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Dendrites and axons are two major neuronal compartments with differences that are critical for neuronal functions. To learn about the differ-
ential regulation of dendritic and axonal development, we conducted a genetic screen in Drosophila and isolated the dendritic arbor reduction 1
(dar1) mutants, which display defects in dendritic but not axonal growth. The dar1 gene encodes a novel transcription regulator in the Krüppel-
like factor family. Neurons lacking dar1 function have severely reduced growth of microtubule- but not F-actin-based dendritic branches. In
contrast, overexpression of Dar1 dramatically increased the growth of microtubule-based dendritic branches. Our results suggest that Dar1
promotes dendrite growth in part by suppressing the expression of the microtubule-severing protein Spastin. Our study thus uncovers a novel
transcriptional program for microtubule regulation that preferentially controls dendrite growth.

Introduction
Dendritic and axonal compartments have distinct morphological
features that are fundamental to neuronal functions. During de-
velopment, one neurite of the postmitotic neuron is specified as
the axon, and then the remaining neurites are specified as
dendrites. Subsequently, the developing dendrites and axons
follow separate paths to form two compartments that are dis-
tinct in structure and function. The past several years have
seen substantial progress in the elucidation of the molecular
mechanisms underlying axon specification (Wiggin et al.,
2005; Tahirovic and Bradke, 2009). However, how the den-
dritic and axonal compartments of a neuron diverge in their
development after the postmitotic neuron is polarized re-
mains mostly unknown.

Both the microtubule (MT) cytoskeleton and the intracellular
membrane system have been proposed to be important for the
differential development of dendrites and axons (Baas, 1999; Ye
et al., 2007). Microtubules are oriented differently in dendrites
and axons. In the axons, microtubules are oriented uniformly
with their plus-ends pointing distally, whereas there are micro-
tubules with either orientation in dendrites (Baas et al., 1988). As

microtubules are essential both for transporting molecules and
organelles and for extending neurites, such a differential organi-
zation between dendrites and axons is likely to have profound
impact on separating dendrite and axon development.

The secretory and endocytic pathways of the intracellular
membrane system also contribute to the distinction between
dendrite and axon growth. The rate of endocytosis in dendrites is
much higher than that in the axon (Ye et al., 2007). This leads
to a greater demand of membrane supply since the vast ma-
jority of the endocytosed plasma membrane are returned to
the soma (Parton et al., 1992). Indeed, when the secretory
pathway function is compromised as a result of mutations in
key regulators such as Sar1, the dendritic growth is preferen-
tially reduced (Ye et al., 2007). Furthermore, dendritic but not
axonal growth is altered by disruption of PKD (protein kinase
D) function, which regulates membrane protein exit from
trans-Golgi network (Yeaman et al., 2004), via overexpression
of a dominant-negative form (Horton et al., 2005). It thus
seems likely that the membrane and membrane proteins re-
quired for dendritic or axonal growth are sorted in the trans-
Golgi network.

How the microtubule cytoskeleton and the intracellular mem-
brane system are regulated to contribute to the differential devel-
opment of dendrites and axons is unknown. Through a genetic
screen in Drosophila, we isolated the dendritic arbor reduction 1
(dar1) complementation group that displays specific defects in
dendrite development (Ye et al., 2007). The dar1 gene encodes a
novel member of the Krüppel-like factor (KLF) family, which
regulates gene transcription. We show that dar1 is a critical
regulator of dendritic microtubule cytoskeleton. Our results
also suggest that Dar1 promotes dendrite growth in part by
suppressing the expression of the microtubule-severing pro-
tein Spastin. These findings lend support to the notion that
dendrite and axon development are controlled by partly non-
overlapping genetic programs.
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Materials and Methods
Mosaic analysis with a repressible cell marker analyses. For mosaic analysis
with a repressible cell marker (MARCM) analysis of dar1 mutations, the
elav-Gal4, hsFLP, UAS-mCD8::GFP; tubP-Gal80, FRT2A virgins were
mated with males of dar1, FRT 2A/TM6B, Tb. Eggs collected over a 2 h
period were allowed to develop for another 3 h before heat shock at 38°C
for 1 h. Third-instar larvae were then selected under a fluorescence ste-
reomicroscope for green fluorescent protein (GFP) fluorescence in the
peripheral nervous system (PNS), and were subsequently dissected to
make fillet preparation for immunostaining. These fillets were double
stained with anti-mCD8 to label mosaic clones and a pan-neuronal
marker, anti-HRP, to identify neurons. Only clones in abdominal seg-
ment 4 – 6 (A4 – 6) were imaged for quantitative analyses of the dendrites
and only those in A5–7 were used for measurements of axon terminals to
ensure consistency.

To overexpress Knot in dar1 mutant neurons with MARCM, we
crossed hsFLP; GAL421-7, UAS-mCD8::GFP; tubP-Gal80, FRT2A flies and
UAS-knot; dar13010/TM6B, Tb flies.

Flip-out analysis. Flies carrying hsFLP; ppk-GAL4, UAS-FRT-CD2stop-
FRT-CD8::GFP were mated with flies carrying UAS-Dar1 or T32 (UAS-
Spastin). Eggs collected for 2 h were allowed to develop for 24 h before heat
shock. Third-instar larvae were then selected for single Flip-out clones, dis-
sected to expose the ventral nerve cord, and immunostained with a chicken
anti-GFP (Aves) and mouse anti-CD2. Stained samples were imaged with a
Leica SP5 confocal system.

Generation of germline clones deficient for dar1. To remove the possible
maternal contribution of Dar1, we crossed hs-flp; dar13232, FRT 2A/TM3,
Sb virgins and w/Y; OvoD, FRT 2A/TM3, Sb males. Eggs were collected for
24 h, aged for 24 more hours, and heat-shocked for 1 h at 37°C for 2–3 d
to induce germline clones that are homozygous mutant for dar13232. The
non-TM3, Sb virgins of the progeny (hs-flp/w; dar13232, FRT 2A/OvoD,
FRT 2A) were then mated with dar13010, ppk-eGFP/TM3, Sb, Krüppel-
GFP males. We confirmed that the OvoD, FRT 2A chromosome is dom-
inant sterile. Hence, all the progeny received maternal contribution from
dar13232 germline clones. The progeny embryos were then imaged with a
confocal microscope for analyses of dendrite and axon morphology. The
dar1 heterozygotes can be easily distinguished by the presence of
Krüppel-GFP in the balancer chromosome and the lack of ppk-eGFP.
Because the progeny genotype is dar13232, FRT 2A/dar13010, ppk-eGFP,
they are also incapable of zygotic production of wild-type Dar1.

Generation of anti-Dar1 antibody and immunostaining of Drosophila
embryos. The EcoRI-XhoI fragment of CG12029 cDNA, which encodes
127 aa from P164 to E290, was digested from expressed sequence tag
clone IP01101 and inserted into the glutathione S-transferase (GST)-
expression vector pGEX4T3. This construct was then transfected into
bacteria BL21 for expressing GST-fusion protein. GST-fusion protein
was purified with glutathione-agarose (Sigma-Aldrich) according to the
manufacturer’s instructions. The GST-fusion protein was injected into
guinea pigs to generate antiserum against Dar1 (Cocalico Biologicals).
Immunostaining of embryos was performed following the procedure
described by Patel (1994).

Generation of Dar1 transgenic fly lines. To generate UAS-Dar1 trans-
genic lines, CG12029 cDNA was subcloned into the transformation vec-
tor pUAST and injected into w1118 embryos, together with a DNA
construct encoding the transposase �2-3 (Rubin and Spradling, 1982).
To generate the genomic-cDNA hybrid transgene for rescuing dar1 mu-
tants, we fused CG12029 cDNA to a 2182 bp genomic DNA (putative
native promoter) upstream of the putative transcription initiation site of
CG12029, and subcloned it into the transformation vector pW8.

Real-time PCR with purified Drosophila PNS neurons. PNS neurons la-
beled by the marker GAL4[21-7], UAS-mCD8-GFP was dissociated from
embryos and then purified by flow cytometry. The embryos were collected
for 2 h and aged for an additional 14 h before dissociation. After, the chorion
was removed with 50% bleach followed by extensive rinses with water. The
embryos were broken apart in ice-cold Drosophila Schneider’s insect me-
dium (DSM) (Invitrogen) containing 1 U/�l RNase-Out (Invitrogen) by
several gentle strokes with a Potter-Elvehjem grinder. The suspension was
filtered through a 100 �m cell strainer (Falcon; BD Biosciences Discovery

Labware), washed with DSM, and incubated with Liberase Blenzyme
(Roche) for 30 min at 30°C. Dissociated cells were filtered through a 40 �m
cell strainer. 4�,6-Diamidino-2-phenylindole (DAPI) was added and incu-
bated for 30 min to label dead cells. GFP-positive but DAPI-negative cells are
sorted by BD FACSVantage SE.

GFP-positive cells were collected for total RNA extraction with the
Absolute RNA Miniprep kit (Stratagene). First-strand cDNA was synthe-
sized from the total RNA of wild-type and dar1 �/� PNS neurons with the
SuperScript III First-Strand Synthesis SuperMix (Invitrogen) and used as
the templates for real-time quantitative PCR. The ABsolute QPCR SYBR
Green ROX mix was used for real-time PCR with the Applied Biosystems
7300 system. Gene-specific primers were included in the PCR to detect
the levels of the transcripts. A pair of primers specific for Chmp1, which
encodes the chromatin modifying protein 1 (Stauffer et al., 2001), was
used as the control because there was no change in Chmp1 transcripts
between wild-type and dar1 neurons.

Imaging, image processing, and quantification of dendrites and axons.
Live imaging of Drosophila embryos and larvae were performed with a
Bio-Rad MRC-600 confocal microscope with a 40� objective lens. Stain-
ing of embryos and third-instar larval fillets was imaged with a Leica TCS
SP5 confocal microscope (Leica Microsystems). The Neurolucida soft-
ware (Visage Imaging) was used to quantify the length of dendrites and
axons and to perform the Sholl analysis.

Results
Dar1 specifically controls dendrite development
We identified several mutants that displayed preferential defects
in the dendrites but not the axons of dendritic arborization (da)
sensory neurons through a genetic screen in Drosophila (Ye et al.,
2007). These mutations include critical components of the early
secretory pathway (Ye et al., 2007), thereby revealing a distinct
sensitivity of growing dendrites to changes in the endoplasmic
reticulum-to-Golgi transport. We have conducted additional
analysis of another gene, dar1, and confirmed its specific function
in dendritic growth.

We first took advantage of the highly selective expression of
pickpocket ( ppk)-eGFP transgenic marker in class IV da neurons
to examine the dendrite and axon development of the dar1 mu-
tant neurons (Grueber et al., 2003). Two alleles of the dar1 com-
plementation group, dar13010 and dar13232, were isolated from the
screen. In both dar1 mutants, major dendrites of class IV da
neurons were either missing or shortened, consequently resulting
in a reduced dendritic arbor (Fig. 1A). In contrast, the axonal
growth of these neurons was normal (Fig. 1A).

We also examined dendrite development in class I da neurons,
which have the simplest dendritic arbor among all four classes
and can be visualized by using the GAL4 2-21 driver and found the
dendrites of class I da neurons were also severely shortened (Fig.
1B). Thus, the dendrite defects in dar1 mutants are not restricted
to class IV da neurons.

Similar to most types of neurons, Drosophila da neurons start
to extend axons several hours before dendritic growth starts. To
test the hypothesis that maternally contributed wild-type Dar1
protein is sufficient to support the axonal development but not
the subsequent dendritic development, we removed the possible
maternal contribution of Dar1 by generating germline clones
mutant for dar1 in the mothers. We examined the embryos that
are derived from such homozygous mutant germline clones and
also bear two zygotic mutant alleles of dar1. These embryos with
both maternal and zygotic dar1 mutations are totally devoid of
Dar1 (see Materials and Methods). To visualize the class IV da
neurons, we incorporated a ppk-eGFP marker into this mosaic anal-
ysis. As shown in Figure 1C, removing potential maternal Dar1 as
well as zygotic Dar1 from the embryos led to the same phenotype as
the zygotic mutant phenotype, that is, the dendrites were reduced
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but the axons were normal. These results confirm that Dar1 specifi-
cally controls dendrite but not axon development.

To determine whether the dendrite phenotype of dar1 mu-
tants is a result of defective outgrowth or enhanced retraction of
existing branches, we examined dendrite development at the ear-
liest time point possible given the existing markers. Expressing
mCD8::GFP with the pan-da neuron GAL4 driver GAL4 109-2-80

allowed us to visualize dendrites as early as 16 –17 h after egg
laying (AEL), when da neurons normally extend a few short den-
drites (Gao et al., 1999). Dendrite defects were visible at this early
stage of development and became more pronounced in 18 –19 h

AEL (Fig. 1D). These results suggest that
dar1 mutations cause reduced outgrowth
of dendrites.

Dar1 functions cell-autonomously to
control dendrite development
To determine whether the dendrite-
specific defects in dar1 mutants were at-
tributable to defective dar1 gene in the
neurons or the surrounding tissues, we
performed MARCM. This analysis allows
us to generate individual neurons that are
homozygous for dar1 mutation and ex-
press a transgene such as GFP in a
heterozygous animal (Lee and Luo, 1999).

Single neurons homozygous for dar1
mutation exhibited severely reduced den-
dritic arbors (Fig. 2A), supporting the no-
tion that dar1 functions cell-autonomously.
MARCM analysis also allowed us to exam-
ine the functional requirement of dar1 in all
four classes of da neurons. We found that, in
all four classes of da neurons, dendrites were
dramatically reduced by the dar1 mutation
(Fig. 2A). Compared with the dendrite
lengths of control da neurons, namely
1304.6 � 120.6 �m (mean � SEM) (n �
23) for class I (ddaD&E), 1126.2 � 42.1 �m
(n � 9) for class II (ddaB), 2582.0 � 147.6
�m (n � 7) for class III (ddaA), and
17,788.6 � 444.5 �m (n � 7) for class IV
(ddaC), the total dendritic length in dar1
mutant neurons was dramatically reduced
to 259.5 � 147.3 �m (n � 9) for class I,
549.7�32.6 �m (n�4) for class II, 627.6�
162.6 �m (n � 3) for class III (excluding the
dendritic filopodia), and 6498.2 � 581.7
(n � 11) for class IV ( p � 0.01 for all neu-
ron types, t test).

We also analyzed the axonal develop-
ment of da neurons with the MARCM
technique and quantified the axon termi-
nal projections of the class IV da neurons.
In contrast to dendrites, there was no sig-
nificant defect in axonal growth in dar1
mutant neurons (Fig. 2B). The axon ter-
minal length of single class IV neuron
ddaC in abdominal segment 5–7 was
68.4 � 4.2 �m (mean � SEM) (n � 21) in
wild-type and 70 � 7.0 �m (n � 9) in dar1
mutant neurons ( p � 0.84, t test).

MARCM analysis was also applied on
the mushroom body neurons (Lee and Luo, 1999) to determine
whether dar1 might be involved in the development of central
neuron dendrites. We found no obvious defects (data not
shown), consistent with our finding that Dar1 is not expressed in
the CNS (see below).

Dar1 encodes a novel Krüppel-like factor
To identify the gene responsible for the dar1 phenotype, we first
performed recombination mapping using the commonly used ru
h th st cu sr e ca (rucuca) chromosome, which carries eight visible
recessive markers on chromosome 3. For both dar13010 and dar13232

Figure 1. dar1 specifically controls dendrite development. A, The class IV da neurons display reduced dendritic growth but
normal axonal growth in both dar13010 and dar13232 mutant embryos. Dendrites and axons were live-imaged with the class IV da
neuron-specific marker ppk-eGFP. The dendritic morphology of single class IV neurons is shown in the top panels, and the axonal
terminals of these neurons, located in the ventral nerve cord, are show in the bottom panels. The ladder-like structures of the axons
are formed by all class IV neurons (6 in each segment). B, The class I da neurons display reduced dendritic growth in dar1 mutant
embryos. Dendrites were delineated with the marker GAL4 2-21, UAS-mCD8-GFP. Because of the lack of a specific marker for class I
da neurons, axon morphology of these neurons cannot be assessed in embryos. C, Dar1 mutant embryos without any potential
maternal and zygotic contributions of Dar1 display the same dendrite and axon phenotype as zygotic dar1 mutants. The class IV da
neurons were visualized with the ppk-eGFP marker. D, The dendrite phenotype of dar1 mutants is a result of defective outgrowth.
Dendrite defects were visible at 16 –17 h AEL shortly after the initiation of dendrite growth, the earliest time point that can be
imaged with the marker GAL4 109-2-80, UAS-mCD8-GFP, and became more pronounced in 18 –19 h AEL.
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alleles, a lethal mutation between ru and h was responsible for the
dendrite defects. We then conducted complementation tests be-
tween dar1 alleles and the genomic deficiencies (Df) in this region
(Fig. 3A) and found that dar1 mutations lie in between CG14974
and CG10855. Results from site-specific male-recombination
mapping (Chen et al., 1998) with the P-element KG07161 (Drys-
dale and Crosby, 2005), which is inserted distal to CG12006, also
suggest dar1 is distal to CG12006 (data not shown). This mapping
result was further confirmed by a recombination mapping with
P-element insertions EY11305 and EY01819 (Fig. 3A).

We sequenced the predicted exons of CG12029 and CG10862
as well as the neighboring genes CG14974, CG10858, CG32264,
and CG10855, and found mutations that alter the coding regions
in CG12029 only. In both dar13010 and dar13232, there was a
unique nonsense mutation that generates a premature stop
codon so that a fragment of only the N-terminal half of the pro-
tein can be produced (Fig. 3B). Previously, a genetic screen iden-
tified a number of lethal mutations within the 63E-64 genomic
region (Harrison et al., 1995). We performed complementation
tests between these mutants and dar1 alleles and found that the
mutant l(3)63EdD6 failed to complement the dendrite defects and
lethality of dar13010 and dar13232. These results suggest that
l(3)63EdD6 is allelic to dar1, and we thus renamed this lethal
mutation dar1D6. Similar to dar13010 and dar13232, dar1D6 carries
a nonsense mutation, which leads to a premature stop codon

after approximately two-thirds of the protein coding sequence
(Fig. 3B). In addition to dar1 D6, we also found that the lethal
piggyBac insertion PBac(WH)f06798 failed to complement the
lethality and dendrite defects of dar1. PBac(WH)f06798 is re-
ported to be inserted between exons 2 and 3 of CG12029 (Thi-
bault et al., 2004), which we confirmed by inverse PCR. This
again confirmed that the dar1 gene is CG12029.

To determine whether the dendrite defects caused by dar1
mutations could be rescued by expressing wild-type CG12029,
we generated a transgenic line that carries the CG12029 cDNA
fused to a 2182 bp genomic DNA upstream of the putative tran-
scription initiation site of CG12029. This genomic-cDNA hybrid
transgene rescued the dendrite defects in both class IV (Fig. 3C)
and class I (data not shown) neurons mutant for dar1, further
confirming that CG12029 is the dar1 gene.

Sequence analysis with the basic local alignment search tool
suggests that CG12029 encodes a novel Krüppel-like factor in
Drosophila. The hallmark of KLFs is the presence of three zinc
fingers in the C-terminal domain after a nuclear localization sig-
nal (NLS). The sequences before the NLS are highly variable
among family members. Dar1 contains all three zinc fingers and
an N-terminal fragment that displays little homology to any other
protein in fly or mammalian genome (Fig. 3D). The closest mam-
malian homologs of Dar1, based on the zinc finger alignments,
are transcription factor KLF5 and 7. Dar1 and KLF5 also share a

Figure 2. dar1 functions cell-autonomously to specifically control dendrite development. A, MARCM clones of da neurons homozygous for dar1 mutation. a– d, Control neurons. e– h, dar1
mutant neurons. B, Axonal growth of dar1 mutant neurons is normal. The axons of the dar1 mutant neurons not only extended normally from the body wall to the ventral nerve cord, which is�1700
�m away (Ye et al., 2007), but also developed terminals that are indistinguishable from those of wild-type neurons. Shown in the figure are the axonal terminals of a wild-type and a dar1 mutant
class IV neuron ddaC in abdominal segment 6.
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stretch of amino acids before the zinc finger region, including a
PY motif that could bind E3 ubiquitin ligase and is responsible for
ubiquitin-mediated degradation of KLF5 (Chen et al., 2005). The
NLS and zinc fingers are absent in the dar13010, dar13232, and
dar1D6 alleles because of their premature stop codons.

We then generated antibodies against Dar1 and performed
immunostaining in embryo to study its expression pattern. Dar1
was highly enriched in the PNS and absent in the CNS (Fig. 4A).
Interestingly, Dar1 was present in neurons that elaborate more
than one primary dendrite, including da neurons, bd neurons,
and the dmd1 neuron, but undetectable in neurons with single
dendrites, such as external sensory organ (es) neurons and cho-
dotonal neurons (Fig. 4B). In addition to PNS, Dar1 immunore-

activity was also observed at low levels in non-neuronal cells at
the segmental borders and part of the hindgut (data not shown).
In all the cells that express Dar1, Dar1 was localized to the nu-
cleus, consistent with the role of KLFs as transcriptional
regulators.

The antigen used for raising the antibody is a GST-fusion
protein of the distinctive N-terminal fragment of Dar1. In the
dar13010, dar13232, and dar1D6 mutant embryos, this fragment
might still be present. Consistent with this, immunostaining re-
vealed that the Dar1 antigen became cytoplasmic because of the
loss of the NLS (Fig. 4C). We subsequently generated another
allele, dar1sy, by random mutagenesis with diepoxybutane and
selecting for its failure to complement the dar13010 allele. This muta-

Figure 3. dar1 encodes a novel Krüppel-like factor. A, Genome view of the dar1 locus. Both Df(3L)GN34 and Df(3L)�EY01819 failed to complement lethality and dendrite defects, whereas
Df(3L)R75 complemented both lethality and dendrite defects. The distal breakpoint of Df(3L)GN34 lies in between CG14974 and CG12029, and the proximal breakpoint of Df(3L)�EY01819 is in
encore. The distal breakpoint of Df(3L)R75 lies in between CG32264 and CG10855. These results suggest that dar1 mutations lie in between CG14974 and CG10855. Recombination mapping with
P-element insertions suggested that Dar1 is 0.08 cM proximal to the P-element insertion of EY11305 (in Eip63E), 0.5 cM distal to KG07161 (in CG12006 ), and 0.6 cM distal to EY01819 (in encore). B,
The domain scheme of the protein product of CG12029. There are three zinc fingers in the C-terminal domain preceded by a NLS. dar13232, dar13010, and dar1D6 each carries a unique nonsense
mutation in CG12029, which leads to truncation of the coding sequence [marked by an asterisk (*)]. C, A genomic-cDNA transgene rescues the dendrite defects of dar1 mutants. Homozygous dar1
mutant larvae carrying the rescue transgene were imaged at early third-instar stage. The bar chart presents the quantification of dendrite length in early third-instar larvae. **p � 0.01; N.S., not
significant ( p 	 0.05, t test). Error bars indicate SEM. D, Amino acid sequence comparison of the zinc fingers of Dar1, mouse KLF5 (mKLF5), mouse KLF7 (mKLF7), and mouse (mKLF9). The numbers
in the parentheses after the mouse KLFs indicate sequence similarity between each mouse KLF and Dar1. Residues identical in all four proteins are marked with yellow background. Those conserved
in some of the four proteins are shown in light blue background. Residuals similar to the conserved ones are shown in pink background. Dar1 and mKLF5 also share a stretch of amino acids upstream
of the zinc finger region, which is not shown here.
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tion turned out to be a deletion that re-
moved CG12029 in addition to CG14947.
There was no detectable immunostaining in
the embryos of this allele (data not shown),
confirming the specificity of the antibody.

Dar1 preferentially
regulates microtubules
The da neurons in Drosophila PNS offer a
wealth of features for analyzing different
aspects of dendrite development, includ-
ing different compositions of microtubule
and actin cytoskeleton in different types of
dendritic branches. The class III da neu-
rons have characteristic dendritic filopodia
(also termed “dendritic spikes”) (Grueber
et al., 2002), which are distributed along
major dendrites and are usually straight
and devoid of additional branching. These
dendritic spikes are enriched with filamen-
tous actin (F-actin) and are essentially free
of microtubules (Andersen et al., 2005;
Jinushi-Nakao et al., 2007). In contrast, the
major dendrites of the same neurons are en-
riched with microtubules and contain
F-actin at a level much lower than that in the
dendritic spikes. The separation of F-actin-
and microtubule-based dendritic branches
allowed us to investigate the effect of dar1 mu-
tations on these two types of cytoskeleton.

Although the major dendrites were dramatically reduced by
�75% in the class III da neurons mutant for the dar1 gene (Fig.
2A), the density of dendritic spikes was much less affected. The
densities of dendritic spikes were 1.9 � 0.4 (n � 8) and 1.3 � 0.4
(n � 6) per 10 �m of major dendrite (mean � SD) in wild-type
and dar1 mutant class III da neurons ( p � 0.04, t test), respec-
tively. This raised the possibility that dar1 preferentially regulates
microtubule cytoskeleton. To test this hypothesis, we overex-
pressed Rac1 in class I da neurons mutant for dar1. Rac1 is a small
GTPase that regulates actin cytoskeleton. Overexpression of Rac1
(OE Rac1) in many neuron types, including the da neurons (Lee
et al., 2003; Emoto et al., 2004), leads to hyperbranching of den-
drites. The dar1 mutations did not block the branching activity of
Rac1 (Fig. 5A,B), suggesting that Dar1 is not required for regu-
lating actin-cytoskeleton.

To further test whether Dar1 is capable of promoting MT
growth, we generated transgenic lines to express Dar1 in da neu-
rons. Overexpressing Dar1 (OE Dar1) with the driver GAL4 4-77

caused dramatic overgrowth of dendrites in the class IV da neu-
rons in early third-instar larvae (Fig. 5C). Control neurons had
350.2 � 14.0 (mean � SEM; n � 6) branch points, excluding the
dendrites around the segmental borders where dendrites of dif-
ferent neurons intermingle. In contrast, neurons overexpressing
Dar1 had 930.7 � 17.3 (n � 6) branch points ( p � 0.01, t test).
Similarly, the total dendritic length of control neurons, excluding
the dendrites around the segmental borders, was 9159.0 � 217.0
�m (n � 6), whereas that of neurons overexpressing Dar1 was
18,044.0 � 278.8 �m (n � 6) ( p � 0.01, t test). These results
suggest that Dar1 is not only necessary but also sufficient for
promoting dendritic growth. Sholl analysis showed that the in-
crease in branch number and length took place throughout the
dendritic fields rather than being restricted to particular regions

(Fig. 5D). No change in the size of dendritic fields or dendritic
tiling was observed.

We also used the Flip-out technique (Jiang and Struhl, 1995) to
study the effects of overexpressing Dar1 on class IV da neuron axons.
In contrast to its effects on dendrites, overexpression of Dar1 did not
significantly affect axon growth. The axon terminal length of wild-
type class IV neurons was 68.4 � 4.2 �m (mean � SEM) (n � 21),
and that of class IV neuron overexpressing Dar1 was 77.7 � 5.7 �m
(n � 26) in dar1 mutant neurons ( p � 0.21, t test).

Overexpressing Dar1 in class I da neurons also dramatically
increased dendrite growth (data not shown). Strikingly, when
Dar1 was overexpressed in the class III da neurons, we observed
an increased number of long curvy terminal branches (Fig. 6) that
are reminiscent of microtubule-containing branches.

To directly visualize microtubule and F-actin in the class III da
neurons overexpressing Dar1, we made use of tubulin-GFP and the
F-actin marker GMA. GMA is a chimeric protein with the actin
binding domain of Drosophila moesin fused to the C terminus of
GFP (Dutta et al., 2002) and is enriched at the dendritic spikes of
class III da neurons (Andersen et al., 2005; Jinushi-Nakao et al.,
2007). Overexpressing Dar1 in class III da neurons led to the pres-
ence of MT in the ectopic terminal branches (Fig. 6). No enrichment
of F-actin was observed in these branches (data not shown), suggest-
ing overexpression of Dar1 promoted the growth of microtubule-
containing major dendrites but not the F-actin-enriched filopodia.

Together, these results suggest that dar1 preferentially regu-
lates microtubule cytoskeleton to mediate its specific control of
dendrite growth.

Dar1 restricts the expression of the microtubule-severing
protein Spastin
The microtubule-severing protein Spastin has been found to
regulate dendrite development in Drosophila da neurons

Figure 4. Localization of Dar1 protein in wild-type and dar1 mutant embryos. Stage 13 embryos were stained with antibodies
against Dar1 (green) and neuron-specific transcription factor Elav (magenta). A, Immunostaining of a wild-type embryo showing
that Dar1 protein is present in the PNS but absent in the CNS. B, Immunostaining of the dorsal cluster of the PNS. Dar1 is present in
the nuclei of neurons extending more than one dendrite (the da neurons, dbd neuron, and dmd1 neuron) but is absent in neurons
having a single dendrite (es neurons). C, Cytoplasmic rather than nuclear Dar1 immunoreactivity in dar1D6 mutant embryos
carrying a premature stop codon preceding the coding sequences for the NLS and zinc fingers. The immunosignal in each neuron
occupies a larger area than that of the nuclear staining in wild-type animals.
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(Jinushi-Nakao et al., 2007). Because Dar1 preferentially reg-
ulates microtubule-based dendritic growth, we asked whether
Dar1 could regulate Spastin expression. Currently, no antibody
against Drosophila Spastin provides sufficient sensitivity to detect
endogenous Spastin protein level. We therefore determined the
levels of Spastin transcripts in dar1 mutant neurons by quantita-
tive real-time PCR (qPCR). The qPCR technique was preferred to

other techniques, such as in situ hybrid-
ization, for both consistency in quantifi-
cation and sensitivity. Total RNA was
extracted from purified da neurons of
dar1 mutant embryos as well as from
those of wild-type embryos. Real-time
PCR was used to compare the amounts of
Spastin transcripts between wild-type and
dar1 mutant da neurons. The levels of
Spastin transcripts were significantly ele-
vated in dar1 mutant neurons. Tran-
scripts from dar1 mutant neurons on
average took 1.44 less PCR cycles to reach
the threshold cycle (Ct) for amplifying
Spastin than those from wild-type neu-
rons (n � 4; p � 0.05, t test), suggesting a
3.2-fold increase in Spastin transcript level
in dar1 mutant neurons. In contrast, there
is no difference in the Ct for amplifying
the chromatin modifying protein 1
(Chmp1) (Stauffer et al., 2001) between
wild-type and dar1 mutant neurons.

Consistent with the reduced dendrite
phenotype in dar1 mutants, upregulation
of Spastin with the EP insertion T32
(SpaT32), which is known to cause a modest
overexpression (Sherwood et al., 2004),
led to a dramatic reduction in both total
dendritic length and branch number (Fig.
7A). Whereas the total dendritic length in
wild-type class IV neurons was 17,789 �
444.5 �m (mean � SEM) (n � 7), it was
reduced to 10,582 � 580.3 �m (n � 4) in
neurons overexpressing Spa T32 ( p � 0.01,
t test). Similarly, the number of branch
points was reduced from 767.9 � 22.8 in
wild-type (n � 7) to 403.3 � 43.5 in
Spa T32-overexpressing neurons ( p �
0.01, t test).

These results together suggest that Dar1
restricts the expression of Spastin either
directly or through a transcription repres-
sor, allowing dendrite growth. Different
from dar1 mutants, Spastin upregulation
by expressing Spa T32 also resulted in a
mild yet significant reduction in axonal
growth from 68.4 � 4.2 �m (n � 21) in
wild-type class IV neurons to 55.2 � 2.1
�m (n � 17) in Spa T32-expressing neu-
rons ( p � 0.05, t test).

The Collier/Olf1/EBF family tran-
scription factor Knot has been proposed
to regulate Spastin expression and pro-
motes microtubule-based dendrite growth
in class IV da neurons (Jinushi-Nakao et
al., 2007). We asked whether Dar1 and

Knot genetically interact to control dendrite development. Over-
expressing Knot (OE Knot) in class I da neurons, which have the
simpler dendritic arbors, leads to an increase in dendrite growth
(Hattori et al., 2007; Jinushi-Nakao et al., 2007). We expressed
Knot in single class I da neurons using the MARCM technique
and observed significant increase in total dendrite length (Fig.
7B). In contrast, when Knot was expressed in neurons with dar1

Figure 5. dar1 is not required for forming F-actin-enriched dendritic filopodia. A, Representative images showing that dar1
mutations do not block filopodium formation induced by overexpressing Rac1. GAL4 2-21 was used to drive the expression of
mCD8-GFP and Rac1 in class I da neurons. B, Quantification of terminal branch number per 100 �m of major dendrites. Note that
class I neurons in dar1 mutant embryos display increased number of terminal branches that are transient as they disappear in larval
stages and are not visible in MARCM clones. *p � 0.05, t test. Error bars indicate SEM. C, Overexpression of Dar1 results in
overgrowth of dendrites. Representative images of control and Dar1-overexpressing (“OE Dar1”) class IV da neuron. GAL4 4-77 was
used to express mCD8-GFP and Dar1 in class IV da neurons. Images were collected from early third-instar larvae. D, Sholl analysis
of the dendritic morphology of control and Dar1-overexpressing class IV da neurons. Diamond, Control neurons; dot, Dar1-
overexpressing neurons.
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mutation, the dendrites were severely re-
duced (Fig. 7B). To test whether Knot reg-
ulates Dar1 expression, we examined
Dar1 protein levels by immunostaining in
class I neurons and found no difference
between control neurons and neurons
overexpressing Knot. The mean intensity
of Dar1 immunofluorescence was 88.1 �
5.7 (arbitrary unit; n � 12) in control neu-
rons and 80.6 � 5.7 (n � 12) in neurons
overexpressing Knot ( p � 0.36, t test).
Therefore, it is unlikely that Knot controls
class IV dendrite development by regulat-
ing Dar1 expression.

Discussion
In this study, we show that a novel molecule
in the KLF family of transcriptional reg-
ulators, Dar1, regulates the microtubule
cytoskeleton during the differential de-
velopment of dendrites and axons. Dar1 is
specifically required for dendritic growth.
Neurons lacking dar1 function exhibit re-
duced growth of microtubule-based den-
dritic branches. However, overexpression of
Dar1 in neurons increased the growth of
microtubule-based dendritic branches.
Dar1 suppresses the expression of the micro-
tubule-severingproteinSpastin,eitherdirectly
or indirectly. Upregulation of Spastin expres-
sion leads to a dendrite phenotype similar to
that observed in dar1 mutant neurons.

Transcriptional programs that
differentiate dendrite and
axon development
Substantial progress has been made in the
past several years on the specific regulation of axon growth. The
anaphase-promoting complex (APC) and its activator Cdh1
form a multiunit complex of ubiquitin ligase in the nucleus of
cerebellar granule cells to specifically restrict axon growth (Konishi
et al., 2004). This function of Cdh1-APC requires the transcrip-
tional repressor SnoN, which is a target of the ubiquitin-
dependent degradation mediated by Cdh1-APC (Stegmüller et
al., 2006). SnoN in turn requires a scaffold protein Ccd1 to pro-
mote axon growth (Ikeuchi et al., 2009). The TGF�-regulated
signaling protein Smad2 plays an important role in regulating the
Cdh1-APC-SnoN (Stegmüller et al., 2008).

Neural activities can specifically induce dendrite growth by
activating transcription factors. In cerebellar granule cells,
knockdown of calcium/calmodulin-dependent protein kinase
II� (CaMKII�) or the transcription factor NeuroD results in
reduced growth of dendrites but not axons (Gaudillière et al.,
2004). CaMKII� phosphorylates NeuroD in response to neural
activities. Moreover, synaptic activity-induced dendritic growth
can be blocked by reducing NeuroD level, suggesting that CaM-
KII and NeuroD mediate the dendritic growth promoted by syn-
aptic activity.

In this study, we have identified a novel transcriptional pro-
gram that is specifically involved in the development of dendrites.
Whereas whether Dar1 plays a role in activity-dependent den-
dritic growth remains to be determined, Dar1 is likely to be part
of the activity-independent transcription program that controls

dendrite growth in early development before the exposure to
sensory inputs or the establishment of neuronal circuits, because
the dendrite defects were observed soon after the initiation of
dendritic growth in embryo (Gao et al., 1999) (Fig. 1D). The fact
that dar1 is both necessary and sufficient for dendrite growth
suggests that it may determine multiple aspects required for den-
drite development. Indeed, although dar1 is specifically involved
in dendrite growth and is likely a regulator of Spastin expression,
Spastin is involved in both dendrite and axon development. This
raises the possibility that Dar1 also controls the expression of
other molecules which suppresses Spastin function in the axon. It
will be interesting to identify such mechanisms by systematically
identifying downstream molecules of Dar1.

The microtubule-severing protein Spastin in dendrite and
axon development
Microtubule severing by Katanin and Spastin is important for
axon and dendrite development (Yu et al., 1994; Jinushi-Nakao et
al., 2007; Lee et al., 2009), possibly by keeping microtubules suf-
ficiently short to be efficiently transported into developing neu-
rites (Ahmad et al., 1999) or by creating more free ends of
microtubules to interact with other proteins in developing pro-
cesses. The Spastin gene, which encodes a microtubule-severing
protein, is mutated at high frequency in autosomal dominant
hereditary spastic paraplegia (Hazan et al., 1999). RNA interfer-
ence (RNAi)-mediated knockdown of Spastin leads to reduced

Figure 6. Dar1 promotes microtubule-based dendritic growth. F-actin marker GMA (green channel in left column) and micro-
tubule marker tubulin-GFP (green channel in middle and right columns) were expressed in the class III neuron ddaA together with
the membrane marker mCD8-mRFP (red channel in all three columns) for dendritic morphology by the driver GAL4 19-12. The blue
arrowheads point to several examples of the dendritic spikes, which are enriched with GMA (F-actin) but lack tubulin-GFP.
Overexpression of dar1 leads to elongated branches that contain tubulin-GFP.
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axon length in cultured hippocampal neurons from rats (Yu et
al., 2008) and reduced dendrite growth in Drosophila da neurons
in vivo (Jinushi-Nakao et al., 2007). Overexpression of Spastin in
cultured hippocampal neurons has no effect in total axon length
although results in increased branch numbers (Yu et al., 2008). In
Drosophila neuromuscular junction, loss-of-function mutant of
spastin exhibits an increase in synaptic bouton number but a
reduction in bouton size (Sherwood et al., 2004). In the present
studies, we found that overexpressing Spastin dramatically re-
duced dendrite growth in Drosophila da neurons. The fact that
both RNAi knockdown and overexpression of Spastin lead to
reduced dendrite growth is consistent with the notion that proper
Spastin levels are important for neurite growth (Riano et al.,
2009). We also observed a slight reduction in axonal length in da
neurons on overexpressing Spastin. Our in vivo technique does
not provide enough resolution to determine whether there is an
increase in the number of fine branches of the axons (Yu et al.,
2008). It is possible that PNS (this study) and CNS neurons
(Sherwood et al., 2004) require distinct levels of Spastin for

proper axon development. Alternatively,
there might be a difference between mam-
malian and fly neurons in their require-
ment of Spastin for axon development.

The different phenotypes in axon de-
velopment between dar1 mutants and
Spastin overexpression may be explained
by additional factors regulated by Dar1
(Fig. 7D), which inhibits Spastin func-
tions in the axon. It is known that
microtubule-associated proteins (MAPs),
such as Tau, can shield microtubules from
being severed by the severing proteins (Yu
et al., 2008). In addition, microtubule-
severing abilities of the severing proteins
are also influenced by posttranslational
modifications of tubulin (Riano et al.,
2009). It is possible that Dar1 also regu-
lates MAPs and/or posttranslational mod-
ification of tubulin in concert with Spastin
expression.

Little is known about how the expres-
sion of Spastin is controlled. Our results
suggest that Dar1, either directly or indi-
rectly, suppresses the transcription of
Spastin. As proper Spastin levels are im-
portant for neurite growth (Riano et al.,
2009), it is likely that Dar1 is required for
maintaining proper levels of Spastin in
neurons for dendrite growth. In Drosoph-
ila, the Collier/Olf1/EBF (COE) family
transcription factor Knot, which is ex-
pressed in the class IV (Hattori et al., 2007;
Jinushi-Nakao et al., 2007; Crozatier and
Vincent, 2008) but not other classes of da
neurons, has been proposed to positively
regulate Spastin expression as overex-
pressing Knot increases Spastin transcrip-
tion (Jinushi-Nakao et al., 2007). Ectopic
expression of Knot in the class I da neu-
rons, which normally have the simplest
dendritic arbors among the four classes of
da neurons, leads to dendrite overgrowth
(Hattori et al., 2007; Jinushi-Nakao et al.,

2007). However, overexpressing Spastin in class I neurons did not
result in dendrite overgrowth that resembles that caused by Knot
overexpression (data not shown). This raises the possibility that,
in the class I neurons, Knot induces the expression of other fac-
tors together with Spastin to cause dendrite overgrowth. Our
results showed that the effects of Knot overexpression in class I
neurons requires Dar1. Knot overexpression might require fac-
tors that are positively regulated by Dar1 to cause dendrite over-
growth. Alternatively, the absence of Dar1 function in that
scenario probably results in Spastin levels that are too high to
allow dendrite growth.

Krüppel-like factors and their roles in neural development
The KLF family of transcriptional regulators has been implicated
in a variety of biological processes. At least 17 members of the
KLF family have been identified in mammals to date (Pearson et
al., 2008). In contrast, the Drosophila genome encodes only three
KLFs—Luna and two predicted molecules, CG12029 and
CG9895. Luna has been reported to be a potential fly homolog of

Figure 7. Upregulation of the microtubule-severing protein Spastin in dar1 mutant neurons may be responsible for the den-
drite defects. A, Representative images showing that upregulation of Spastin by overexpressing Spa T32 reduced both total den-
dritic length and branch numbers in class IV da neurons. B, Dar1 is essential for the transcription factor Knot, which promotes
Spastin expression, to promote dendritic growth in class I da neurons. The MARCM technique was used to overexpress Knot in single
class I da neurons. Representative images are shown. Overexpressing Knot causes dendritic overgrowth in wild-type class I da
neurons (left), and dar1 mutations abolish the effects of Knot overexpression (right). C, Quantification of the total dendritic length
in class I neurons overexpressing Knot, those defective of dar1, and those overexpressing Knot in dar1 mutant background. Error
bars indicate SEM. *p � 0.01, t test. D, A model that explains how the Dar1–Spastin pathway differentiates dendrite and axon
growth. Dar1 suppresses Spastin expression, either directly or indirectly, in addition to positively control the expression of an
inhibitory mechanism of microtubule severing (e.g., MAPs or microtubule posttranslational modification) specifically in the axon.
Spastin is capable of severing microtubules in both dendrites and axons. Whether the microtubule severing by Spastin promotes or
inhibits dendrite/axon growth depends on the expression levels of Spastin.
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KLF6 and 7 (De Graeve et al., 2003). RNAi and overexpression
studies found that luna is required for embryonic development
and cell differentiation in adult eyes; no luna mutant is currently
available for additional genetic analysis.

Several KLFs are known to be involved in neurite develop-
ment. KLF7 is required for dendrite and axon development. In
the CNS of KLF7-null mice, both dendrite growth and axon
growth are reduced (Laub et al., 2005). In the PNS of these mice,
TrkA expression is reduced in the DRG neurons (Lei et al., 2005).
Consequently, NGF-dependent nociceptive neurons undergo in-
creased apoptosis. In trigeminal ganglion neurons, KLF7 cooper-
ates with the POU homeodomain protein Brn3a to control TrkA
expression (Lei et al., 2006). KLF9 also serves important func-
tions in the nervous system. Its expression is strongly induced by
thyroid hormone (Denver et al., 1999) and stress (Bonett et al.,
2009). Furthermore, it is required for neurite growth (Cayrou et
al., 2002). It remains to be determined whether KLF9 differen-
tially regulates dendrite or axon development. KLF4 has recently
been identified as a suppressor of neurite growth in mammalian
CNS neurons (Moore et al., 2009). Overexpression of KLF4 re-
duces both dendritic and axonal length. Consistently, axon
length is increased both in cultured neurons and in injured optic
nerve of KLF4 knock-out mice.

The closest mammalian homolog of Dar1 is KLF5. Overex-
pression of KLF5 in cultured retinal ganglion cells leads to a mod-
est reduction of neurite length (Moore et al., 2009); the functions
of KLF5 in neuronal development have not been explored using
loss-of-function studies or in vivo studies. KLF5 has been re-
ported to be expressed in many tissues, including the brain (Yan-
agi et al., 2008), and is downregulated in schizophrenia patients.
KLF5 homozygous mutant mice die before embryonic day 8.5
and the heterozygous mutant mice have defects in angiogenesis,
cardiovascular remodeling, gut development, and adipogenesis
(Shindo et al., 2002). In light of the involvement of Dar1 in Dro-
sophila dendrite development, it will be interesting to examine
these KLF5 mutant mice with respect to neural development.

It is unknown whether any of the mammalian KLFs function
specifically in either dendrite or axon development. Whereas the
simplest scenario of such evolutionary conservation is that one of
the mammalian KLFs is the ortholog of Dar1, it is equally possible
that multiple KLFs coordinate their activities (as proposed by
Moore et al., 2009) to perform the equivalent of Dar1 function.

In summary, we have identified a novel transcription factor
and demonstrated its requirement for dendritic but not axonal
growth in Drosophila. Future studies that elucidate the regulatory
mechanisms of Dar1 and its downstream effector genes will shed
light on the genetic program that differentiates dendrite and axon
development.
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factor 5 gene in human brain and association of the gene with the suscep-
tibility to schizophrenia. Schizophr Res 100:291–301.

Ye B, Zhang Y, Song W, Younger SH, Jan LY, Jan YN (2007) Growing den-
drites and axons differ in their reliance on the secretory pathway. Cell
130:717–729.

Yeaman C, Ayala MI, Wright JR, Bard F, Bossard C, Ang A, Maeda Y, Seuffer-
lein T, Mellman I, Nelson WJ, Malhotra V (2004) Protein kinase D reg-
ulates basolateral membrane protein exit from trans-Golgi network. Nat
Cell Biol 6:106 –112.

Yu W, Ahmad FJ, Baas PW (1994) Microtubule fragmentation and parti-
tioning in the axon during collateral branch formation. J Neurosci
14:5872–5884.

Yu W, Qiang L, Solowska JM, Karabay A, Korulu S, Baas PW (2008) The
microtubule-severing proteins spastin and katanin participate differ-
ently in the formation of axonal branches. Mol Biol Cell 19:1485-
1498.

Ye et al. • A KLF Differentiates Dendrite and Axon Development J. Neurosci., March 2, 2011 • 31(9):3309 –3319 • 3319


