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Abstract

Background: As the primary sites of synaptic or sensory input in the nervous system, dendrites play an essential role in
processing neuronal and sensory information. Moreover, the specification of class specific dendrite arborization is critically
important in establishing neural connectivity and the formation of functional networks. Cytoskeletal modulation provides a
key mechanism for establishing, as well as reorganizing, dendritic morphology among distinct neuronal subtypes. While
previous studies have established differential roles for the small GTPases Rac and Rho in mediating dendrite morphogenesis,
little is known regarding the direct regulators of these genes in mediating distinct dendritic architectures.

Methodology/Principal Findings: Here we demonstrate that the RhoGEF Trio is required for the specification of class
specific dendritic morphology in dendritic arborization (da) sensory neurons of the Drosophila peripheral nervous system
(PNS). Trio is expressed in all da neuron subclasses and loss-of-function analyses indicate that Trio functions cell-
autonomously in promoting dendritic branching, field coverage, and refining dendritic outgrowth in various da neuron
subtypes. Moreover, overexpression studies demonstrate that Trio acts to promote higher order dendritic branching,
including the formation of dendritic filopodia, through Trio GEF1-dependent interactions with Rac1, whereas Trio GEF-2-
dependent interactions with Rho1 serve to restrict dendritic extension and higher order branching in da neurons. Finally, we
show that de novo dendritic branching, induced by the homeodomain transcription factor Cut, requires Trio activity
suggesting these molecules may act in a pathway to mediate dendrite morphogenesis.

Conclusions/Significance: Collectively, our analyses implicate Trio as an important regulator of class specific da neuron
dendrite morphogenesis via interactions with Rac1 and Rho1 and indicate that Trio is required as downstream effector in
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Cut-mediated regulation of dendrite branching and filopodia formation.
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Introduction

The elaboration of class specific dendritic architectures is a
hallmark of neuronal subtype as well as a key determinant in
neuronal connectivity and the formation of functional neural
networks. Studies to date, in both vertebrates and invertebrates,
have demonstrated that the acquisiion of class-specific dendrite
morphologies is subject to regulation by complex genetic and
molecular programs involving both intrinsic factors and extrinsic cues
[1-3]. Drosophila dendritic arborization (da) sensory neurons have
proven a powerful model system in which to investigate the molecular
mechanisms governing class specific dendritic architecture and
receptive field specification revealing important roles for a broad
range of biological processes including transcriptional regulation,
cytoskeletal regulation, cell signaling, and cell-cell interactions [2,4,5].

As dendritic development is a highly dynamic process,
modulation of the cytoskeleton provides a key mechanism by
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which to effect changes in morphology which can manifest in
alterations in function and neuronal connectivity underlying such
biologically relevant events as synaptic plasticity. Cytoskeletal
regulators have been demonstrated to exert significant influence
on dendrite morphogenesis by regulating both actin and
microtubule organization within complex class specific arbors
[6,7]. The Rho-family of small G'TPases, including Rac, Rho, and
Cdc42, as well as certain downstream effectors, have been
demonstrated to play a pivotal role in regulating actin dynamics
during dendrite and dendritic spine morphogenesis [8-12] and
moreover, defects in Rho G'TPase signaling have been implicated
in various forms of mental retardation [13]. In addition, these
small GTPases exert differential effects on neuron development
with activation of Rac and Cdc42 functioning to promote neurite
extension, whereas RhoA/Rhol activation mediates neurite
retraction. FFor example, in vertebrates, studies have demonstrated
that Rho GTPases are activated by sensory stimuli and that
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activity-dependent dendritic growth requires activation of Racl
and Cdc42, and decreased RhoA activation [14,15]. In Drosophila,
RhoA/Rhol has been implicated in restricting dendritic out-
growth in both mushroom body neurons [16] and in da neurons
where is it negatively regulated by the RhoGAP Crossveinless-c
[17]. In contrast, Racl has been demonstrated to promote
dendritic branching complexity in da neurons [18-21] as well as
LPTC neurons in the CNS where it modulates the number of
dendritic spines [22]. Intriguingly, another recent study revealed
molecular mechanisms by which the class specific transcription
factor activity of the Knot/Collier and Cut proteins act to regulate
dendrite arborization in da neurons. This study further demon-
strated Cut and Knot/Collier differentially interact with Racl in
mediating dendritic filopodia formation or branch formation,
respectively [23]. Despite significant evidence for the differential
roles of Rac and Rho in mediating dendrite morphogenesis, little is
known regarding the direct regulators of these small GTPases in
this developmental process.

A strong candidate regulator for both Rac and Rho in da
neurons is the multi-functional domain protein Trio which
encodes a guanine nucleotide exchange factor (GEF) involved in
the activation of small GTPases. Drosophila Trio, together with its
evolutionarily conserved orthologs in C. elegans and mammals, is a
member of the Dbl homology (DH) family of GEF proteins. Trio
contains two independent GEF domains, GEF1 and GEF2, which
have been demonstrated in vertebrates to differentially activate
Rac and Rho, respectively [24,25]. Previous studies implicate
Drosophila I'rio, as well as its orthologs in C. elegans and mammals,
in mediating axon guidance, neurite extension, and cell motility in
diverse neuronal subtypes [26-31]. Comparatively, little is known
regarding Trio function in Drosophila dendrite development,
whereas the Trio ortholog, Kalirin-7, has been demonstrated in
vertebrates to mediate dendritic spine morphogenesis and synaptic
plasticity [32-35].

Trio has further been demonstrated to act via a GEF1-dependent
activation of Racl in mediating photoreceptor and motor neuron
axon guidance in Drosophila [28,30,36], whereas the GEF2 domain
has been implicated in regulating synaptic transmission and
pharynx musculature pumping in C. elegans [37]. Moreover, recent
studies have identified Trio as a downstream effector of Liprin [38]
and retrograde BMP signaling [39] in mediating synaptic growth
and stabilization via Trio GEFl-dependent activity at R7
photoreceptor and neuromuscular junction synapses. In contrast
to these GEFl-dependent activities mediated via Racl, little is
known regarding the putative function of the Drosophila Trio GEF2
domain i vio with respect to potential regulation of Rhol.

Here we demonstrate that Trio is expressed in all da neuron
subclasses where it plays an important functional role in sculpting
class-specific dendrite morphologies. Through both loss-of-func-
tion and gain-of-function analyses, we reveal cell autonomous
requirements for Trio in regulating dendritic branching complex-
ity in da neuron subtypes. We show that Trio promotes dendritic
branching via GEF1-dependent interaction with Racl and that
Trio can restrict dendritic branching via GEF2-dependent
interaction with Rhol. We further demonstrate that Cut induced
de novo dendritic branching and filopodia formation require Trio
activity suggesting these molecules may act in a pathway to
regulate dendritogenesis.

Results

Trio is expressed in all da neuron subclasses
While previous studies have demonstrated strong Trio expres-
sion in embryonic CNS neurons, photoreceptor axons, mushroom
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body neurons, and muscle attachment sites [27-30], expression in
PNS neurons has not been described. To investigate Trio
expression in the PNS da neurons, we doubled-labeled wild-type
third instar larval filets with anti-Trio antibody and a fluorescently
conjugated HRP antibody which specifically labels all PNS
neurons. Analyses of the dorsal cluster of da neurons revealed
Trio expression in the cell bodies of all da neuron subclasses
(Fig. 1A—C). To assess Trio antibody specificity, we used the class
IV da neuron specific pphkGAL4,UASmCD8::GFP reporter strain to
drive expression of UAS-trig™** followed by anti-Trio labeling. As
compared to wild-type Trio expression (Fig. 1B), these analyses
revealed strong, specific knockdown of Trio protein expression in
class IV neurons without disrupting Trio expression in other
adjacent da neuron subclasses. Moreover, these analyses demon-
strated that the UAS-trioe™ " (ransgene is capable of mediating
strong loss of function knockdown for the #i0 gene product

(Fig. 1D-F).

Trio acts cell-autonomously in promoting class | da
neuron dendrite branching and growth

To assess the potential role of #w in mediating class I
dendritogenesis, we conducted loss of function analyses using the
g™ transgene. Class 1 specific knockdown of UAS-tric™* via
GAL4**" , UAS-mCD8::GFP expression revealed a reduction in
dendritic branching in all class I da neurons (Fig. 2A-D). To
assess changes in dendritic branch complexity among #i mutant
class I neurons relative to wild-type controls, we quantitatively
analyzed the average number of dendritic terminals. These
analyses revealed statistically significant reductions in dendritic
branching as measured by fewer dendritic terminals in all #rio
mutant class I neurons (Fig. 2E). Quantitative analyses further
revealed that the reductions in dendritic branching led to overall
reductions in total dendritic length in # mutants as compared to
controls (Fig. 2F). While the number of dendritic branches and
overall dendritic length were reduced in #w0 mutants, we
discovered that the average length per dendritic branch was
increased relative to controls (Fig. 2G) as a result of the reduction
in overall branching. Dendritic branch order analyses in vpda
neurons, however, did not reveal any appreciable change in #rio
knockdown relative to control indicating that despite reductions in
overall dendritic branching and length, the order among
remaining branches was not significantly altered (data not shown).
Finally, analyses of total dendritic area in class I vpda neurons
revealed that #rio is required to promote dendritic growth and field
coverage (Fig. 2H). Collectively, these analyses demonstrate that
Trio functions cell-autonomously in class I da neurons to promote
dendritic branching and growth/extension.

Trio promotes dendritic branching and filopodia
formation in class Ill da neurons

Class III da neurons are characterized by the presence of short
“spine-like” dendritic filopodia which emanate from the primary
branches [40]. Previous studies have demonstrated that these
dendritic filopodia are actin-rich processes subject to regulation by
Racl [19,21,23]. To assess the potential role of #io in regulating
class IIT dendrite morphogenesis, we analyzed the effects of #i0™*"
knockdown within these neurons. To achieve this we took
advantage of a ppk-GAL4 insertion on the second chromosome
which marks both class III and IV da neurons which we combined
with the F-actin reporter transgene UAS-GMA [41] allowing for
the simultaneous assessment of class III morphology and
distribution of actin-rich processes within the dendritic arbors.
As compared to controls, knockdown of #rio resulted in a dramatic
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Figure 1. Trio is expressed in all da neuron subclasses. (A-C) Confocal images of wild-type third instar larval filet doubled stained with anti-
HRP-488 (A) and anti-Trio (B) antibodies reveals specific localization of Trio to all dorsal cluster da neuron cell bodies. Trio is also expressed in other
dorsal cluster PNS neurons labelled by anti-HRP, including external sensory (es) neurons. (D-F) The class IV da neuron specific

ppkGAL4,UASmMCD8::GFP reporter strain to drive expression of UAS-trio

RNAi

in class IV neurons followed by anti-HRP-488 (D) and anti-Trio labelling

(E). These analyses revealed strong knockdown of Trio specifically in the class IV ddaC neuron (outlined), but did not disrupt Trio expression in
adjacent class | (ddaE) and class Il (ddaF) da neurons. Scale bars represent 30 microns.

doi:10.1371/journal.pone.0033634.9001

reduction in the formation of the characteristic class III dendritic
filopodia (Fig. 3A, 3B). Quantitative analyses demonstrate
reductions in dendritic branch terminals both proximal and distal
to the cell body (Fig. 3C). These analyses demonstrate the Trio is
cell-autonomously required to promote dendritic branching and
the formation of actin-rich dendritic filopodia in class III neurons.

Trio promotes dendritic branching complexity and field
coverage in class IV da neurons

Class IV neurons represent the most complex class of da
neurons characterized by space-filling dendritic arbors exhibiting
highly complex branching morphology and nearly complete
dendritic field coverage [40]. Qualitative analyses of o
knockdown in class IV ddaC neurons revealed a reduction in
dendritic branch complexity relative to control neurons (Fig. 4A,
4B). This phenotype was verified by quantitative comparisons
which revealed a significant reduction in both the number of
dendritic terminals (Fig. 4C) and total dendritic length (Fig. 4D).
In contrast, disruption of #io function results in an increase in the
average dendritic length per branch relative to controls which is
consistent with the overall reduction in dendritic branch
complexity (Fig. 4E). Analyses of the percentage of dendritic
field coverage revealed a significant reduction in #i knockdown
(71% field coverage) as compared to controls (95% field coverage)
indicating #rio function is essential for establishing full dendritic
field coverage (Fig. 4F). Dendritic branch order analyses of ddaC
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neurons reveals a proximal shift in #0 knockdown relative to
controls reflecting a higher percentage of lower order branches
and a reduction in the percentage of higher order branches
(Fig. 4G). These results demonstrate that Trio functions cell-
autonomously in promoting higher order branching and field
coverage in class IV neurons.

Trio sculpts dendritic morphology via interactions with
Rac1 and Rhol

To further explore Trio function in directing class specific
dendrite morphogenesis, we conducted gain-of-function studies in
class I, III, and IV da neurons. We initiated our overexpression
analyses in class IV ddaC neurons. Phenotypic analyses revealed
defects in dendritic branching morphology, including a reduction
in branching proximal and distal to the cell body, with full length
Trio overexpression relative to wild-type controls (Fig. 5A, 5B).
This observation was confirmed by significant decreases in the
number of dendritic terminals (Fig. 5G) and overall dendritic
length (Fig. 5H). However, analyses of average dendritic length per
branch failed to reveal any significant change (Fig. S1A). To
determine how Trio overexpression may effect dendritic field
coverage, we quantified the percentage of total field coverage
which revealed a significant decrease (81% field coverage) relative
to controls (95% field coverage) (Fig. S1B). Dendritic branch order
analyses of ddaC neurons revealed a proximal shift in branch
order distribution with Trio overexpression resulting in a higher

March 2012 | Volume 7 | Issue 3 | e33634



Trio Regulates Subtype Specific Dendritogenesis

Cc

]
WT ! trioRNAi o wr
E 60 F 2500 o
- WT P [ UAS-Trio-RNAi
2 o] == uas-Trio-RNAi 2
£ g 2000 a e %
: AN PO A i
8 40 ;[- —
£ ﬁ, 1500
5 F
2 30 - " . <
N E 1000
S 20 - T
i
2 5
E —= 500
= 10 ig
=
2
10 10 o 10 12 RN 12
o A
0
ddaD ddaE vpda ddaD ddaE vpda
60 H 50000
- . WT — T )
£ [0 UAS-Trio-RNAi =0 UAS-Trio-RNAI
§ 50 o e preeed
£ I J_
=
£ 4] €
a * % 30000 |
4 _—
g 3 - : :
8 8
5 = 20000
3 A1 2
-
@
g 10 4 10000
g
< 10 10 12 10
9~ 0
ddaD ddaE vpda

vpda

Figure 2. Trio promotes class | da neuron dendritic branching and field coverage. (A-D) Live confocal images of third instar larval dorsal
(ddaD/E) and ventral (vpda) class | da neurons labeled with GAL4??",UAS-mCD8:GFP. As compared to controls (A,C), UAS-trio™*" knockdown results in
reduced dendritic branching in ddaD/E (B) and vpda (D) class | neurons. (E-H) Quantitative analyses of dendritic branching, extension, and area in

io®™A" relative to controls. (E) trio knockdown leads to a significant reduction in the average number of dendritic terminals reflecting an overall
reduction in dendritic branching in all class | neurons. (F) Disruption of trio results in an overall reduction in total dendritic length in all class | neurons.
(G) The average length per dendritic branch is increased in all class | neurons following trio knockdown. (H) Relative to control, trio®™A" knockdown
reduces total dendritic area of vpda neurons. Images were taken at 20 x magnification and size bar represents 50 microns. The total n value for each
neuron and genotype quantified is reported on the bar graph. Statistically significant p values are reported on the graphs as follows (*=p<0.05;
** = p<0.01; *** = p<0.001). Genotypes: WT: GAL4?",UAS-mCD8:GFP/+. trio™A: GAL4*,UAS-mCD8::GFP/UAS-trio™ "',
doi:10.1371/journal.pone.0033634.g002

percentage of lower order branching overall relative to controls domains to the regulation of class IV dendrite morphogenesis. We
(Fig. 5I). independently overexpressed UAS-trio-GEFI-myc and  UAS-trio-

As Trio contains two independent GEF activation domains, the GEF2-myc and verified expression of these Myc-tagged transgenes
Racl-specific GEF1 domain and the Rhol-specific GEF2 domain, in class IV neurons (Fig. S2). These analyses demonstrate that both
we sought to dissect the relative contributions of each of these transgenes are strongly expressed in class IV ddaC neurons,
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Figure 3. Trio is required for dendritic branching and the formation of filopodia in class Il da neurons. (A,B) Live confocal images of
third instar larval dorsal class Il and IV da neurons labeled by the F-actin reporter, UAS-GMA, and driven by the ppk-GAL4 transgene. Class Il da
neurons are distinguished by the presence of short, actin-rich dendritic filopodia emanating from the primary branches. The class Ill ddaA and ddaF
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pseudo-color trace overlay. As compared to wild-type controls (A), UAS-trio™* knockdown results in a strong reduction in dendritic branching
particularly with respect to the characteristic dendritic filopodia in class lll neurons (B). (C) Quantitative analyses of the average number of dendritic
terminals reveal significant reductions in branching proximal and distal to the cell body. For these analyses, 100x100 micron boxes were drawn in
parallel areas proximal and distal to the cell body in both wild-type and trio® *' and the average number of dendritic terminals quantified. Images
were taken at 20 x magnification and size bar represents 50 microns. The total n value for each neuron and genotype quantified is reported on the
bar graph. Statistically significant p values are reported on the graph as follows (**=p<0.01; *** =p<<0.001). Genotypes: WT: UAS-GMA/+;ppk-GAL4/

++. trio™ . UAS-GMA/+;ppk-GAL4/+;UAS-trio™ /.
doi:10.1371/journal.pone.0033634.9003

however quantitative analyses reveal differential expression levels
between the two transgenes, with a mild, but significantly higher
level of Myc expression observed with the UAS-trio-GEFI-myc
transgene relative to the UAS-trio-GEF2-myc transgene (Fig. S2I).
Given that the two transgenes are inserted at independent sites
within the genome, we propose that the differences in expression
levels are likely due to position effects.

Overexpression of Trio-GEF!1 led to a dramatic increase in
dendritic branching complexity particularly near the cell body
and a concomitant reduction in dendritic extension toward the
dorsal midline and lateral hemisegment boundaries (Fig. 5C).
These phenotypes were verified by quantitative analyses which
revealed a significant increase in dendritic branching (Fig. 5G),
a moderate reduction in overall dendritic length (Fig. 5H) and a
sharp decrease in the average length per dendritic branch (Fig.
S1A). Analyses of the dendritic field coverage revealed a strong
reduction with Trio-GEF1 overexpression (70% field coverage)
relative to control (95% field coverage) (Fig. S1B). This data is
consistent with the reduction in overall dendritic length as well
as with the qualitative phenotypic data in which dendritic
branching was concentrated proximal to the cell body.
Moreover, analyses of dendritic branch order in ddaC neurons
demonstrate that Trio-GEF1 overexpression results in a distal
shift in branch order distribution towards a greater percentage
of higher order branching as compared to control (Fig. 5I). In
contrast, Trio-GEF2 overexpression caused a strong reduction
in dendritic branching complexity (Fig. 5D) which was reflected
in the significant reductions in the number of dendritic
terminals (Fig. 5G), total dendritic length (Fig. 5H) and increase
in the average length per dendritic branch (Fig. SIA).
Moreover, Trio-GEF2 overexpression likewise caused a signif-
icant reduction in dendritic field covereage (79% field coverage)
as compared to control (95% field coverage) (Fig. S1B). In
addition, dendritic branch order analyses indicate that Trio-
GEF?2 overexpression results in a proximal shift in branch order
distribution giving rise to a higher percentage of lower order
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branching relative to control (Fig. 5I). Finally, we compared
whether or not co-overexpression of Trio-GEF1 and Trio-GEF?2
could potentially phenocopy the effects on class IV dendrito-
genesis observed with full length Trio overexpression (Fig. S3).
These analyses revealed no significant differences with respect to
the number of dendritic terminals or total dendritic length (data
not shown), however qualitatively the phenotypes did not
appear to be precise phenocopies (Fig. S3A, S3B). As such, we
also examined branch order distribution and found that
phenotypically, co-overexpression of the GEF1 and GEF?2
domains yields a distal shift to an increased percentage of
higher order branching in class IV dendrites as compared to full
length Trio overexpression (Fig. S3C). This phenotype is
consistent with our observations that the Trio-GEF1 transgene
expresses at higher levels compared to the Trio-GEF?2 transgene
and as such we predicted that the co-overexpression phenotype
would likely be more similar to the GEF1 overexpression
phenotype.

Based on previous studies [17-21,24,25], we hypothesized that
the Trio GEF1 domain functions in the activation of Racl and the
GEF2 domain in activation of Rhol in da neurons. To directly
address this question, we conducted phenotypic epistasis experi-
ments to validate interactions between Trio-GEF1/Racl and
Trio-GEF2/Rhol in da neurons. For these studies, we simulta-
neously overexpressed the GEF1 or GEF2 domains and RNAi
knockdown transgenes for Racl or Rhol, respectively, in class IV
da neurons. Phenotypic analyses revealed that Racl knockdown
suppresses 1rio-GEF1 induced defects in dendritic branching
(Fig. 5E), whereas Rhol knockdown suppresses dendritic defects
observed with Trio-GEF2 overexpression (Fig. 5F). Consistent
with this, quantitative analyses demonstrate that Racl and Rhol
knockdown significantly suppress defects in dendritic branching
(Fig. 5G) and length (Fig. 5H) relative to Trio-GEF1 and Trio-
GEF2, respectively. In addition, we demonstrated that expression
of a dominant negative Racl likewise suppresses defects in
dendritic branching (Fig. 5G) and length (Fig. 5H) relative to
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Trio-GEF1 overexpression alone. These results confirm that Trio-
GEF1 functions through Racl to promote dendritic branching
and Trio-GEF2 functions through Rhol to inhibit dendritic
branching. Moreover the opposing effects of Racl versus Rhol
activation may account for the intermediate effects observed with
overexpression of full length Trio as compared to that of GEF1 or
GEF2 alone.

To determine if these Trio gain-of-function effects are observed
in other complex da neuron subclasses, we examined overexpres-
sion in class III da neurons. Qualitative phenotypic analyses
revealed that full length Trio overexpression primarily affects the
characteristic class III dendritic filopodia which normally exist as
single, actin-rich processes extending from primary branches,
however following upregulation of Trio these individual filopodia
display a highly branched or “splintered” morphology and do not
appear as cvenly distributed along the primary dendritic shafts
(Fig. 6A, 6A’, 6B, 6B’). Quantitatively, however, we observed no
statistically significant difference with respect to the number of
dendritic branch terminals either proximal or distal to the cell
body in Trio overexpressing class III neurons relative to controls

@ PLoS ONE | www.plosone.org

(Fig. 6E). Taken together, these data indicate that while
overexpression of full length Trio alters branching morphology
and distribution of dendritic filopodia there is no overt change in
the number of dendritic termini.

Consistent with our observations in class IV neurons, overex-
pression of the Trio-GEF1 domain resulted in a similar effect on
increasing overall dendritic branching, and in the case of class III
neurons phenocopied the splintered filopodial phenotype observed
with full length Trio overexpression (Fig. 6C). These data suggest
that the Trio-GEF1 mediated activation of Racl is likely
responsible for the increased branching in filopodia and is
consistent with previous reports documenting the same phenotype
following Racl overexpression in class III neurons [21].
Quantitative analyses confirm that Trio-GEF1 upregulation
contributes to a significant increase in dendritic branching both
proximal and distal to the cell body (Fig. 6E). In sharp contrast,
Trio-GEF2 overexpression sharply reduces dendritic branching
and leads to a marked decrease in the formation of dendritic
filopodia (Fig. 6D, 6E). Collectively, these data suggest that Trio-
GEF1 activation of Racl promotes, while Trio-GEF2 activation of
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overexpression leads to an increase in dendritic branching, whereas Trio-GEF2 overexpression results in a reduction in dendritic branching (D). (E)
RNAi knockdown of Racl in a Trio-GEF1 overexpression background suppresses defects in dendritic development as compared to Trio-GEF1
overexpression alone. (F) RNAi knockdown of Rho1 in a Trio-GEF2 overexpression background suppresses defects in dendrite morphogenesis as
compared to Trio-GEF2 overexpression alone. (G) Analyses of the number of dendritic terminals reveals a decrease in dendritic branching with Trio
and Trio-GEF2 overexpression whereas Trio-GEF1 overexpression leads to an increase in dendritic branching relative to wild-type controls.
Knockdown of Rac1 via RNAi or by co-expression of the dominant negative Rac1.N17 suppresses defects in dendritic branching relative to Trio-GEF1
overexpression alone, whereas knockdown of Rho1 via RNAi suppresses defects in branching as compared to Trio-GEF2 overexpression alone. (H)
Quantitation of total dendritic length reveals a mild to moderate reduction with Trio, Trio-GEF1 and Trio-GEF2 overexpression as compared to wild-
type controls. Consistent with dendritic branching, disrupting Rac1 or Rho1 function suppresses defects in dendritic length as compared to Trio-GEF1
or Trio-GEF2 overexpression, respectively. (I) Relative to control (n=6), dendritic branch order analyses reveal a proximal shift in the percentage of
lower order branching with Trio (n=8) and Trio-GEF2 (n = 8) overexpression, whereas Trio-GEF1 (n = 8) overexpression results in a distal shift towards
higher order branching in class IV ddaC neurons. Images were taken at 20 x magnification and size bar represents 50 microns. The total n value for
each neuron and genotype quantified is reported on the bar graph. Statistically significant p values are reported on the graphs as follows (* = p<<0.05;
** =p<0.01; ***=p<0.001). Genotypes: WT: GAL4"”7,UAS-mCD8:GFP/+. TRIO: UAS-trio/+;GAL4"”,UAS-mCD8:GFP/+. GEF1: UAS-trio-GEF1-myc/
GAL4*7 UAS-mCD8::GFP. GEF2: GAL4"7,UAS-mCD8::GFP/+;UAS-trio-GEF2-myc/+. GEF1+Rac1-RNAi: UAS-trio-GEF 1-myc/GAL4*”7,UAS-mCD8:GFP,UAS-
Rac1’7%%8'3/. GEF1+Rac1.N17: UAS-trio-GEF1-myc/GAL4*”,UAS-mCD8:GFP;UAS-Rac1.N17/+ GEF24+Rho1-RNAi: GAL4*",UAS-mCD8::GFP/+;UAS-trio-
GEF2-myc/UAS-Rho1-dsRNA.

doi:10.1371/journal.pone.0033634.g005
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Figure 6. Trio overexpression in class Ill da neurons. (A-D) Live confocal images of class Il and IV dorsal cluster da neurons at the third larval
instar labeled with the F-actin reporter UAS-GMA driven by the ppk-GAL4 transgene. Class Ill ddaA and ddaF neuron cell bodies are indicated by
arrows and for clarity the class Ill neuron cell bodies and dendrites have been highlighted by a magenta pseudo-color trace overlay. (A)
Representative image of wild-type class lll da neuron displaying regularly distributed, unbranched, actin-rich dendritic filopodia (dashed line circles
and high magnification image (A')) projecting from the primary dendritic branches. (B) Full length Trio overexpression dramatically altered dendritic
filopodia producing a hyper-branched, splintered morphology (dashed line circles and high magnification image (B’)). In addition, the filopodia
displayed a more clustered distribution as compared to control. (C) Overexpression of the Trio-GEF1 domain increased dendritic branching overall
and produced a highly similar splintered morphology on dendritic filopodia. (D) Overexpression of the Trio-GEF2 domain produces the opposite
effect by reducing dendritic branching overall and leading to a dramatic decrease in the number of dendritic filopodia. (E) Quantitative analyses of
the number of dendritic terminals as a measure of dendritic branching reveals no significant change with full length Trio overexpression, whereas
upregulation of Trio-GEF1 dramatically leads to a significant increase in terminals both proximal and distal to the cell body, while upregulation of
Trio-GEF2 leads to a significant decrease in terminals both proximal and distal to the cell body. The total n value for each neuron and genotype
quantified is reported on the bar graph. Statistically significant p values are reported on the graph as follows (n.s.=not significant; *** =p<0.001).
Genotypes: WT: UAS-GMA/+;ppk-GAL4/+;+. TRIO: UAS-GMA/UAS-trio;ppk-GAL4/+;+. GEF1: UAS-GMA/+;ppk-GAL4/UAS-trio-GEF1-myc;+. GEF2: UAS-
GMA/+;ppk-GAL4/+;UAS-trio-GEF2-myc/+.

doi:10.1371/journal.pone.0033634.g006

Rhol inhibits branching in class III dendrites, particularly actin- the observed effects with full length Trio overexpression in which
rich dendritic filopodia. The opposing effects of GEF1 versus both the GEF1 and GEF2 domains are simultaneously upregu-
GEF?2 on dendrite morphogenesis could also potentially explain lated.
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In light of the variable effects observed in the more complex
class III and IV da neurons, we examined the potential effects of
Trio overexpression in the morphologically simple class I da
neurons. Trio overexpression increased dendritic branching in all
class I da neurons relative to wild-type controls (Fig. 7A-D),
resulting in a significant increase in the number of dendritic
terminals reflecting an increase in overall branching (Fig. 7I).
Interestingly, the increase in dendritic branching did not
contribute to a significant change in total dendritic length

Trio Regulates Subtype Specific Dendritogenesis

(Fig. 7J). Moreover, analyses of the average dendritic length per
branch revealed a significant decrease with Trio overexpression as
compared to controls (Fig. 7K) suggesting that the increased
branching observed was restricted to higher order fine terminal
branches along with a decrease in primary branch extension.
Moreover, we found the Trio overexpression reduced the total
dendritic area covered by class I vpda neurons as compared to
control which appears to be a consequence of the increase in short,
higher order branching emanating from the primary branches
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Figure 7. Trio overexpression in class | da neurons. (A-H) Live confocal images of third instar larval dorsal (ddaD/E) and ventral (vpda) class |
da neurons labeled with GAL4??" UAS-mCD8:GFP. As compared to controls (A,B), Trio overexpression results in increased dendritic branching in
ddaD/E (C) and vpda (D) class | neurons. Trio-GEF1 overexpression likewise leads to a dramatic increase in dendritic branching in ddaD/E (E) and vpda
(F) neurons. In contrast, Trio-GEF2 overexpression results in a mild reduction in dendritic branching in ddaD/E (G) and (H) vpda neurons. (I-M)
Quantitative analyses of dendritic branching, length, and field coverage in Trio, Trio-GEF1, and Trio-GEF overexpression relative to controls. (1)
Analyses of the number of dendritic terminals reveals an increase in dendritic branching in all class | neurons following Trio and Trio-GEF1
overexpression, whereas Trio-GEF2 overexpression leads to a reduction in branching in ddaE and vpda neurons. (J) Quantitation of total dendritic
length reveals no significant change following Trio overexpression, however with Trio-GEF1 overexpression there is an increase in length as a
function of higher levels of dendritic branching, whereas there is a decrease in length with Trio-GEF2 overexpression. (K) The average length per
dendritic branch is significantly reduced in both Trio and Trio-GEF1 overexpression, whereas Trio-GEF2 overexpression leads to an increase in ddaE
neurons. (L) Overexpression of Trio, Trio-GEF1, and Trio-GEF reduces total dendritic area of vpda neurons as compared to control. (M) Relative to
control (n=12), dendritic branch order analyses in vpda neurons reveals a distal shift in the percentage of higher order branching with Trio (n=16)
and Trio-GEF1 (n = 16) overexpression, whereas a slight proximal shift towards lower order branching, with a steep decline in higher order branching,
is observed with Trio-GEF2 overexpression (n=12). Images were taken at 20 x magnification and size bar represents 50 microns. The total n value for
each neuron and genotype quantified is reported on the bar graph. Statistically significant p values are reported on the graphs as follows (* = p<<0.05;
* = p<0.01; ***=p<0.001; n.s.=not significant). Genotypes: WT: GAL4?%,UAS-mCD8:GFP/+. TRIO: UAS-trio/+;+; GAL4?%,UAS-mCD8:GFP/+. GEF1:
UAS-trio-GEF1-myc/+;GAL4*?",UAS-mCD8:GFP/+. GEF2: UAS-trio-GEF2-myc/GAL4??,UAS-mCD8::GFP.

doi:10.1371/journal.pone.0033634.g007
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(Fig. 7L). Dendritic branch order analyses confirm that Trio
overexpression in class I vpda neurons promotes a distal shift in
branch order distribution towards a greater percentage of higher
order branches relative to control (Fig. 7M).

Consistent with full length Trio, Trio-GEF1 overexpression led
to a dramatic increase in dendritic branching in all class I neurons
(Fig. 7E, 7F). Quantitative analyses revealed a significant increase
in dendritic branching with Trio-GEF1 overexpression that is even
more robust than that observed with full length Trio overexpres-
sion (Fig. 7I). In contrast to full length Trio, overexpression of
Trio-GEF1 also results in an increase in overall total dendritic
length (Fig. 7]). In addition, we observed a strong reduction in
average dendritic branch length (Fig. 7K) which is consistent with
the observation of increased fine terminal branching relative to
controls and suggests that the increase in total dendritic length is
due to the strong increase in the formation of de novo dendritic
branches. With respect to total dendritic area, GEF1 overexpres-
sion results in a significant decrease in total area as a function of
decreased extension coupled with the increased incidence of
clustered, higher order branching (Fig. 7L). Moreover, consistent
with the effects observed with Trio overexpression, dendritic
branch order analyses of vpda neurons reveals a strong distal shift
towards in the percentage of higher order branching with GEF1
overexpression relative to control (Fig. 7M). In sharp contrast,
overexpression of Trio-GEF2 led to a reduction in dendritic
branching (Fig. 7G, 7H). Upregulation of GEF?2 activity results in
a significant reduction in dendritic branching in both ddaE and
vpda class I neurons (Fig. 7I) as well as an overall reduction in total
dendritic length in all class I neurons (Fig. 7]). Moreover, increased
GEF2 activity led to a significant increase in average dendritic
length per branch in ddaE neurons as compared to controls
(Fig. 7K), whereas no significant change was observed in ddaD or
vpda neurons. This increase in average dendritic length per
branch is likely a function of the reduction in dendritic branching
observed with GEF2 overexpression. In terms of total dendritic
area, GEF2 overexpression results in a reduction in area (Fig. 7L)
due to the reduction in overall dendritic branching and length.
Analyses of dendritic branch order indicates that GEF2 overex-
pression leads to a proximal shift in branch order distribution
towards a higher percentage of lower order branching and a
sharper decline in the percentage of higher order branches relative
to controls (Fig. 7M). Collectively, these analyses suggest that the
effects on dendritic branching observed with full length Trio
overexpression likely result from the opposing effects of Racl and
Rhol activation contributing to sculpting of overall dendritic
branching and extension. Moreover, these results are consistent
with those observed in class III and IV neurons in which Trio-
GEF1 interaction with Racl promotes dendritic branching and
Trio-GEF?2 interaction with Rhol inhibits dendritic branching.

Cut induced de novo dendritic branching and filopodia
formation require Trio activity

The Cut homeodomain transcription factor has previously
been demonstrated to exert class specific effects on da neuron
dendrite morphology where high levels of Cut expression are
correlated with more complex patterns of da neuron dendritic
arborization [42]. In addition, ectopic overexpression of Cut in
class I da neurons was shown to dramatically alter dendritic
arborization characterized by increased dendritic length, branch-
ing, and the development of numerous spine-like dendritic
filopodia similar to those normally observed in class III da
neurons [42]. Moreover, Cut has been shown to synergistically
interact with Racl in promoting de novo actin-rich dendritic
filopodia formation in class I da neurons [23]. As we have

@ PLoS ONE | www.plosone.org

10

Trio Regulates Subtype Specific Dendritogenesis

demonstrated that disruptions in o function led to reduced
dendritic branching complexity in da neurons, whereas overex-
pression of Trio and the Racl-specific GEF1 domain led to
increased dendritic complexity and de novo formation of actin-rich
dendritic filopodia, we hypothesized that Trio may function
downstream of Cut in mediating dendritic branching complexity
and the formation of these filopodial processes. We reasoned that
if the Cut ectopic overexpression phenotype requires Trio
function as a downstream effector then disruptions in Trio
activity may result in a suppression of Cut-mediated changes in
dendritic morphology. To address this, we compared class I da
neurons ectopically overexpressing Cut in the presence or
absence of trig™* to determine whether knockdown of 770 could
suppress the formation of these dendritic filopodia. These
analyses revealed strong suppression of the Cut overexpression
phenotype in the presence of trig"™" ™ as compared to controls
(Fig. 8A-D). Quantitative analyses of Trio-mediated suppression
was statistically significant with respect to the number of dendritic
terminals (Fig. 8E), however no statistically significant difference
was observed in overall dendritic length (Fig. 8F) as compared to
controls. The predominant phenotypic suppression observed
following #0 knockdown was a strong reduction in the number of
dendritic filopodia emanating from the primary branches.

To further explore the putative regulatory relationship between
Cut and Trio, we performed a related set of studies in class IV da
neurons in which Cut is normally expressed. We hypothesized that
if Cut acts via Trio in mediating da neuron dendritogenesis, then
Trio overexpression in a cut mutant background may potentially
rescue cut-induced dendrite morphogenesis defects. For these
analyses, we compared class IV ddaC neurons expressing a UAS-
cut™ transgene in the presence or absence of a full length UAS-
trio transgene. Relative to wild-type controls, expression of UAS-
™™ in class TV neurons produced a significant reduction in
dendritic branching complexity (Fig. 8G, 8I) consistent with
previous findings [42]. In contrast, expression of full length Trio in
the cut™"* background produced a partial, but significant rescue of
dendritic branching complexity providing additional evidence that
Trio functions downstream of Cut in mediating class-specific da
neuron dendrite morphogenesis (Fig. 8H, 8I).

Given that Trio is normally expressed in class I da neurons,
whereas Cut is not normally expressed, we can conclude that Trio
expression 1s not solely dependent upon Cut transcriptional
regulation. To determine whether any potential transcriptional
regulatory relationship between Cut and Trio exists in other da
neuron subclasses where Cut is normally expressed (class II-IV),
we performed MARCM analyses using a cut null allele and stained
mutant clones for Trio expression. These analyses confirmed that
Cut 1s not absolutely required for Trio expression in da neurons
(data not shown). Although Cut is not essential for Trio expression,
we investigated whether Cut overexpression could upregulate Trio
expression in da neurons. For these analyses, we ectopically
overexpressed Cut in class I da neurons and then labelled control
and experimental filets for Trio. Qualitative staining suggested
that Cut may be mildly upregulating Trio expression, therefore we
performed quantitative analyses of relative fluorescence intensities
for Trio in Cut overexpressing neurons and control neurons.
Moreover, we normalized this data for experimental and control
by measuring Trio fluorescence intensity in adjacent class III da
neurons which were not overexpressing Cut. We found a mild, but
highly significant upregulation of Trio expression in Cut
overexpressing class I neurons (~10%) relative to control Trio
levels in the absence of Cut overexpression (Fig. S4). Collectively,
these data indicate that while Cut is not absolutely required for
Trio expression, Cut can upregulate Trio in da neurons.
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Figure 8. Cut-induced de novo dendritic branching and filopodia formation requires Trio activity. (A-D) Live confocal images of class |
da neurons (ddaD, ddaE, vpda) at the third larval instar. (G,H) Live confocal images of class IV ddaC neurons. Images were collected at 20 x
magnification and size bars represents 50 microns. (A,B) Representative images of dorsal ddaD/E neurons (A) and ventral vpda neuron (B) ectopically
overexpressing Cut. Cut ectopic overexpression results in class | neurons displaying increased dendritic branching complexity characterized by a high
incidence of dendritic filopodia emanating from the primary branches. (C,D) Representative images of dorsal ddaD/E neurons (C) and ventral vpda
neuron (D) in which Cut ectopic overexpression is combined with knockdown of trio via UAS-trio™*. As compared to Cut overexpression, trio
knockdown results in strong suppression of the Cut phenotype, particularly with respect to dendrmc filopodia. (E) Quantitative analyses reveal a
significant reduction in the total number of dendritic terminals in neurons expressing trio™' relative to Cut ectopic overexpression alone. (F)
Quantitative analyses reveal no statistically significant difference in total dendritic length. (G) Representatlve image of class IV ddaC neuron
expressing UAS-cut™. (H) Representative image of ddaC neuron simultaneously expressing UAS-cut™* and UAS-trio transgenes reveals partial
rescue of cut mutant defects in dendritic branching. (I) Quantitative analyses reveal knockdown of cut via RNAI significantly reduces the total number
of dendritic terminals relative to wild-type (WT) controls, whereas Trio overexpression in a cutt™i background partially rescues the cut mutant
phenotype. The total n value for each neuron and genotype quantified is reported on the bar graph. Statistically significant p values are reported on
the graph as follows (*=p<0.05; **=p<0.01; ***=p<0.001). Genotypes: (A,B) UAS-cut/+; GAL4%?" UASMCD8::GFP/+; (C,D) UAS-cut/+;
GAL4”?T UASMCD8:GFP/UAS-trio™; (G) GAL4*7,UASMCD8::GFP/+;UAS-cut™ " /+; (H) UAS-trio/+; GAL4"7,UASmCD8:GFP/+; UAS-cut™/+.
doi:10.1371/journal.pone.0033634.g008

Finally, to determine if Trio can synergistically interact with Cut Trio in class I neurons. Phenotypic analyses indicate that co-
in promoting dendritic branching and the formation of actin-rich expression of Cut and full length Trio result in a moderate increase
dendritic filopodia as previously demonstrated between Cut and in dendritic branching (Fig. S5B, S5E) and dendritic length (Fig.
Racl [23], we examined the effects of co-expression of Cut and S5B, S5F) relative to Cut ectopic overexpression alone (Fig. S5A,
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S5E, S5F), whereas co-expression of Cut and the Trio-GEF1
domain produce a strong phenotypic increase in total dendritic
terminals resulting in a concomitant increase in total dendritic
length (Fig. S5C, S5E, S5F). In contrast, we found that co-
expression of Cut and the Trio-GEF2 domain produced no
significant change in total dendritic terminals (Fig. S5D, S5E),
whereas a strong increase in dendritic extension was observed
resulting in increased total dendritic length (Fig. S5D, S5F) as
compared to Cut ectopic overexpression alone. These results
indicate that Cut can synergistically interact with Trio in
regulating dendritogenesis, whereby the GEF1 domain acts in
promoting dendritic branching and the GEF2 domain acts to
promote dendritic extension.

Discussion

Collectively, our analyses demonstrate that Trio functions in
promoting and refining class specific dendritic arborization
patterns via GEF1- and GEF2-dependent interactions with Racl
and Rhol, respectively. We also demonstrate that Trio is required
in mediating Cut induced effects on dendritic branching and
filopodia formation suggesting that these molecules may operate in
a common pathway to direct dendritic morphogenesis. Moreover,
during the preparation of these studies for publication we became
aware that Dr. Edward Giniger and colleague (NINDS/NIH) had
likewise been investigating Trio function in da neurons via a non-
overlapping, complementary experimental approach and that they
arrived at conclusions regarding Trio function largely consistent
with those reported here.

Previous studies have demonstrated that Trio functions via its
GEF1 domain in mediating the regulation of axon morphogenesis
by modulating Racl activity [28,30,36], however much less is
known regarding the potential i vivo functional role(s) of the Trio
GEF2 domain. Intriguingly, a previous study demonstrated that
trio mutant neuroblast clones display a neurite overextension
phenotype from the dendritic calyx region of the mushroom body
[27] which strongly resembled the dendrite-specific overextension
phenotype observed in RioA mutant mushroom body clones [16]
suggesting that RhoA/Rhol activation may be required for
restricting dendritic extension. In Drosophila da neurons, #rio loss-of-
function analyses reveal a reduction in dendritic branching in
three distinct da neuron subclasses (class I, III, and IV), indicating
a functional role for Trio in promoting dendritic branching.
However, class specific differences are observed with Trio gain-of-
function studies in which Trio overexpression in class I neurons
increases dendritic branching, whereas in class III neurons there is
no change in overall dendritic branching, but rather a redistribu-
tion of branches, and in class IV there is a reduction in overall
dendritic branching. The basis for these differences appear to lie in
our observation that refinement of dendritic branching in da
neurons is subject to the opposing roles of Racl and Rhol
activation via Trio-GEF1 and Trio-GEF2, respectively, where
Trio-GEF1 activity promotes higher order dendritic branching,
whereas Trio-GEF?2 activity restricts higher order branching and
also limits overall dendritic length/extension.

One of the key distinctions between class I versus class III and
IV neurons relates to inherent differences in normal dendritic
branching complexity and the relative roles of dynamic actin
cytoskeletal based processes in these neurons which are known to
mediate higher order branching including the dendritic filopodia
of class III neurons and fine terminal branching in class IV
neurons [21,23], whereas the class I neurons do not normally
exhibit this degree of higher order branching and are predomi-
nantly populated by stable, microtubule-based primary and
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secondary branches [23]. As such, Trio overexpression in these
distinct subclasses may yield different effects on overall dendritic
branching morphology based upon the normal distribution of
actin cytoskeleton within these subclasses leading to unique effects
on class specific dendritic architecture. Both loss-of-function and
gain-of-function results support this hypothesis as the predominant
effects are restricted to actin-rich higher order branching, whereas
the primary branches populated by microtubles are relatively
unaffected. This is further supported by the demonstration that #rio
knockdown suppresses Cut induced formation of actin-rich
dendritic filopodia. Moreover, phenotypic analyses revealed that
co-expression of Cut and Trio-GEF1 synergistically enhance
dendritic branching in class I neurons likely due to increased
activation of Racl, whereas co-expression of Cut and Trio-GEF2
lead primarily to increased dendritic extension likely due to
increased activation of Rhol. Thus, Trio mediated regulation of
Racl and/or Rhol signaling has the potential for sculpting
dendritic branching and outgrowth/extension depending upon the
combinatorial and opposing effects of Racl and Rhol.

In contrast to Cut, which has been shown to be differentially
expressed in da neuron subclasses and exert distinct effects on class
specific dendritic arborization [42], we have demonstrated that
Trio is expressed in all da neuron subclasses and can exert distinct
effects on class specific dendritic branching. For example, in all
subclasses examined, loss-of-function analyses indicate Trio is
required to promote dendritic branching and yet individual
subclasses exhibit strikingly distinct dendritic morphologies. These
results suggest that Trio is generally required in each of these
subclasses to regulate branching, however alone is insufficient to
drive these class specific morphologies solely via activation of Racl
and/or Rhol signaling. One logical hypothesis is that differential
expression of RhoGAP family members in distinct da neuron
subclasses may work in concert with Trio to refine class specific
morphologies. The potential for combinatorial activity between
Trio and various RhoGAPs is significant given that 20 RhoGAPs
have been defined in the Drosophila genome [43]. For example,
given that class I da neurons exhibit a simple branching
morphology which becomes more complex when Trio or Trio-
GEF1 domains are overexpressed, perhaps there is higher
expression of Rac-inactivating GAPs in class I neurons that
function in limiting dendritic branching, whereas in the more
complex class III or IV da neurons, there may be lower expression
of RacGAPs. Since overexpression of Trio-GEF2 reduces
dendritic branching complexity in all three da neuron subclasses
we analyzed, one might predict that Rhol activation limits
dendritic branching and that therefore the expression of RhoGAPs
may be modulated to facilitate branching in class III and IV
neurons relative to class I neurons. In concert, differential
expression of RacGAPs and RhoGAPs together with the uniform
expression of Trio in all da neuron subclasses could potentially
account for differential levels of activation/inactivation of Racl
and/or Rhol in individual subclasses and thereby influence
overall class specific dendritic architecture.

In support of this hypothesis, class-specific microarray analyses
conducted in class I, III, and IV da neurons indeed reveal
differential gene expression levels for most of the 20 known
RhoGAP family members at a class-specific level (Iyer, Iyer, and
Cox, unpublished data). These expression analyses reveal one
trend whereby select RhoGAP encoding genes are upregulated in
the more complex class III and IV da neurons relative to the
simple class I da neurons, whereas select RacGAP encoding genes
are downregulated in complex neurons relative to simple neurons.
Moreover, it is known that individual RhoGAPs display
differential specificities for Rac, Rho and Cdc42 i vive [44], such
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that a given RhoGAP may function in activating one or more of
these small G proteins thereby increasing the potential for fine-
tuning activation levels of a particular G protein at a class specific
level. Furthermore recent studies provide direct evidence of the
importance of RhoGAP family members in regulating da neuron
dendritic morphogenesis. Analyses of the tumbleweed (tum) gene,
which encodes the GTPase activating protein RacGAP50C,
demonstrate that fm mutants display excessive da neuron
dendritic branching [18,45,46]. The dendritic phenotype observed
in tum mutant da neurons is strikingly similar to that observed with
Trio-GEF1 overexpression which we demonstrate also leads to
excessive dendritic branching. Together these data suggest that
Trio-GEF1 functions in activating Racl to promote dendritic
branching whereas Tum/RacGAP50C function in inactivating
Racl wvia its GTPase activity and thereby limit dendritic
branching. In contrast, mutant analyses of the RhoGAP encoding
gene, crossveinless-¢, whose target in da neurons is the Rhol small G
protein, reveal defects in directional growth of da neuron dendrites
[17]. These results indicate that Crossveinless-C is required to
inactivate Rhol in order to promote directional dendritic growth
and further suggest that a failure to inactivate Rhol leads to
restricted dendritic growth consistent with the phenotypes we
observed with Trio-GEF2 overexpression in all da neuron
subclasses examined. These results, together with those presented
herein, suggest that potential combinatorial activity of Trio and
RhoGAP family proteins may converge in shaping the class
specific dendritic architecture. Ultimately, future functional studies
will be required to validate this hypothesis.

While previous studies have revealed Trio acts in concert with
Abl and Ena in coordinately regulating axon guidance [28,29,47],
the same regulatory relationship does not appear to operate in da
neuron dendrites as Abl has been shown to function in limiting
dendritic branching and the formation of dendritic filopoda,
whereas both Ena functions in promoting dendritic branching
[48]. We demonstrate that Trio functions in promoting dendritic
branching, consistent with Ena activity, but in da neuron dendrites
works in an opposite direction to Abl. These findings suggest that,
at least in da neuron dendrites, Trio may operate in either an Abl-
independent pathway or that Trio and Abl may exhibit a context
dependent regulatory interaction that is distinctly different in
dendrites versus axons.

Materials and Methods

Drosophila strains

Drosophila strains used in this study were raised on standard
cornmeal-molasses-agar media at 25°C unless otherwise noted. Fly
strains were obtained from Bloomington (GAL4477, UAS-mCD8::GFP,
UAS-trio.B |28]; UAS-trio-GEFI-myc [30]; UAS-trio-GEF2-myc [30];
UAS-tri?™?%%; UAS-RacP™*%"%; UAS-RacI N17 [49]; UAS-Rhol-
dsRNA; UAS-cut/™*%%), Vienna Drosophila RNAi Center (UAS-
1ri0“P%>%Y) and other sources (GAL#"™"*, UASmCD8:GFP [50]; w;
Pppk-GAL4,UASmCDSGFP: GAL#* . UASmCD8::GFP [42]; GAL4*'”,
UAS-mCD8::GFP [51]; UAS-GMA [43]; UAS-cut, wet'* FRT'*/
FEM7/y" of' Y y0,ubP-GALSO hsFLPFRT'™; GAL4'®% UAS-
mCD8::GFP [42]). Oregon-R was used as a wild-type strain. To
enhance expression, crosses involving GAL4/UAS combinations
were reared at 29°C for both control and experimental backgrounds.

Immunohistochemistry

Third instar larval filet dissection and immunohistochemistry
(IHC) was performed essentially as previously described [52].
Primary antibodies used in this study include: mouse anti-Trio
(9.4A; 1:100) (Developmental Studies Hybridoma Bank (DSHB)),
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mouse anti-Myc (9E10; 1:50) (DSHB); rabbit anti-EGFP (1:2000)
(Abcam); rat anti-CD8a (1:100) (Invitrogen); rat anti-Cut (1:500);
DyLight 488 AffiniPure Goat anti-HRP. Donkey anti-rat, ant-
rabbit, and anti-mouse secondary antibodies were used at 1:200—
1:300 (Jackson Immunoresearch). IHC slides were then imaged on
a Nikon C1 Plus confocal microscope.

Confocal Microscopy and Live Imaging

For live image analyses, third instar larvae were placed on a
microscope slide, immersed in a few drops of 1:5 (v/v) diethyl
ether to halocarbon oil and covered with a 22x50 cm glass
coverslip. Neurons expressing GFP were visualized using a Nikon
C1 plus confocal microscope using the Nikon EZ-C1 software.
Images were collected as z stacks at a step size of 1.5 pm and
1024 %1024 pixel resolution. Z-stacks were then rendered into a
maximum projection and resultant images were processed for
quantitative neuronal reconstruction analyses.

Neuronal Reconstruction, Morphometric Data Analyses
and Statistics

Representative neurons from loss of function and gain of
function analyses were selected for quantitation based on image
quality and the absence of disrupted dendritic branches.
Quantification of dendritic arbor complexity from representative
neurons was performed by collecting z-series images acquired on a
Nikon C1 Plus confocal microscope using a 20x (0.75 N.A.) or
40x (1.3 N.A.) objective, projected into a 2D image and im-
ported into the Neuromantic software package for generation of
neuronal reconstructions (.swc files) (http://www.reading.ac.uk/
neuromantic/). Reconstruction files (.swc) were then input into the
L-Measure software package [53] (http://cng.gmu.edu:8080/
Lm/) and assigned parameters including total dendritic length,
number of terminals, and dendritic branch order. Based upon
these data, the average length per dendritic branch was calculated.
For class III analyses, 100 x100 micron boxes were drawn in areas
proximal and distal to the cell body and the average number of
dendritic terminals quantified in wild-type, #i0-RNA: and Trio
gain-of-function images. In the case of class IV ddaC neurons, the
percentage field coverage is calculated by first drawing a box
around the image which covers the maximum field over which
class IV dendrites could extend. This box extends along the dorsal-
ventral axis from the dorsal midline to the point where ddaC
neuron dendrites tile with the lateral class IV v’ada neuron, then
along the anterior-posterior axis, the box extends from anterior to
posterior boundaries of an individual larval hemisegment. The
area of this box is then calculated as the maximum field that class
IV ddaC dendrites could cover and this represents the Expecte-
darea- The actual field coverage is determined by calculated the
area covered by the class IV dendrites using the polygon method
as previously described [40] and this represents the Actualp,e,.
Finally, the percentage field coverage by class IV dendrites was
determined as follows: (Expectedaye, —Actuala,e,/Expectedaye,) (x)
100. In addition, total dendritic area for class I neurons was
measured using the polygon method. Statistical analyses were
performed in SigmaPlot (Systat Software) using Student’s ‘-tests or
Mann-Whitney rank sum tests. Dendritic branch order analyses
were performed by computing branch order frequency distribu-
tions from whole neuron reconstructions via the branch order
function of L-measure software. SigmaPlot was further used for
data plotting and generating the fitted curves for the dendritic
branch order analyses using the 5 Parameter Modified Gaussian
Peak distribution equation for class I vpda neurons and the 4
Parameter Weibull Peak distribution equation for class IV ddaC
neurons.
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The relative expression levels of the Trio-GEF1-myc and Trio-
GEF2-myc transgenes were quantified essentially as previously
describe [52]. Briefly, confocal z-stack images were collected using
identical settings for laser power and gain together with an
equivalent step size between experimental samples. Z-sections
were projected into 2D images and imported in Photoshop
(Adobe) for measurements of integrated pixel density by area. The
outline of each class IV ddaC cell body was traced based upon the
HRP signal and then the fluorescence intensity for the Myc
channel was determined and normalized to Cut expression levels
in class IV neurons in order to control for any staining variation
between samples. The normalized data was then used to examine
the relative fluorescence intensities values between the GEF1-myc
and GEF2-myc transgenes. A similar method was likewise used to
quantify the relative fluorescence intensity levels for Cut-induced
expression of Trio. In this case, Trio expression levels in class I
neurons was quantified following Cut ectopic overexpression in
these neurons and was normalized to normal Trio expression in
class TIT neurons in which the GAL4?*',UAS-mCD8::GFP driving
UAS-cut is not expressed.

Supporting Information

Figure S1 Trio overexpression disrupts average den-
dritic branch length and field coverage in class IV da
neurons. (A) The average length per dendritic branch is not
significantly altered with Trio overexpression, however Trio-GEF1
overexpression leads to a reduction, whereas Trio-GEF2 overex-
pression leads to an increase. (B) The percentage of dendritic field
coverage is significantly reduced with Trio (81%), Trio-GEF1
(70%), and Trio-GEF2 (79%) overexpression as compared to
controls (95%) reflecting defects in branching and growth. The total
n value for each neuron and genotype quantified is reported on the
bar graph. Statistically significant p values are reported on the
graphs as follows (* = p<<0.05; *** = p<<0.001; n.s. = not significant).
Genotypes: WT: GAL4""7,UAS-mCD8::GFP/+. TRIO: UAS-trio/
+GAL4"7 UAS-mCD8::GFP/+. GEF1: UAS-trio-GEFI-myc/GA-
14" UAS-mCD8::GFP. GEF2: GAL4"" UAS-mCD8::GFP/+;UAS-
trio-GEF2-myc/+.

(TIF)

Figure S2 Differential expression levels of the Trio-
GEF1-myc and Trio-GEF2-myc transgenes. (A-H) Repre-
sentative confocal images of third instar larval class IV ddaC
neurons expressing the UAS-trio-GEFI-myc transgene (A-D) or
UAS-trio-GEF2-myc  transgene (E-H) driven by GAL4*"7 UAS-
mCD8::GFP. Larval filets were triple staining with HRP to visualize
PNS neurons, anti-Myc to label the GEF1 vs. GEF2 expression
levels, and Cut in order to normalize the Myc expression levels for
potential variation between samples. (I) Quantitative analyses of
relative fluorescence intensity values, normalized to Cut, reveal a
mild, but significantly high level of Myc expression in the Trio-
GEF1 transgene as compared to Trio-GEF2. The total n value for
each neuron and genotype quantified is reported on the bar graph.
Statistically significant p values are reported on the graphs as
follows (* = p<<0.05).

(TTF)

Figure S3 Co-overexpression of GEF1 and GEF2 shifts
branch order distribution relative to full length Trio
overexpression. (A,B) Representative live confocal images of
third instar larval class IV ddaC neurons labelled with ppkGAL4, UAS-
mCD8::GFP (n = 8). Size bar represents 50 microns. As compared to
tull length Trio overexpression (A), co-overexpression of Trio-GEF1
and Trio-GEF2 results in a qualitative change in branch order
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distribution. (G) Morphometric reconstruction analyses reveal a distal
shift towards an increased percentage of higher order branches in
GEF1-GEF2 co-overexpression relative to full length Trio overex-
pression consistent with the qualitative phenotypic data. Genotypes:
TRIO:  UAS-trio/++;ppkGAL4, UASmCD8::GFP/+. GEF1+GEF2:
UAS-trio-GEF-myc /+;ppkGAL4, UASmCD8::GFP/ UAS-trio-GEF2-myc.
(TIF)

Figure S4 Cut overexpression upregulates Trio in da
neurons. Quantitative analyses of relative fluorescence inten-
sities for Trio were performed in class I da neurons in the
presence or absence of Cut overexpression. Trio fluorescence
intensity values in the control and experimental samples were
normalized against normal Trio fluorescence intensity levels in
adjacent class III da neurons which do not express the
GAL4**! \UAS-mCD8::GFP reporter. These analyses revealed an
approximate 10% increase in Trio fluorescence intensity in class
I neurons ectopically overexpressing Cut relative to controls in
the absence of Cut overexpression. The total n value for
genotype quantified is reported on the bar graph. Statistically
significant p values are reported on the graphs as follows
(Fk = p<<0.001).

(TTF)

Figure 85 Co-expression of Cut and Trio reveals
synergistic effects on dendrite development. (A-D)
Representative live confocal images of third instar larval class 1
vpda neurons labeled with GAL#**!,UAS-mCD8::GFP (n = 10). Size
bars represent 100 microns. (A) Ectopic expression of Cut in class I
neurons leads de novo dendritic branching and promotes dendritic
extension resulting in a significant increase in complexity and
length. (B) Co-expression of Cut and full length Trio reveals a
moderate phenotypic increase in branching. (C) Co-expression of
Cut and Trio-GEF1 results in a strong phenotypic increase in
dendritic branching complexity. (D) Co-expression of Cut and
Trio-GEF2 primarily results in increased dendritic extension. (E)
Cut synergistically acts with full length Trio and Trio-GEF1 in
promoting dendritic branching complexity, whereas no significant
effect is observed with Trio-GEF2. (F) Cut synergistically acts with
Trio, Trio-GEF1, and Trio-GEF2 to increase total dendritic
length through increased overall branching and/or dendritic
extension. The total n value for each neuron and genotype
quantified is reported on the bar graph. Statistically significant p
values are reported on the graphs as follows (*=<<0.05;
= p<0.01; **=p<<0.001; n.s.=not significant). Genotypes:
CUT:  UAS-cut/+;GAL#**! ,UASmCD8::GFP/+. GUT+TRIO:
UAS-trio /+;UAS-cut/+:GAL#**',UASmCD8::GFP/+. CUT+GEFI:
UAS-trio-GEF1-myc/ UAS-cut; GAL4**! \UASmCD8::GFP/+. CUT+
GEF2:  UAS-cut/+;UAS-trio-GEF2-myc/ GAL4**' ,UASmCD8::GFP/
+.

(TTF)

Acknowledgments

We are especially grateful to Dr. Ed Giniger and Dr. Madhuri Shivalkar
for sharing results prior to publication. We acknowledge Drs. Yuh Nung
Jan, Wes Grueber, and Dan Kiehart for providing fly stocks used in this
study. We acknowledge the Developmental Studies Hybridoma Bank for
providing monoclonal antibodies, developed under the auspices of the
NICHD and maintained by The University of Iowa, Department of
Biology, Iowa City, IA 52242. We also thank the TRiP at Harvard Medical
School (NIH/NIGMS R01-GM084947), Bloomington, and VDRC: for
providing a transgenic #ro, racl, and rhol RNA fly stocks used in this study.
Finally, we thank Cox lab members Vihitha Thota, Shaurya Prakash,
Yukting Lau, Wahaj Choudhry, and Rithvik Prasannappa for assistance
with neuronal reconstructions.

March 2012 | Volume 7 | Issue 3 | e33634



Author Contributions

Conceived and designed the experiments: SCI EPRI DNC. Performed the
experiments: SCI DW EPRI SAT RM RS MJS. Analyzed the data: SCI
DW SAT RM RS DNC. Wrote the paper: SCI DNC.

References

1.

2.

20.

21.

23.

24.

26.

27.

28.

Yoshihara Y, De Roo M, Muller D (2009) Dendritic spine formation and
stabilization. Curr Opin Neurobiol 19: 146-153.

Jan YN, Jan LY (2010) Branching out: mechanisms of dendritic arborization.
Nat Rev Neurosci 11: 316-328.

Metzger F (2010) Molecular and cellular control of dendrite maturation during
brain development. Curr Mol Pharmacol 3: 1-11.

Parrish JZ, Emoto K, Kim MD, Jan YN (2007) Mechanisms that regulate
establishment, maintenance, and remodeling of dendritic fields. Ann Rev
Neurosci 30: 399-423.

Corty MM, Matthews BJ, Grueber WB (2009) Molecules and mechanisms of
dendrite development in Drosophila. Development 136: 1049-1061.

Gao F-B, Bogert BA (2003) Genetic control of dendritic morphogenesis. Curr
Opin Neurobiol 17: 525-532.

Jan YN, Jan LY (2003) The control of dendrite development. Neuron 40:
229-242.

Luo L, Hensch TK, Ackerman L, Barbel S, Jan LY, et al. (1996) Differential
effects of the Rac GTPase on Purkinje cell axons, dendrites and dendritic spines.
Nature 379: 837-840.

Redmond L, Ghosh A (2001) The role of Notch and Rho GTPase signaling in
the control of dendrite development. Curr Opin Neurobiol 11: 111-117.

Luo L (2002) Actin cytoskeleton regulation in neuronal morphogenesis and
structural plasticity. Ann Rev Cell Dev Biol 18: 601-635.

Scott E, Reuter J, Luo L (2003) Small GTPase Cdc42 is required for multiple
aspects of dendritic morphogenesis. J Neurosci 23: 3118-3123.

Murakoshi H, Wang H, Yasuda R (2011) Local, persistent activation of Rho
GTPases during plasticity of single dendritic spines. Nature 472: 100-104.
Newey SE, Velamoor V, Govek EE, Van Aelst L (2005) Rho GTPases, dendritic
structure, and mental retardation. J] Neurobiol 64: 58-74.

Nakayama AY, Harms MB, Luo L (2000) Small GTPases Rac and Rho in the
maintenance of dendritic spines and branches in hippocampal pyramidal
neurons. J Neurosci 20: 5329-5338.

Sin WC, Haas K, Ruthazer ES, Cline HT (2002) Dendrite growth increased by
visual activity requires NMDA receptor and Rho GTPases. Nature 419:
475-480.

Lee T, Winter C, Marticke SS, Lee A, Luo L (2000) Essential roles of Drosophila
RhoA in the regulation of neuroblast proliferation and dendritic but not axonal
morphogenesis. Neuron 25: 307-316.

Sato D, Sugimura K, Satoh D, Uemura T (2010) Crossveinless-c, the Drosophila
homolog of tumor suppressor DLCI, regulates directional elongation of
dendritic branches via down-regulating Rhol activity. Genes Cells 15: 485-500.
Gao F-B, Brenman JE, Jan LY, Jan YN (1999) Genes regulating dendritic
outgrowth, branching, and routing in Drosophila. Genes Dev 13: 2549-2561.
Lee A, Li W, Xu K, Bogert BA, Su K, et al. (2003) Control of dendritic
development by the Drosophila fragile X-related gene involves the small
GTPase Racl. Development 130: 5543-5552.

Emoto K, He Y, Ye B, Grueber WB, Adler PN, et al. (2004) Control of dendritic
branching and tiling by the Tricornered-kinase/Furry signaling pathway in
Drosophila sensory neurons. Cell 119: 245-256.

Anderson R, Li Y, Resseguic M, Brenman JE (2005) Calcium/Calmodulin-
dependent protein kinase II alters structural plasticity and cytoskeletal dynamics
in Drosophila. J Neurosci 25: 8878-8888.

Leiss F, Koper E, Hein I, Fouquet W, Lindner J, et al. (2009) Characterization
of dendritic spines in the Drosophila central nervous system. Dev Neurobiol 69:
221-234.

Jinushi-Nakao S, Arvind R, Amikura R, Kinameri E, Liu AW, et al. (2007)
Knot/Collier and Cut control different aspects of dendrite cytoskeleton and
synergize to define final arbor shape. Neuron 56: 963-978.

Debant A, Serra-Pages C, Seipel K, O’Brien S, Tang M, et al. (1996) The
multidomain protein Trio binds the LAR transmembrane tyrosine phosphatase,
contains a protein kinase domain, and has separate rac-specific and rho-specific
guanine nucleotide exchange factor domains. Proc Natl Acad Sci USA 93:
5466-5471.

Ballanger JM, Lazaro JB, Diriong S, Fernandez A, Lamb N, et al. (1998) The
two guanine nucleotide exchange factor domains of Trio link the Racl and the
RhoA pathways in vivo. Oncogene 16: 147-152.

Steven R, Kubiseski TJ, Zheng H, Kulkarni S, Mancillas J, et al. (1998) UNC-73
activates the Rac GTPase and is required for cell and growth cone migrations in
C. elegans. Cell 92: 785-795.

Awasaki T, Saitoh M, Sone M, Suzuki E, Sakai R, et al. (2000) The Drosophila
Trio plays an essential role in patterning of axons by regulating their directional
extension. Neuron 26: 119-131.

Bateman J, Shu H, Van Vactor D (2000) The guanine nucleotide exchange
factor trio mediates axonal development in the Drosophila embryo. Neuron 26:

93-106.

@ PLoS ONE | www.plosone.org

15

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

50.

51.

53.

Trio Regulates Subtype Specific Dendritogenesis

Liebl EC, Forsthoefel DJ, Franco LS, Sample SH, Hess JE, et al. (2000) Dosage-
sensitive, reciprocal genetic interactions between the Abl tyrosine kinase and the
putative GEF trio reveals trio’s role in axon pathfinding. Neuron 26: 107-118.
Newsome TP, Schmidt S, Dietzl G, Keleman K, Asling B, et al. (2000) Trio
combines with Dock to regulate Pak activity during photoreceptor axon
pathfinding in Drosophila. Cell 101: 283-294.

Peng YJ, He WQ), Tang J, Tao T, Chen C, et al. (2010) Trio is a key guanine
nucleotide exchange factor coordinating regulation of the migration and
morphogenesis of granule cells in the developing cerebellum. J Biol Chem 285:
24834-24844.

Penzes P, Beeser A, Chernoff J, Schiller MR, Eipper BA, et al. (2003) Rapid
induction of dendritic spine morphogenesis by trans-synaptic ephrinB-EphB
receptor activation of the Rho-GEF kalirin. Neuron 37: 263-274.

Ma XM, Kiraly DD, Gaier ED, Wang Y, Kim E]J, et al. (2008) Kalirin-7 is
required for synaptic structure and function. J Neurosci 28: 12368-12382.
Penzes P, Jones KA (2008) Dendritic spine dynamics—a key role for kalirin-7.
Trends Neurosci 31: 419-427.

Ma XM, Huang JP, Kim EJ, Zhu Q, Kuchel GA, et al. (2010) Kalirin-7, an
important component of excitatory synapses, is regulated by estradiol in
hippocampal neurons. Hippocampusdoi: 10.1002/hipo.20780.

Song JK, Giniger E (2011) Noncanonical Notch function in motor axon
guidance is mediated by Rac GTPase and the GEF1 domain of Trio. Dev Dyn
240: 324-332.

Steven R, Zhang L, Culotti J, Pawson T (2005) The UNC-73/Trio RhoGEF-2
domain is required in separate isoforms for the regulation of pharynx pumping
and normal neurotransmission in C. elegans. Genes Dev 19: 2016-2029.
Astigarraga S, Hofmeyer K, Farajian R, Treisman JE (2010) Three Drosophila
liprins interact to control synapse formation. J Neurosci 30: 15358-15368.
Ball RW, Warren-Paquin M, Tsurudome K, Liao EH, Elazzouzi F, et al. (2010)
Retrograde BMP signaling controls synaptic growth at the NM]J by regulating
trio expression in motor neurons. Neuron 66: 536-549.

Grueber WB, Jan LY, Jan YN (2002) Tiling of the Drosophila epidermis by
multidendritic sensory neurons. Development 129: 2867-2878.

Dutta D, Bloor JW, Ruiz-Gomez M, VijayRaghavan K, Kiehart DP (2002)
Real-time imaging of morphogenetic movements in Drosophila using Gal4-
UAS-driven expression of GFP fused to the actin-binding domain of moesin.
Genesis 34: 146-151.

Grueber WB, Jan LY, Jan YN (2003) Different levels of the homeodomain
protein Cut regulate distinct dendrite branching patterns of Drosophila
multidendritic neurons. Cell 112: 805-818.

Billuart P, Winter CG, Maresh A, Zhao X, Luo L (2001) Regulating axon
branch stability: the role of p190 RhoGAP in repressing a retraction signaling
pathway. Cell 107: 195-207.

Tcherkezian J, Lamarche-Vane N (2007) Current knowledge of the large
RhoGAP family of proteins. Biol Cell 99: 67-86.

Goldstein AY, Jan YN, Luo L (2005) Function and regulation of Tumbleweed
(RacGAP50C) in neuroblast proliferation and neuronal morphogenesis. Proc
Natl Acad Sci USA 102: 3834-3839.

Parrish JZ, Kim MD, Jan LY, Jan YN (2006) Genome-wide analyses identify
transcription factors required for proper morphogenesis of Drosophila sensory
neuron dendrites. Genes Dev 20: 820-835.

Forsthoefel DJ, Liebl EC, Kolodziej PA, Seeger MA (2005) The Abelson
tyrosine kinase, the Trio GEF and Enabled interact with the Netrin receptor
Frazzled in Drosophila. Development 132: 1983-1994.

Li W, Li Y, Gao F-B (2005) Abelson, Enabled, and P120catenin exert distinct
effects on dendritic morphogenesis in Drosophila. Dev Dyn 234: 512-522.
Luo L, Liao Y], Jan LY, Jan YN (1994) Distinct morphogenetic functions of
similar small GTPases: Drosophila Dracl is involved in axonal outgrowth and
myoblast fusion. Genes Dev 8: 1787-1802.

Grueber WB, Ye B, Yang C-H, Younger S, Borden K, et al. (2007) Projections
of Drosophila multidendritic neurons in the central nervous system: links with
peripheral dendrite morphology. Development 134: 55-64.

Song W, Onishi M, Jan LY, Jan YN (2007) Peripheral multidendritic sensory
neurons are necessary for rhythmic locomotion behavior in Drosophila larvae.
Proc Natl Acad Sci USA 104: 5199-5204.

Sulkowski MJ, Iyer SC, Kurosawa MS, Iyer EPR, Cox DN (2011) Turtle
functions downstream of Cut in differentially regulating class specific dendrite
morphogenesis in Drosophila. PLoS ONE 6(7): €22611.

Ascoli GA, Krichmar JL (2000) L-neuron: A modeling tool for the efficient
generation and parsimonious description of dendritic morphology. Neurocom-

puting 32-33: 1003-1011.

March 2012 | Volume 7 | Issue 3 | e33634



