we examined the expression of Ct protein with
immunohistochemistry in fs(1)h1112 class III da neuron
clones. In this experiment, we observed a high expres-
sion of Ct protein (Supplemental Fig. S6). Thus, we con-
firmed that Ct protein was expressed by UAS-Ct, and
therefore, rescuing Ct protein expression in fs(1)h1112 mu-
tant neurons cannot rescue the loss of class III dendritic
spike morphology.
The transcription factor Ct regulates class-specific

dendrite morphology and is thought to act by regulating
a cascade of molecular factors. Therefore, fs(1)h may
regulate some of these downstream components, which
could explain why expression of UAS-Ct did not rescue
the class III dendrite phenotype caused by loss of Fsh.
Ectopic expression ofUAS-Ct in class I da neurons causes
extensive overbranching of their normally simple arbors
as well as the formation of ectopic dendritic spikes
similar to those observed in class III da neurons (Grueber
et al. 2003). This paradigm can be used to probe whether
fs(1)h1112 alters Ct-induced branching and spike forma-
tion. As previously shown (Grueber et al. 2003), express-
ing UAS-Ct in wild-type class I da neurons (Fig. 6B)
caused an 86% increase in total dendrite length (UAS-
Ct/+: 3710 mm 6 265 mm, n = 4 cells vs. wild type: 1996
mm 6 71 mm, n = 5 cells; P < 0.001) (Fig. 6H), a 287%
increase in branch point number (UAS-Ct/+: 116 6 13
branch points, n = 4 cells vs. wild type: 30 6 1 branch
points, n = 5 cells; P < 0.001) (Fig. 6G), and the formation
of dendritic spike morphology (Fig. 6B). In fs(1)h1112 class
I da neuron clones, this induction of overbranching
by UAS-Ct expression was abolished (Fig. 6C) with no
increase in dendrite length [fs(1)h1112;UAS-Ct/+: 1930
mm 6 23 mm, n = 4 cells vs. wild type: 1996 mm 6 71
mm, n = 5 cells; P = 0.985] (Fig. 6H), branch point number
[fs(1)h1112;UAS-Ct/+: 43 6 6 branch points, n = 4 cells vs.
wild type: 306 1 branch points, n = 5 cells; P = 0.533] (Fig.
6F), or the emergence of spikes (Fig. 6C). Finally, we tested
whether UAS-Fsh-S expression can induce an over-
branching phenotype in class I da neurons (Fig. 6D). This
did not occur, and dendritic arbors of fs(1)h1112 mutant
class I da neurons expressing UAS-Fsh-S appeared identi-
cal to wild-type class I arbors with similar dendritic

length (UAS-Fsh-S/+: 2265 mm 6 95 mm, n = 4 cells vs.
wild type: 1996 mm6 71 mm, n = 5 cells; P = 0.517)
(Fig. 6H), branch point number (UAS-Fsh-S/+: 29 6 2
branch points, n = 4 cells vs. wild type: 30 6 1 branch
points, n = 5 cells; P = 0.999) (Fig. 6G), and lack of spikes.
Thus, fs(1)h is necessary forUAS-Ct-induced overbranch-
ing and spike formation in class I da neuron arbors, but
UAS-Fsh-S overexpression does not cause any change in
class I dendritic morphology.
The spike morphology of class III da neuron dendritic

arbors is known to be F-actin-rich (Grueber et al. 2002)
and can be altered by modulating the activity of the
GTPase Rac1 (Andersen et al. 2005; Tsubouchi et al.
2012). As mentioned earlier, ectopic expression of Ct
causes spike formation in class I da neuron dendritic
arbors (Grueber et al. 2003). Ectopic Rac1 expression
causes increased branching in class I da neuron arbors,
which is similar but not identical to class III da neuron
spikes. Interestingly, coexpression of Ct and Rac1 syner-
gistically enhances the formation of spike morphology in
class I da neurons (Jinushi-Nakao et al. 2007). Therefore,
Ct and Rac1 function in concert to specify the dendritic
arbor shape of class III da neurons. For this reason, we
wanted to test whether the loss of dendritic spikes in
fs(1)h1112 mutant class III da neurons could be rescued by
UAS-Rac1. Indeed, we observed a significant (57% of
control) increase in spike number after UAS-Rac1 ex-
pression in fs(1)h1112 mutant class III da neuron clones
[fs(1)h1112;UAS-Rac1/+: 149 6 16 spikes, n = 9 cells
vs. fs(1)h1112: 36 6 4 spikes, n = 9 cells; P < 0.001] (Fig.
5H,h,h9,I,). This rescue was partial but similar to that
achieved withUAS-Fsh-S expression in fs(1)h1112 class III
da neurons (Fig. 1). Moreover, in agreement with a pre-
vious report (Jinushi-Nakao et al. 2007), when we ectop-
ically expressed UAS-Rac1 in class I da neurons (Fig. 6E),
we observed a significant increase in branch points (UAS-
Rac1/+: 79 6 10 branch points, n = 7 cells vs. wild type:
30 6 1 branch points, n = 5 cells; P = 0.001) (Fig. 6G),
although to a much less degree than observed with UAS-
Ct (Fig. 6G,H). In contrast to ectopic UAS-Ct, expression
of UAS-Rac1 did not significantly alter total dendrite
length (UAS-Rac1/+: 2394 mm 6 94 mm, n = 7 cells vs.
wild type: 1996 mm 6 71 mm, n = 5 cells; P = 0.118)
(Fig. 6H). Finally, we tested whether the UAS-Rac1-
induced increase in class I da neuron dendritic branching
was altered in fs(1)h1112 mutants (Fig. 6F). Unlike the
abolition of Ct-induced overbranching by fs(1)h1112, the
Rac1-induced overbranching was unaltered [fs(1)h1112;
UAS-Rac1/+: 89 6 5 branch points, n = 8 cells vs. UAS-
Rac1/+: 79 6 10 branch points, n = 7 cells; P = 0.886]
(Fig. 6G). Thus, enhanced Rac1 expression can partially
rescue the fs(1)h1112 class III da neuron dendritic pheno-
type, and fs(1)h is necessary for Ct-induced dendritic
branching but not Rac1-induced branching.
Because Ct is also expressed in class II and IV da

neurons, we also assessed whether the fs(1)h1112 muta-
tion altered Ct expression in all da neuron subtypes.
Similar to our observations in fs(1)h1112 mutant class III
da neurons, Ct expression was lost in both class II
(Supplemental Fig. S7B,E,H) and class IV (Supplemental
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Fig. S7C,F,I) mutant da neurons. Since Ct is normally not
expressed in class I da neurons, we asked whether the
fs(1)h1112 mutation caused misexpression of Ct. This was
not the case, and we did not detect any Ct expression in
fs(1)h1112 mutant class I da neurons (Supplemental Fig.
S7A,D,G). Therefore, fs(1)h regulates the expression of Ct
in the da neurons that normally express Ct.
Because overexpression of Fsh-S also caused a dendrite

phenotype similar to fs(1)h1112 mutant class III da neurons
(Fig. 1), we tested whether overexpression of Fsh-S affected
Ct expression and/or Ct-induced branching/spike forma-
tion. First, we examined the pattern of anti-Ct antibody
labeling in larvae expressing UAS-Fsh-S under the control
of a pan-da neuron GAL4 driver (GAL4109(2)80). We did not
observe a change in anti-Ct signal between control (Sup-
plemental Fig. S8A,C,E) and UAS-Fsh-S-expressing (Sup-
plemental Fig. S8B,D,F) da neurons. These data suggest
that Fsh-S overexpression does not lead to decreased Ct

expression as observed in fs(1)h1112mutants and that Fsh-S
overexpression does not induce misexpression of Ct in da
neurons that normally do not express Ct.
Second, we assayed whether Fsh-S overexpression can

affect Ct-induced branching/spike formation in class 1 da
neurons. Using the class I da neuron GAL42-21 driver
(Grueber et al. 2003), we overexpressed UAS-Fsh-S along
with UAS-Ct (Supplemental Fig. S9). As observed pre-
viously (Grueber et al. 2003),UAS-Ct expression in class I
da neurons caused an increase in total dendrite length
(control: 1733 mm 6 56 mm, n = 10 cells vs. UAS-Ct/+:
4149 mm 6 143 mm, n = 9 cells; P < 0.001) (Supplemental
Fig. S9E) and branch points (control: 316 2 branch points,
n = 10 cells vs. UAS-Ct/+: 149 6 8 branch points, n = 9
cells; P < 0.001) (Supplemental Fig. S9F), with the pro-
duction of class III da neuron-like morphology (Supple-
mental Fig. S9B,b9), which we also observed in our
MARCM experiments (Fig. 6). Similar to our MARCM

Figure 5. fs(1)h1112 neurons do not express
Ct protein, and UAS-Rac1 but not UAS-Ct

expression rescues the dendrite defects. (A–
F) Immunohistochemical staining with anti-Ct
(clp2 epitope) and anti-HRP in da sensory
neurons. The da neurons belong to different
classes as follows: class I, ddaD and ddaE;
class II, ddaB; class III, ddaA and ddaF; and
class IV, ddaC. Wild-type neurons (labeled
in yellow) and fs(1)h1112 class III MARCM
clones (labeled in pink) are indicated, and
while anti-Ct signal is apparent in wild-type
class III neurons (A–C), it is lost in fs(1)h1112

clones (D–F). Bar, 20 mm. (G,H) Images of
fs(1)h1112 MARCM clones expressingUAS-Ct

or UAS-Rac1, with magnified inset of termi-
nal dendrite morphology (shown in g,g9,h,h9).
Bar, 50 mm. With UAS-Ct rescue, spike mor-
phology is apparent but inconsistent through-
out the dendritic arbor. In contrast,UAS-Rac1

rescues spike formation in fs(1)h1112 mutant
neurons. (I) Quantification of spike mor-
phology, which indicates no rescue of the
fs(1)h1112-induced decreasewithUAS-Ct expres-
sion but a significant rescue with UAS-Rac1
expression. Values are reported asmean6 SEM,
with statistical significance reported as results
of one-way ANOVA and post-hoc Tukey test.
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observations (Fig. 6), UAS-Fsh-S expression in class I da
neurons caused no alteration in total dendrite length
[control: 1733 mm 6 56 mm, n = 10 cells vs. UAS-Fsh-
S/+: 1765 mm 6 37 mm, n = 9 cells; P = 0.995] (Supple-
mental Fig. S9E) or branch points (control: 31 6 2 branch
points, n = 10 cells vs.UAS-Fsh-S/+: 266 1 branch points,
n = 9 cells; P = 0.956) (Supplemental Fig. S9F). WhenUAS-
Fsh-S and UAS-Ct were overexpressed together in class I
da neurons, we still observed the production of class III da
neuron spike morphology (Supplemental Fig. S9D,d9) and
an increase in total dendrite length (control: 1733 mm 6
56 mm, n = 10 cells vs.UAS-Ct/+;UAS-Fsh-S/+: 3588 mm6
121 mm, n = 10 cells; P < 0.001) (Supplemental Fig. S9E)
and branch points (control: 31 6 2 branch points, n = 10
cells vs. UAS-Ct/+;UAS-Fsh-S/+: 109 6 9 branch points,

n = 10 cells; P < 0.001) (Supplemental Fig. S9F). However,
the effects were significantly less thanUAS-Ct expression
alone for both total dendrite length (UAS-Ct/+: 4149mm6
143mm, n = 9 cells vs.UAS-Ct/+;UAS-Fsh-S/+: 3588mm6
121mm, n = 10 cells; P = 0.002) (Supplemental Fig. S9E) and
branch points (UAS-Ct/+: 149 6 8 branch points, n = 9
cells vs. UAS-Ct/+;UAS-Fsh-S/+: 109 6 9 branch points,
n = 10 cells; P < 0.001) (Supplemental Fig. S9F). These data
suggest that Fsh-S overexpression attenuates UAS-Ct-in-
duced branching, which could explain why UAS-Fsh-S
expression causes only a partial rescue of the fs(1)h1112

mutant phenotype and also why UAS-Fsh-S overexpres-
sion causes a dendrite phenotype similar to fs(1)h1112.
Having found dendritic phenotypes in all da neuron

subtypes, we further examined whether fs(1)h1112 altered
the expression of other transcription factors known to
regulate the subtype-specific dendritic morphology of da
neurons. Specifically, we used antibodies against the class I
da neuron-specific transcription factor encoded by ab
(Li et al. 2004) and the class IV-specific kn/col (Crozatier
and Vincent 2008). Interestingly, we observed a loss of both
Ab and Kn/Col in fs(1)h1112 mutant class I (Supplemental
Fig. S10) and class IV (Supplemental Fig. S11) da neurons,
respectively. Collectively, these data suggest that fs(1)h
regulates subtype-specific expression of transcription fac-
tors. It affects not only the expression of ct across multiple
neural subtypes but also transcription factors in pathways
acting in parallel to ct, such as ab and kn/col.

fs(1)h1112 impairs the mechanosensory response of da
sensory neurons

A recent study discovered that NompC mediates gentle
touch behavior and mechanosensitivity in class III da
neurons (Yan et al. 2013). Since the fs(1)h1112 mutation
alters the morphology of class III da neurons, we tested
whether fs(1)h modulates their touch sensitivity. Since
fs(1)h1112 mutants are lethal, we could not use whole-

Figure 6. UAS-Ct-induced overbranching in class I (ddaE) da
neurons is blocked by fs(1)h1112, while UAS-Rac1-induced
branching is unaffected. (A–D) Images of dendrite morphology
from class I (ddaE) MARCM clones in control background (yw,

FRT19A; sop-FLP, GAL4109(2)80,UAS-mCD8-GFP/+) with the in-
dicated genotypes. Bar, 50 mm. Excess branching and spike
formation are readily apparent with UAS-Ct expression (B),
but this overbranching is not observed in a fs(1)h1112 back-
ground (C). (D) Overexpression of Fsh-S protein does not induce
overbranching. Excess branching occurs with UAS-Rac1 expres-
sion (E), and this overbranching is unaffected in a fs(1)h1112

background (F). (G,H) Quantification of dendrite morphology by
total dendritic length (G) and number of branch points (H).
Expression of UAS-Ct causes an increase in both length and
branching compared with the control. This increase does not
occur in a fs(1)h1112 background. Expression of UAS-Rac1 only
causes an increase in branching, and this also occurs in a
fs(1)h1112 background. Finally, there is no change with over-
expression of UAS-Fsh-S. Values are reported as mean 6 SEM,
with statistical significance reported as results of one-way
ANOVA and post-hoc Tukey test.
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animal mutants. Instead, we used GAL419-12 to express
a UAS-RNAi construct (v51227) against fs(1)h in class III
da neurons to knock down fs(1)h expression selectively in
these neurons. As a control for the effectiveness of the
RNAi construct, we tested whether UAS-RNAi expres-
sion altered class III da neuron spike morphology.
Indeed, RNAi-mediated knockdown of fs(1)h caused
a significant decrease in spike number (v51227 RNAi:
151 6 9 spikes, n = 6 cells vs. wild type: 260 6 9 spikes,
n = 3 cells; P < 0.001) (Fig. 7A). Using a separate RNAi line
(v108662), we observed a similar decrease in spike num-
ber (v108662 RNAi: 151 6 8 spikes, n = 6 cells vs. wild
type: 260 6 9 spikes, n = 3 cells; P < 0.001) (Fig. 7A).
This decrease was enhanced in a genetic background
containing a heterozygous deletion mutant [Df(x)c128]
of fs(1)h [Df(x)c128/+;v108662 RNAi: 96 6 9, n = 6 cells
vs. wild type: 260 6 9, n = 3 cells; P < 0.001] (Fig. 7A).
Thus, RNAi-mediated knockdown of fs(1)h expression
reduced spike morphology in class III da neuron dendritic
arbors.
We next tested whether animals expressing RNAi

constructs against fs(1)h exhibited any defects in gentle
touch behavior. A previous genetic screen used a gen-
tle touch assay to identify touch-insensitive mutants
(Kernan et al. 1994), and this assay was used to determine
that class III da neurons mediate this gentle touch behavior
(Yan et al. 2013). Using the same assay, we observed
a significant (P = 0.02) reduction in touch response score
in animals expressing fs(1)h RNAi (Fig. 7B). To determine
whether the fs(1)h RNAi affects mechanosensation of class
III da neurons as opposed to subsequent signaling in the
CNS,we performed extracellular recordings from class III da
neurons while delivering a touch stimulus of varying in-
tensity. Control class III da neurons responded with a pro-
gressively higher frequency of action potentials (APs) as the
touch stimulus intensity increased (Fig. 7C,D). Although
class III da neurons expressing fs(1)h RNAi also showed
a dose-dependent response with increasing stimulus in-
tensity (Fig. 7C), this response was significantly reduced
compared with control neurons (Fig. 7C,D). Therefore,
knockdown of fs(1)h expression impairs the response of
class III da neurons to touch.
Since NompC is the channel mediating the mechano-

sensitive response of class III da neurons, one possible
explanation for their defective response is a loss or
reduction of NompC expression. To address this possibil-
ity, we performed immunohistochemistry with an anti-
NompC antibody in fs(1)h1112 class III clones. In both
wild-type and fs(1)h1112 neurons, we observed anti-
NompC signal (Supplemental Fig. S12) similar to a pre-
vious study (Yan et al. 2013). Therefore, the impaired
sensory response of class III da neurons expressing
fs(1)h RNAi is not due to a loss of NompC expression.
To test whether the defective response to gentle touch

reflects an alteration of sensory neuron axon structure,
we examined the axon terminals of fs(1)h1112 mutant
class III da neurons. The axon terminals appeared similar
between wild-type control (Fig. 7E) and fs(1)h1112 mutant
(Fig. 7F) class III da neurons. In addition, we did not find
a significant change in axon terminal length [fs(1)h1112:

92 mm6 13 mm, n = 13 cells vs. wild type: 108 mm 6 11
mm, n = 13 cells; P = 0.353] (Fig. 7G). Therefore, the
reduction of gentle touch response by fs(1)h1112 is not
due to impaired axon terminal morphology. Rather, the
fs(1)h1112mutation altered dendritemorphology of class III
da neurons without affecting NompC expression or axon
morphology.
Recently, it was discovered that ectopic UAS-Ct ex-

pression in class I da neurons induces expression of
NompC, which is normally expressed in class III, but
not class I, da neurons. Since we observed a loss of Ct
expression but normal expression of NompC in fs(1)h1112

mutant class III da neurons (Supplemental Fig. S12), we
wanted to test whether fs(1)h is required for the
Ct-induced expression of NompC in class I da neurons.
When we performed anti-NompC immunostaining of
class I da neuron fs(1)h1112 MARCM clones expressing
UAS-Ct, we observed expression of NompC (Supplemen-
tal Fig. S13C,D), which was not observed in wild-type
class I da neurons (Supplemental Fig. S13A,B), even
though the normal class III expression pattern of NompC
was observed in the same dorsal da neuron cluster. We
also observedUAS-Ct-induced NompC expression from
class I da neurons in a fs(1)h1112 mutant background
(Supplemental Fig. S13E,F). Therefore, fs(1)h1112 does not
alter Ct-induced NompC expression, which is interesting
because fs(1)h1112 does block the Ct-induced overbranch-
ing (Fig. 6). These data suggest that fs(1)h regulates genes
involved in specifying dendritic arbor morphology but not
ion channel expression.

Discussion

fs(1)h regulates dendritic arbor complexity

In the current study, we examined the role of fs(1)h in
dendritic development. We analyzed the effect of a loss-
of-function allele [fs(1)h1112] on the morphology of class
III da sensory neurons in the Drosophila PNS. Overall,
fs(1)h1112 causes a reduction in dendritic arbor complexity,
most notably in the finer, higher-order branches. We
were able to partially rescue this reduced morphologi-
cal complexity by reintroducing Drosophila Fsh-S or
the human homolog (huBRD2) proteins. Furthermore,
we found one aspect of the genetic mechanism of action
for fs(1)h to be regulating the expression of ct (and pos-
sibly other genes in the pathway) in multiple da neuron
subtypes as well as subtype-specific transcription factors,
such as Abrupt for class I and Knot/Collier for class IV da
neurons, which in turn affect subtype-specific dendrite
development. Our data show that fs(1)h regulates genetic
pathways controlling dendritic arbor development but does
not specify which ion channels are expressed. Finally,
our results suggest that the subtype-specific spike mor-
phology is important for an optimal response to relevant
sensory stimuli in the mechanosensitive class III da
neurons.
The development of a dendritic arbor involvesmultiple

steps (Whitford et al. 2002; Corty et al. 2009; Puram and
Bonni 2013) beginning with differentiation, where a neu-
ronal precursor acquires a neural fate. Next, neurites
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begin to extend, and a neuron becomes polarized as
neurites are designated as axon or dendrite. The imma-
ture axons and dendrites continue to grow as the neuron
and the nervous system develop. Initially, the dendritic
arbors are simple, with only a few primary dendrites, but
as development progresses, the number of branches and
overall arbor size increase. The terminal dendrite
branches are dynamic throughout development, exhibit-
ing growth, retraction, or stability. In addition, as the
animal body size increases, the dendritic field area in-
creases, and therefore a dendritic arbor must scale ac-
cordingly. Thus, dendritic development involves a com-
plex plethora of processes, and dendritic morphology
could be altered by affecting any of these processes. For
instance, if the balance of dendrite dynamics is shifted

such that retraction is greater than growth, then den-
dritic branching will become reduced over time. This
appears to be the case in fs(1)h1112 mutants, since we
observed an increase in retracting branches with no
change in growth as well as a decrease in the proportion
of stable branches (Fig. 4) in dendritic arbors of fs(1)h1112

mutant da neuron clones compared with wild-type
clones. Alternatively, if scaling of the dendritic arbor is
affected, the size of the dendritic arbor will become
disproportionately small as the body size of the animal
increases throughout development (Parrish et al. 2009).
This does not seem to occur in fs(1)h1112 mutants
because the primary dendrites of fs(1)h1112 arbors
exhibited growth throughout development, although at
a delayed rate (Fig. 4). Instead, the number of spikes in
class III da neuron arbors was reduced early in develop-
ment and remained reduced throughout development
(Fig. 4), probably due to the increased amount of dendritic
branch retraction and reduced stability. Since the pri-
mary dendritic branches were not affected to a large
degree by loss of fs(1)h function, we conclude that the
major role of fs(1)h in dendritic development is to
regulate dendritic complexity at the level of higher-order
dendritic spikes. Moreover, our data suggest that fs(1)h
affects dendritic arbor complexity by modulating the
dynamics of terminal dendritic branches.

fs(1)h is necessary for Ct expression and Ct-induced
spike formation

In the da neurons, many molecules are known to regulate
dendrite morphology. In particular, Ct, Ss, Ab, and Kn
have been shown to regulate subtype-specific morphol-
ogy of the four classes of da sensory neurons, and these
proteins act in parallel genetic pathways (Grueber et al.

Figure 7. Altering the number of spikes correlates with a re-
duced mechanosensitive response. (A) Quantification of spike
morphology in class III da neurons expressing fs(1)h RNAi in a
control background (UAS-Dcr2/+;GAL419-12,UAS-CD4-tdGFP/+).
The expression of two different RNAi constructs (v51227 or
v108662) causes a decrease in the number of spiked protrusions.
This decrease is enhanced in a genetic background heterozygous
for a fs(1)h deletion [Df(X)c128], while one-copy of Df(X)c128

alone did not cause a phenotype. (B) Expression of fs(1)h RNAi
also caused a defect in the behavioral response to a gentle touch
stimulus. (C,D) Extracellular electrophysiological recordings
from class III neurons expressing fs(1)h RNAi indicated a re-
duction in the number of action potentials (APs) fired per second
(no. of AP/s) for a mechanical stimulus of a particular intensity
compared with baseline (D no. of AP/s) (shown in C). (D) A
representative recording trace is shown from control and RNAi-
expressing cells for a stimulus of 20-mm intensity. (E,F) Images
of single axon terminals from class III (ddaF) da neuron MARCM
clones. Bar, 10 mm. Axon terminals from wild-type control (E)
or fs(1)h1112 mutant (F) neurons appear similar. (G) Quantifica-
tion of axon terminal length shows no difference between
control and fs(1)h1112 neurons. Values are reported as mean 6
SEM, with statistical significance reported as results of
Student’s t-test.
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2003; Li et al. 2004; Sugimura et al. 2004; Kim et al. 2006;
Hattori et al. 2007; Crozatier and Vincent 2008). More-
over, the expression of Ct and Ss regulates class III da
neuron spike morphology (Grueber et al. 2003; Kim et al.
2006). We observed a loss of Ct expression in fs(1)h1112

mutant class III da neuron clones (Fig. 5), which suggests
that fs(1)h regulates the induction or maintenance of Ct
expression throughout class III da neuron development.
However, reintroducing Ct expression to class III da
neuron fs(1)h1112 clones did not rescue the nearly absent
spike morphology (Fig. 5). Therefore, the class III da
neuron dendritic phenotype caused by loss of fs(1)h
cannot be solely attributed to the loss of Ct protein. Since
it is thought that Ct is a component of a genetic pathway
responsible for subtype-specific dendritic arbor develop-
ment, it is possible that fs(1)h regulates Ct expression as
well as expression of genes necessary for the Ct pathway
to affect dendritic morphology. Therefore, the relation-
ship between ct and fs(1)h does not appear to be a linear
pathway, and fs(1)h might regulate both upstream and
downstream components of ct. Our data indicating that
fs(1)h is necessary for the Ct-induced overbranching and
spike formation in class I da neuron dendrites (Fig. 6)
support the idea that fs(1)h regulates the expression of
downstream components of the Ct pathway, which are
necessary for Ct-induced overbranching and spike forma-
tion. This hypothesis also explains why reintroducing Ct
expression to fs(1)h1112 clones fails to rescue the dendrite
phenotype. It is also known that Ct and Rac1 act
synergistically to produce spike morphology (Jinushi-
Nakao et al. 2007). We examined Rac1 overexpression
in a fs(1)h1112 mutant background and found that Rac1
expression significantly rescued the loss of spikes in class
III da neurons (Fig. 5). However, Rac1-induced over-
branching in class I da neurons was not affected by
fs(1)h1112 (Fig. 6). Therefore, fs(1)h does not appear to
regulate genes downstream from Rac1 but does regulate
genes downstream from ct. Since these pathways are known
to converge in order to regulate dendritic spike formation,
our data suggest that fs(1)h may be a crucial link between
these two pathways. One possible scenario is that ct and
Rac1 regulate parallel pathways, but ct may regulate the
level of Rac1 expression such that increased Rac1 expres-
sion facilitates the formation of spikes. In this model, our
results support the hypothesis that fs(1)h is necessary for
the ct potentiation of Rac1 expression, which explains
why increased expression of Rac1 with UAS-Rac1 causes
a rescue of the class III da neuron dendritic phenotype in
fs(1)h1112 mutants. Recent evidence indicates a role for
reduced Rac1 expression in social defeat and depressive
behavior in mice, possibly through regulating dendritic
spine morphology (Golden et al. 2013). In these behavioral
paradigms, reduced Rac1 expression occurred with altered
epigenetic marks such that transcriptionally permissive
histone H3 acetylation was reduced, while repressive his-
tone H3 methylation was increased. Moreover, administer-
ing a class 1 HDAC inhibitor mitigated the reduced Rac1
expression. Thus, these data suggest that Rac1 expression
can be regulated by histone acetylation. It is possible that
epigenetic reader proteins, such as BET family proteins like

fs(1)h, bind acetylated histone marks in the Rac1 promoter
to recruit transcriptional machinery and in turn enhance
Rac1 expression.
In addition, overexpression of UAS-Fsh-S in class I da

neurons did not cause an overbranching phenotype sim-
ilar to UAS-Ct (Fig. 6). In fact, there was no alteration of
class I morphology, suggesting that Fsh-S is not sufficient
to induce necessary components of the ct pathway to
alter dendrite morphology. However, overexpression of
Fsh-S in class III (Fig. 1) and class IV (Supplemental Fig.
S2) da neurons did cause a decrease in dendritic spike
numbers. These data indicate that dendrite morphology
may be sensitive to the amount of Fsh-S expression, which
we confirmed bymodulating the amount of overexpression
by reducing GAL4/UAS activity with lower temperature
(Supplemental Fig. S4). This may explain why we can
achieve only a partial rescue of the fs(1)h1112 dendritic
phenotype with UAS-Fsh-S expression and why overex-
pression causes a dendritic phenotype similar to the phe-
notype caused by loss of Fsh-S. In support of this expression
level hypothesis, we observed that Fsh-S overexpression
can reduce Ct-induced branching in class I da neurons
(Supplemental Fig. S9). Since BRD2 is known to be part of
a protein complex (Denis et al. 2006), it is possible over-
expression causes a gain-of-function or dominant-negative
effect by altering the availability of complex components.
Another possible explanation for the partial rescue of

Fsh-S expression concerns the developmental timing of
expression. Since these experiments were completed
using MARCM, GAL80 is expressed until mitotic re-
combination occurs to generate the mutant clones. It is
likely that GAL80 protein may persist for some time after
the clones are formed, and the presence of GAL80 would
block GAL4/UAS activity. Therefore, our UAS-induced
Fsh-S expression may occur at a delayed stage in embry-
onic development, which could produce a partial rescue.
In actuality, a combination of both expression level and
developmental timing probably explains the partial res-
cue of the fs(1)h1112 phenotype.
While we focused on the role of fs(1)h in regulating

class III da neuron dendrite morphology, we did observe
phenotypes in other classes of the da neurons as well as
expression of Fsh-S in all da neuron classes. In fs(1)h1112

mutants, we observed a loss of Ct expression in all da
neurons that normally express Ct (classes II, III, and IV)
(Fig. 2; Supplemental Fig. S7), suggesting that fs(1)h
regulates Ct expression broadly among different neural
subtypes. We also observed a loss of the class I-specific
transcription factor Ab (Supplemental Fig. S10) and the
class IV-specific transcription factor Kn/Col (Supplemen-
tal Fig. S11). Thus, it appears that fs(1)h can regulate the
expression of subtype-specific gene expression among
various neuron subtypes. The loss of Ct or the loss of
Kn/Col could explain the reduction in class IV da neuron
dendritic arbor complexity, and this further illustrates the
pleiotropic nature of the fs(1)h1112 phenotype. The loss of
Ab from class I da neurons should produce an increase in
dendritic complexity (Li et al. 2004), but interestingly,
this did not occur in fs(1)h1112 mutants. Thus, these
results consistently suggest that fs(1)h is necessary for
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dendritic arbor complexity, probably by regulating the
expression of many different genes. In this manner, fs(1)h
could act as a necessary gate for the gene expression
responsible for establishing dendritic complexity.
How can fs(1)h regulate gene expression? Histone

modifications are a diverse set of post-translational mod-
ifications that produce a code (Strahl and Allis 2000)
whereby epigenetic reader proteins bind these modified
histone tails with specificity for particular modifications,
such as methylation, acetylation, or phosphorylation
(Borrelli et al. 2008). Previous structural studies have
shown that the bromodomains of BET family proteins
form a hydrophobic pocket enveloping acetylated histone
tails (Umehara et al. 2010a,b). Moreover, histone acetyla-
tion is largely, but not exclusively, regarded as a mark for
transcriptional activation (Maze et al. 2013). Therefore,
fs(1)hmay be required for transcriptional activation of gene
expression, which has been shown in vitro with respect to
Ubx (Chang et al. 2007). Our data suggest that fs(1)h is
required for ct expression and is in agreement with the
hypothesis that fs(1)h is a transcriptional activator. It is
possible that expression of other genes in the ct pathway
also depends on histone acetylation modifications for
transcriptional activation, and this activation may require
Fsh-S. This would explain our observed nonlinear genetic
relationship between ct and fs(1)h. In addition, our results
indicate a necessary, but not sufficient, role of fs(1)h in
regulating gene expression. This may indicate that BET
family proteins require histone acetylation marks to be
established but that these scaffold reader proteins do not
actively alter histone tail modifications.
Histone modifications, termed the histone code (Strahl

and Allis 2000), vary among different cell types and
constitute a genome-wide mechanism for coordinating
gene expression programs. This is intriguing because fs(1)h
contains bromodomains that require histone acetyla-
tion to be first established at specific genomic regions
in order to influence transcription at these regions. Our
results suggest BET family proteins as candidates for
reading this histone code to allow the development of
dendritic complexity. It is important to note that al-
though we observed many proteins with altered expres-
sion in fs(1)h1112 mutant da neurons, some proteins were
unaltered, such as the mechanosensitive ion channel
NompC (Supplemental Fig. S12). Furthermore, even
though the Ct-induced overbranching in class I da neu-
rons was blocked by fs(1)h1112 (Fig. 6), the Ct-induced
NompC expression was normal (Supplemental Fig. S13).
These data indicate some specificity to the action of fs(1)h
in regulating dendritic morphology but not ion channel
specification. It is possible that epigenetic ‘‘reader’’ pro-
teins, such as the BET proteins, coordinate the activity of
many genetic pathways but with relevance to a specific
outcome, such as regulating dendritic arbor morphology. In
this model, the epigenetic ‘‘readers’’ provide coordination
and specificity of genome-wide histone marks to regulate
particular aspects of neural cell biology. Moreover, it is
conceivable that the specific genes regulated by fs(1)h could
vary among different cell types depending on the cell type-
specific histone code. This is supported by the different

effects of UAS-Fsh-S overexpression in class I versus class
III and IV da neurons as well as the loss of expression of
cell type-specific transcription factors (Ab and Kn/Col) in
fs(1)h1112 mutants. Currently, there is no atlas of the
histone code for individual neural subpopulations. How-
ever, as the technology for conducting these types of
analyses improves for distinct cell populations, it is
conceivable that future studies can provide an answer to
how cell type-specific histone modifications affect neural
subtype-specific dendritic arbor morphologies.

Dendritic arbor morphology contributes
to mechanosensory neuron function

Finally, our results suggest that the specific morpholog-
ical shape of the class III da neuron dendrites is important
for their ability to appropriately respond to sensory
stimuli. Our results indicate that pathways regulating
dendrite morphology, such as the ct pathway, are reduced
in fs(1)h mutants, but other pathways involved in axon
morphogenesis or cell type-specific physiology, such as
NompC channel expression, remain active. Moreover,
the number of spike protrusions correlates with the
number of APs produced in response to a mechanosensi-
tive stimulus (Fig. 7). This was also observed in another
study (Tsubouchi et al. 2012) involving manipulation of
the number of spiked protrusions through modulating
Rac1 activity. In that study, the gentle touch response
increases as spike numbers increase, causing elevated
calcium activity detectable with GCaMP fluorescence
imaging. Conversely, decreasing the spike numbers re-
sults in a decrease of the gentle touch response and
calcium activity. One potential caveat to this study is
that Rac1 can modulate many aspects of dendritic cell
biology through modulating actin cytoskeletal dynamics
(Hotulainen and Hoogenraad 2010), and therefore it is
unclear whether manipulating Rac1 activity alters the
electrophysiological properties or localization of ion
channels such as NompC. Our finding of a correlation
between dendritic spike number and gentle touch/elec-
trophysiological responses in fs(1)h mutant neurons with
normal appearance of NompC expression implicates
dendritic morphology in regulating touch sensitivity.
Interestingly, NompC is expressed in fs(1)h1112mutants,

and its distribution throughout the dendritic arbor re-
sembles that of wild-type neurons (Supplemental Fig.
S12). While nompC mutants lack a mechanosensory re-
sponse (Yan et al. 2013), neurons lacking fs(1)h still re-
spond to mechanical stimuli, but the magnitude of the
response (number of APs) is reduced for a given stimulus
intensity. At the behavioral level, this manifests as a re-
duced response to gentle touch. Therefore, our data suggest
that the unique dendritic spike morphology of class III
dendrites contributes to their mechanical sensitivity.
While various proteins involved in epigenetic regulation

of gene expression have been implicated in dendrite mor-
phogenesis, our study provides evidence that ‘‘readers’’ of
acetylated histone marks regulate dendrite morphology by
demonstrating the involvement of BET family proteins in
this process. Given the complexity of achieving a compre-
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hensive view of molecularly defined neural subtypes, we
need to identify genome-wide mechanisms for molecular
diversity that regulate dendritic morphology in order to
further understand how morphological diversity is speci-
fied. Epigenetic regulators are an intriguing possibility in
this endeavor, and future studies comparing gene expres-
sion profiles in mutants for regulators of histone modifica-
tions among neurons with variedmorphologiesmay be one
step forward in answering this fundamental question.

Materials and methods

Fly stocks

All experimental fly crosses were maintained in circadian in-
cubators (Darwin Chambers Company) at 25°C (or 20°C for
GAL4 attenuation). The fs(1)h1112 allele was generated through
EMS mutagenesis and mapped as previously described (Zheng
et al. 2008). We generated UAS-Fsh-S-eGFP and UAS-huBRD2-

eGFP transgenes for rescue experiments with either the se-
quence of Fsh-S (DrosophilaGenomics Resource Center [DGRC]
clone LD26482, primers [59] CGTACGTATATATCGTTGCAAC
TTTTTAAC and [39] ACCTGCTTCACTGTCGCTCGAGTC
AC) or huBRD2 (Open Biosystems clone ID 6181728, primers
[59] ATGCTGCAAAACGTGACTCCCCACAATAAGCTCC or
[39] GCCTGAGTCTGAATCACTGGTGTCTG) using primers
with 59-attB1 and 39-attB2 flanking sequences added for use in
the Gateway cloning system (Invitrogen). The appropriate se-
quence was first subcloned into the pDONR-221 entry vector
using BP-Clonase II (Invitrogen) and subsequently transferred to
the pTWG vector (DGRC clone 1076) using LR-Clonase II
(Invitrogen). The pTWG vector was modified to include an attB
site for fC-31-mediated integration (Bateman and Lee 2006) into
flies containing the PBac{y+-attP-3B}VK00037 docking site
(Bloomington Stock Center, 9752). Transgenic flies were created
using the commercial service provided by Rainbow Transgenic,
Inc. We used UAS-Ct.L (Grueber et al. 2003) and UAS-Rac1
(Bloomington Stock Center, 6293) for GAL4/UAS expression of
Ct or Rac1 proteins, respectively. For RNAi-mediated knock-
down, stocks v51227 and v108662 from the Vienna Drosophila
RNAi Center (VDRC) stock center were used. The RNAi trans-
genes were expressed in class III neurons using GAL419-12 (gift
from H.H. Lee, identified from the GAL4-enhancer trap collec-
tion of Dr. Ulrike Heberlein) (Xiang et al. 2010) in combination
with UAS-CD4-tdGFP (Han et al. 2011) to visualize dendritic
arbors and UAS-Dcr2 (Bloomington Stock Center, 24650) to
enhance RNAi knockdown efficiency (Dietzl et al. 2007).
GAL4/UAS expression in all da neurons was achieved using the
pan-da neuron driverGAL4109(2)80 (Gao et al. 1999) and in class I da
neurons was achieved using GAL42-21 (Grueber et al. 2003).

MARCM

To generate MARCM clones, mutant yw, FRT-19A, fs(1)h1112 or
control yw,FRT-19A virgin female flies were mated to yw, FRT-

19A, tub-GAL80;sop-FLP, GAL4109(2)80, UAS-mCD8-GFP male
flies. The sop-FLP transgene was generated and generously
provided by Dr. Tadashi Uemura. Wandering, third instar larvae
were collected, and da neuron clones were visualized through
live imaging as described previously (Grueber et al. 2002).

Immunohistochemistry

Immunohistochemical staining was performed as reported pre-
viously (Grueber et al. 2002), except the mounting medium used

was VectaShield (Vector Laboratories). The primary antibodies
used were chicken anti-GFP (1:100; Aves Labs), rabbit anti-Ct
(1:1000; clp2 epitope) (Grueber et al. 2003), mouse anti-Ct (1:20;
Developmental Studies Hybridoma Bank [DSHB], F2 epitope)
(Blochlinger et al. 1990), mouse anti-Abrupt (1:5; DSHB), mouse
anti-kn/col (1:100; gift from A. Vincent, Center de Biologie du
D�eveloppement, France) (Dubois et al. 2007), mouse anti-
NompC-NT (1:100; N-terminal epitope, a gift from J. Howard,
Max Planck Institute, Dresden, Germany), rabbit anti-Fsh-S+L
and anti-Fsh-L (1:100) (Chang et al. 2007), goat anti-HRP-Cy5
(1:100; Jackson ImmunoResearch), and rabbit anti-Nomp-EC
(1:1000; generated against an extracellular epitope, amino acid
residues 1469–1488; YenZym Antibodies, LLC). For anti-
NompC-EC staining, the tissue was nonpermeabilized with the
exclusion of detergent throughout the immunostaining proce-
dure. Secondary antibodies consisted of appropriate fluorescence-
conjugated anti-donkey IgG (1:200; Jackson ImmunoResearch).
Slides were imaged on a Leica SP5 confocal microscope using an
oil immersion 403 objective.

Dendrite/axon imaging

For live imaging dendrite morphology, larvae were whole-
mounted on glass slides, sandwiched between the slide and
coverglass in halocarbon oil to flatten and immobilize the larvae
alive and intact (Grueber et al. 2002). A Leica SP5 confocal
microscope equipped with a 203 oil immersion objective and an
argon 488-nm emission laser was used to excite and image
membrane-tagged fluorescent GFP expressed in da sensory
neurons. Z-stacks containing the dendritic arbors of da sensory
neurons were collected for analysis.

Single axon terminals were imaged as described previously
(Kim et al. 2013) but with the following modifications: Larvae
were filleted with the CNS intact and fixed in 4% PFA for 30 min
at room temperature. Larval filets were then mounted, and single
da neuron axon terminals were imaged without immunostaining.

Time-course/time-lapse imaging

For time-sensitive experiments, staged embryo collections were
performed on grape agar plates to synchronize groups of larvae
(0 h AEL). For time-course experiments, larvae were grown on
grape agar plates for 48, 72, or 96 h AEL at 25°C. da sensory
neuron MARCM clones were imaged with a 203 oil immersion
objective and at these various developmental stages. For time-
lapse imaging, synchronized larvae were collected at 72 h AEL
and imaged using a 403 oil immersion objective. Z-stacks were
collected every 5 min over a 30-min duration to visualize
dendrite branch dynamics.

Morphological analysis/quantification

Morphological analysis of dendritic arbors was performed on
maximum Z-projections of collected Z-stack image files. The
arbors were reconstructed using the Simple Neurite Tracer
plugin (Longair et al. 2011) of ImageJ FiJI (http://fiji.sc). Total
dendrite length refers to the summed length of all dendrite
branches from a single neuron reconstruction. Branch points
were determined using the Analyze Skeleton function. Sholl
analysis was performed using the Sholl Analysis feature of the
Simple Neurite Tracer plugin. The class III spiked protrusions
were manually counted using the Cell Counter ImageJ plugin
(http://rsbweb.nih.gov/ij/plugins/cell-counter.html). For time-
lapse imaging, all terminal branch points within the field of
view of projected Z-stacks were compared between consecutive
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time points and scored as growing (extending length), retracting
(shortening length), or stable (no change in length). These events
were counted across all time points over a 30-min period and
summed to determine the number of ‘‘total events.’’ Growth,
retraction, and stable branches were reported as a percentage of
the ‘‘total events’’ sum.

Axon terminal length was quantified as described in Kim et al.
(2013) using the Simple Neurite Tracer plugin of ImageJ FiJI.

Behavioral assay/electrophysiology

All behavioral and electrophysiological experiments were per-
formed as reported previously (Yan et al. 2013). Briefly, for the
gentle touch behavioral response assay, larvae were touched
with an eyelash, and their subsequent behavior was categorically
scored. The summed scores among larvae were averaged and
reported as mean 6 SEM. Extracellular electrophysiological
recordings were performed on class III da neurons visualized by
GAL419-12,UAS-CD4-tdGFP expression while delivering a me-
chanical stimulus by depressing the body wall cuticle a defined
distance increment (intensity) with a sealed glass tip pipet.
During the 1-sec duration of stimulus application, the number
of APs was recorded and reported as the change in AP frequency
(D number of APs) compared with the spontaneous firing rate
1 sec prior to stimulus presentation.

Statistical analysis

Statistical tests for significance were conducted using the SPSS
program. When comparing two groups, a Student’s t-test was
used, whereas when comparingmore than two groups, a one-way
ANOVA followed by a post-hoc Tukey’s test was performed.
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