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Actin blobs prefigure dendrite branching sites

Vanitha Nithianandam*? and Cheng-Ting Chien*?®

The actin cytoskeleton provides structural stability and adaptability to the cell. Neuronal dendrites frequently undergo
morphological changes by emanating, elongating, and withdrawing branches. However, the knowledge about actin dynamics
in dendrites during these processes is limited. By performing in vivo imaging of F-actin markers, we found that F-actin

was highly dynamic and heterogeneously distributed in dendritic shafts with enrichment at terminal dendrites. A dynamic
F-actin population that we named actin blobs propagated bidirectionally at an average velocity of 1 pm/min. Interestingly,
these actin blobs stalled at sites where new dendrites would branch out in minutes. Overstabilization of F-actin by the G15S
mutant abolished actin blobs and dendrite branching. We identified the F-actin-severing protein Tsr/cofilin as a regulator of
dynamic actin blobs and branching activity. Hence, actin blob localization at future branching sites represents a dendrite-
branching mechanism to account for highly diversified dendritic morphology.

Introduction

The actin cytoskeleton, depending on cellular needs, shapes into
various dimensions in a spatiotemporal manner. In neurons,
actin is essential for morphological changes such as neurite for-
mation and growth cone navigation. Initially, monomeric actin
polymerizes to form F-actin that is further organized into high-
er-order dynamic assemblies like actin waves and trails (Allard
and Mogilner, 2013; Roy, 2016; Inagaki and Katsuno, 2017). In
cultured hippocampal neurons, actin waves propagate from the
base to the tip of the neurite once every half hour at a velocity
of 3 um/min (Ruthel and Banker, 1999; Flynn et al., 2009). Actin
waves could contribute to axonogenesis as the waves appear with
higher frequencies in the early than later developmental stages
in neurites that would become axons. Actin trails, propagated in
adifferent dynamic manner, nucleate and elongate from station-
ary endosomes in the axonal shaft at a fast rate of 1 um/s (Schuh,
2011; Ganguly et al., 2015). The putative function of actin trails is
to deliver F-actin to presynaptic regions for synaptic membrane
recycling. These actin assemblies depend on different actin reg-
ulatory proteins for their genesis and motility. For instance, the
actin nucleator Arp2/3 and microtubules are required for the
propagation of actin waves but dispensable for actin trail elon-
gation (Ruthel and Banker, 1998; Ganguly et al., 2015; Katsuno et
al., 2015). Hence, these dynamic F-actin populations with distinct
characteristics contribute to different functions in the axon.

In addition to axons, neuronal dendrites also contain dynamic
actin assemblies. In cultured hippocampal neurons, actin waves
propagate from the base to dendritic ends with a putative role
in dendrite growth (Ruthel and Banker, 1999). Distinct actin or-

ganizations such as longitudinal actin, actin patches, and rings
are present in dendrites of cultured hippocampal neurons (Xu et
al., 2013; D’Este et al., 2015; Bér et al., 2016). However, dynamic
natures and functions of these actin organizations remain to be
determined. In dendritic spines, actin organization varies in dif-
ferent spine compartments. While branched networks of F-actin
are pronounced in the head, linear actin structures are evident
in the neck (Korobova and Svitkina, 2010). Furthermore, actin
dynamics also vary at different spine regions. A dynamic pool
of F-actin produces expansive force at the spine tip, whereas a
stable pool of F-actin at the spine base possibly contributes to
stability (Honkura et al., 2008). Currently, while some actin as-
semblies in axons and dendritic spines have been known, the
knowledge of actin organizations and dynamics in dendritic
shafts is incomplete (Konietzny et al., 2017).

Genetic studies have shed light on the role of actin-binding
proteins in regulating dendrite branching. Loss of Enabled (Ena),
an actin-polymerizing factor, causes a reduction in dendrite
branching, whereas the actin nucleator Spir is involved in den-
drite patterning (Gao et al., 1999; Ferreira et al., 2014). The small
GTPase proteins Racl and Cdc42 positively regulate dendrite
branching, whereas RhoA inhibits the process (Lee et al., 2000,
2003; Ng et al., 2002; Scott et al., 2003). In hippocampal neu-
rons, Cobl mediates F-actin nucleation before dendrite branching
(Hou et al., 2015). Similarly, in Drosophila melanogaster class I11
dendritic arborization (da) neurons, local actin accumulation
precedes the formation of spike-like terminals (Andersen et al.,
2005). It is not clear whether local F-actin nucleation and accu-
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mulation are also applicable to other types of neurons. Fascin,
an actin-bundling protein, localizes specifically to the terminal
spikes of class IIl da neurons and is essential for spike formation.
However, Fascin is dispensable for dendrite branching in class IV
daneurons (Nagel etal., 2012). Considering the huge diversity of
neurons in terms of dendritic morphology, these analyses only
reveal a subset of actin-regulatory mechanisms in dendrites.

In this study, we examined actin dynamics in class IV da neu-
rons that display the highest complexity among four classes of da
neurons in Drosophila (Grueber et al., 2002). In addition to the
uneven distribution of F-actin that reflects the dynamic nature
of dendrites, we identified a population of F-actin assemblies
we named “actin blobs.” We report the features of actin blobs
in dendrites and, more importantly, their prelocalization to fu-
ture branching sites. Localization of dynamic actin blobs at the
branching sites represents a distinct mechanism to previously
described F-actin nucleation at the branching sites. By a ge-
netic screen for actin-regulatory factors, we identified Twinstar
(Tsr), the Drosophila cofilin homologue (Gunsalus et al., 1995),
to regulate the actin blob genesis in dendrites. Cofilin, an F-ac-
tin-severing protein, binds to F-actin and induces breakage of
F-actin at the site between cofilin-bound and -unbound regions
(Prochniewicz et al., 2005). The severed F-actin produces free
barbed ends that can be depolymerized or further nucleate actin
polymerization (Ichetovkin et al., 2002; Okreglak and Drubin,
2010). In dendritic spines, cofilin regulates both spine shrink-
age and enlargement (Racz and Weinberg, 2006; Calabrese et
al., 2014; Noguchi et al., 2016). However, how the loss of cofilin
affects dendrite branching remained elusive. By studying tsr
mutant defects, we propose that actin blob regulation by Tsr is
important for dendrite branching. Further study of the actin
variant G158 that stabilizes F-actin due to resistance to cofilin
binding also confirms the importance of actin blob regulation in
dendrite branching.

Results

Actin blobs, a population of dynamic F-actin

assemblies in dendrites

To delineate the elusive role of actin in dendritic shafts, we ex-
pressed LifeAct in class IV da neurons by ppk-GAL4, allowing us
to visualize F-actin in vivo (Riedl et al., 2008). We observed that
the F-actin was heterogeneously distributed in dendritic shafts
with higher intensities in proximal and terminal dendrites
(Fig. 1 A, arrows and arrowheads, respectively). These high-in-
tensity F-actin signals were intermittently distributed along
dendritic shafts, as shown by quantification of LifeAct intensities
along a segment (Fig. 1B).

To further characterize F-actin distribution in dendrites, we
performed live imaging. Interestingly, high-intensity F-actin sig-
nals were dynamic in nature (Fig. 1, C-F; and Videos 1, 2, 3, and
4). Some F-actin aggregates appeared rounded, while some others
were in elongated shapes. These dynamic clusters of F-actin prop-
agating in dendrites termed actin blobs were present in all regions
of the dendritic arbor. The size of these actin blobs ranged from 1
to 6 um in length along the dendritic process, with an average size
of 3.1 um (refer to Table 1 for SD and sample numbers hereafter).
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Propagation of actin blobs was bidirectional in both retrograde
(toward cell body) and anterograde (toward dendritic tip) direc-
tions (Fig. 1, Cand D; and Videos 1and 2). Within a 10-min imaging
period, almost all dendrites (96.6%) had actin blobs, with an aver-
age of 2.5 actin blobs in 10 pm of length. We also observed actin
blob turning at branch points, moving from the terminal dendrite
to the mother dendrite (Fig. 1 E and Video 3). Splitting of actin
blobs was detected frequently (Fig. 1 F and Video 4). In 10 min,
42.1% of dendrites had at least a splitting event. The two daughter
actin blobs after splitting could move independently. The veloc-
ity of actin blob movement was quantified using kymographs
(Fig.1C’). We found that the velocities of actin blobs varied, with
the majority of them (>77%) moving at speeds between 0.9 and 1.9
pm/min (Fig. 1 G). The average velocity was 1.4 um/min.

We further examined any difference between anterograde and
retrograde propagations. Almost equal percentages of antero-
grade (52.9%) and retrograde (47.1%) propagations were present
with similar velocities (Fig. 1 H). In 10 um of terminal dendrites,
3.lactin blobs were detected, and the same length of nonterminal
dendrites had 1.8 actin blobs. Thus, terminal dendrites that un-
dergo frequent extension and retraction had a higher number of
actin blobs, although both populations of actin blobs propagated
at similar velocities (Fig. 11). In addition, actin blob propagation
was developmentally regulated. Compared with the early third
instar stage (72 h after egg laying; AEL), the number of actin
blobs in terminal dendrites was drastically reduced in the mid-
third instar stage (96 h AEL; Fig. 1]). Therefore, we focused our
study of actin blobs in dendrites in the early third instar stage.

We investigated whether actin blob movement depends on
microtubules. In RNAi knockdown against aTub84B, deficiency
in microtubules was revealed by the reduction in signal intensi-
ties of microtubule-associated Jupiter-Cherry as well as Futsch
and o-tubulin immunostaining (Fig. S1, A-D). aTub84B knock-
down also caused defects in dendrite morphogenesis (Fig. S1 A).
However, the number of actin blobs per 10 um dendrites and the
velocity of propagation remained the same (Fig. S1F; see Table S1
for SD and sample numbers). To further address the role of mi-
crotubules in regulating actin blobs, we overexpressed the micro-
tubule-severing protein Katanin 60 (Kat60), which destabilizes
microtubules and alters dendrite morphology (Mao et al., 2014).
While we detected consistent results as reported, Kat60 over-
expression failed to reduce the actin blob number with slightly
increased velocity (Fig. S1, E and F). Put together, microtubules
are largely dispensable to actin blob propagation in dendrites.

Dendrite branching remained normal with LifeAct expression
(Fig. S2 A). To further validate the observed F-actin dynamics in
dendrites, we employed an alternative F-actin probe GMA consist-
ing of GFP fusion to the actin-binding domain of moesin (Edwards
et al., 1997). Similar to LifeAct expression, the dendrite pattern
was normal upon GMA expression (Fig. S2 A). GMA-labeled actin
blobs had essentially the same properties such as distributions
and velocities (Fig. S2, B-F; Video 5; and Tables 1 and 2), justifying
that LifeAct is a suitable reporter probing dynamic F-actin in vivo.

Actin blob prelocalization at dendrite branching sites
To explore possible actin blob functions in dendrites, we sought
any correlation between actin blob dynamics and morphogenetic
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Figure 1. Distribution and dynamics of actin blobs in
dendrites. (A) Distribution of LifeAct (green) expressed by
ppk-GAL4 in dendritic arbors of class IV da neurons marked
by ppk-CD4-tdTomato (magenta). Arrows indicate high Life-
Act signals in proximal dendrites, and arrowheads indicate
these in terminal dendrites. (B) A terminal dendrite was
straightened (top) to show uneven distribution of LifeAct
signals. LifeAct intensities normalized to tdTomato intensi-
ties were shown along the shaft (bottom). x axis, um; y axis,
AU. (C) Time series images show actin blob propagation in
the retrograde direction (see also Video 1). (C') Kymograph
shows changes of LifeAct intensities along the dendritic shaft
(x axis) and time (0-66 s; y axis). (D-F) Time series images
show anterograde movement of an actin blob (D; Video 2),
the passage of an actin blob through a branching site indi-
cated by asterisks (E; Video 3), and actin blob splitting (F;
Video 4). (G) Bar graph shows percentages (y axis) of actin
blobs versus velocities with a 0.2-um/min increment (x axis).
In total, 404 actin blobs in 164 dendrites of nine neurons
in five experiments were recorded. (H) Bar graphs compare
percentages (left; dot represents a neuron) and velocities
(um/min; right; dot represents a blob) of actin blobs between
anterograde (Antero) and retrograde (Retro) propagation.
In total, 152 actin blobs from nine neurons for retrograde
and 160 actin blobs in nine neurons for anterograde were
recorded. (I) Comparing actin blob numbers (in 10 pm; left;
dot represents a dendrite segment) and velocities (um/min;
right) in nonterminal (Non-termi; 156 actin blobs from 50
dendrites) and terminal (Termi; 248 actin blobs from 69
dendrites) dendrites. (J) Comparing actin blob numbers
1685 in 10-um terminal dendrites in early third (72 h AEL; rep-
licate of terminal dendrites in I) and mid-third instar (96 h
AEL; 15 dendrites from three neurons). Significance was
determined using Student’s t test. ***, P < 0.001. Error
bars represent SEM.
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processes such as the formation of new branches and extension
and retraction of existing branches. Interestingly, when follow-
ing actin blob propagation, we found that actin blobs stalled at
sites where new branches would bud out soon after (Fig. 2, A-C;
and Videos 6,7,and 8). A striking correlation was detected; almost
all new branches (83% in LifeAct- and 87.5% in GMA-marked
actin blobs; see Table 2 for sample numbers hereafter) had a pre-
localized actin blob at the branching site. Prior to the prelocal-
ization, 27.3% of actin blobs anterogradely propagated and 54.5%
retrogradely propagated to the branching sites (Fig. 2, A and B;
Videos 6 and 7; and Table 2 hereafter). In the remaining 18.2% of
cases, two actin blobs approached each other and stalled together
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at the branching site (Fig. 2 C and Video 8). Interestingly, retro-
grade actin blobs derived from neighboring retracting dendrites
contributed to new branch formation (Fig. 2, B and C). In the ab-
sence of actin blob prelocalization, new branches emerged with
local F-actin accumulation (Fig. 2 D and Video 9; 11.3%) or even
without enriched F-actin at the branching site (5.7%). The time
from actin blob localization to branch initiation could range from
<20 s to >7 min, with the majority of actin blobs prelocalized for
<2 min (Fig. 2 E). On average, new dendrites had actin blobs pre-
localized for 1 min 54 s before branching out. The level of actin
blob intensity after localization was maintained or fluctuated
slightly until branching, suggesting that specific changes such
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Table 1. Features of actin blobs

Description Average * SD? (sample number)

LifeAct GMA
Actin blob size (um) 3.1£1.1(n=68) 3.5+1.6(n=32)
Dendrites with actin blobs (%) 96.6 (n=119) 92.0 (n = 44)
Actin blob number (in 10-um length) 2.5+1.8(n=119) 1.8+ 1.2(n=44)
Actin blob splitting event (% in 10-um dendrite) 42.1(n=38) 28.6 (n=35)
Actin blob velocity (um/min) 1.4 + 0.6 (n = 404) 2.1£0.7(n=121)
Anterograde actin blob (%) 52.9(n=9) 50.7 (n=7)
Retrograde actin blob (%) 47.1(n=9) 493 (n=7)
Anterograde velocity (um/min) 1.3+0.5(n=160) 2.1+0.8(n=63)
Retrograde velocity (um/min) 1.4+0.5(n=152) 2.0£0.7(n=58)
Number in terminal dendrites (in 10 um) 3.1+1.9(n=69) 22+1.3(n=28)
Number in nonterminal dendrites (in 10 um) 1.8+1.2(n=50) 1.1+0.7(n=16)
Velocity in terminal dendrites (um/min) 1.4 +0.5(n=248) 2.1£0.7(n=88)
Velocity in nonterminal dendrites (um/min) 1.3+0.6(n=156) 2.0£0.7(n=33)
Number in mid-third instar stage (in 10 um) 0.4+0.3(n=15) 0.8+0.6(n=14)
Number in class IIl da neurons (in 10 pm) 0.6 +0.9(n=20) NDP
Velocity in class IIl da neurons (um/min) 1.8+0.5(n=11) ND

2When applicable.
PNot done.

as increases in the F-actin level are not prerequisite for branch-
ing. Once new branches emerged, we observed the infusion of
F-actin into the new dendrite, which might indicate the growth
of F-actin (Fig. 2, A-D).

In class IV da neurons, 24% of prelocalized actin blobs led
to a branch formation, while the rest dispersed after the stall-
ing (Table 2). When stalled for >1 min, the percentage leading to
branch formation increased to 50%. To exclude the possibility
that actin blob localization in branching dendrites is stochastic,
we examined the correlation between the actin blob localization
site and the dendrite branching site. In the 24 actin blobs we as-
sayed, 17 (71%) of them localized within 1 um of the branching site
in a 10-pm dendrite, and seven (29%) localized to nonbranching
region (P < 0.0001 for random association by ¥ test). Indeed, in
those colocalized cases, the distance between the center of the
actin blob and the center of the new branching site was merely
0.16 pm on average, suggesting a tight correlation between
these two processes.

As dynamic terminal dendrites contained higher numbers
of actin blobs, we assayed a possible correlation between actin
blob propagation and dendrite dynamics. During dendrite re-
traction, 33.3% dendrites had a retrograde actin blob, 9.5% had
an anterograde actin blob, 23.8% were devoid of actin blobs, and
the remaining 33.3% had two actin blobs moving in the opposite
direction. During dendrite extension, a higher percentage of
dendrites (57.1%) had a retrograde actin blob as compared with
retracting dendrites. Dendrites with an anterograde actin blob
remained the same (9.5%), while dendrites containing no actin
blobs (14.3%) or bidirectional actin blobs (19.1%) were reduced.
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With retrograde actin blobs accounting for the highest percent-
ages in both extending and retracting dendrites, it seems that
directionality of actin blob propagation does not dictate changes
in terminal dendrite dynamics.

A previous study indicates actin accumulation at the branch-
ing site precedes the branching event in class III da neurons
(Andersen etal., 2005). To address whether the presence of actin
blobs in class IV da neurons is neuronal type specific, we exam-
ined LifeAct signals in class III da neurons. Consistently, in those
new branching events recorded in 10 min within a 10-um den-
drite, the number of actin blobs was significantly reduced to 0.6
as compared with 2.5 per in class IV da neurons (Table 1). Also,
actin blob prelocalization accounted for ~35% of new dendrite
formation as compared with >80% of new dendrite formation in
class IV da neurons (Table 2). However, while actin blobs were
the minor event in class III da neurons, they shared comparable
properties with actin blobs in class IV da neurons including ve-
locity (1.8 um/min in class I1I vs. 1.4 pm/min in class IV; P = 0.03
by Student’s t test) and percent stalled events leading to branch-
ing (70% in class III vs. 71% in class IV; P = 0.496 by proportion
test). Taken together, these analyses suggest that the branching
mechanism by actin blob prelocalization is also used in class III
da neurons but as a minor pathway.

F-actin-stabilizing G15S mutant reduces actin blobs and
dendrite dynamics

The actin mutant G15S can be incorporated into F-actin that is
more stable than F-actin constituted of solely WT actin (Posern
et al., 2004). To study how stabilization of F-actin might have
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Table 2. Actin blobs in dendrite branching, retraction, and extension

Description Value? (sample number)
LifeAct GMA
New branches with actin blob prelocalization (%) 83.0(n=53) 87.5(n=24)
Local F-actin accumulation before branching (%) 11.3(n=153) 8.3 (n=24)
No F-actin enrichment before branching (%) 5.7 (n=53) 4.2 (n=24)
Anterograde actin blob to branching site (%) 27.3(n=44)
Retrograde actin blob to branching site (%) 54.5 (n = 44)
Retro- and anterograde actin blobs to branching site (%) 18.2 (n=44)
Time of localization before dendrite branching (s) 114 (n = 41)
Retracting dendrites with retrograde actin blobs (%) 33.3(n=21)
Retracting dendrites with anterograde actin blobs (%) 9.5(n=21)
Retracting dendrites with two actin blobs (%) 33.3(n=21)
Retracting dendrites with no actin blobs (%) 23.8(n=21)
Extending dendrite with retrograde actin blobs (%) 57.1(n=21)
Extending dendrite with anterograde actin blobs (%) 9.5(n=21)
Extending dendrite with two actin blobs (%) 19.1(n=121)
Extending dendrite with no actin blobs (%) 143 (n=21)
Actin blob stalling followed by branching (%) 24 (n=49)
Actin blobs localizing at the branching site in class IV (%) 71(n=24)
Actin blobs localizing at the branching site in class Il (%) 70 (n=10)
Class Il spike formation with actin blob prelocalization (%) 35(n=20)

Values correspond with LifeAct unless otherwise mentioned.

an impact on actin blobs and dendrite morphogenesis, the UAS-
GI5S transgene was expressed in class IV da neurons. We first
showed that in G15S-expressing neurons, the dendritic pattern
was dramatically compromised, with the number of endpoints
greatly reduced (Fig. 3, A and B; and Table 3 for averages and SD),
suggesting that overstabilized F-actin compromised dendrite
growth. When G15S was coexpressed with LifeAct, the overall
F-actin distribution remained similar to the pattern in control
arbor (compare Fig. 3 C with Fig. 1 A). Higher levels of F-actin
were present in proximal and terminal dendrites as in control
(Fig. 3 C, arrows and arrowheads, respectively). Quantification
showed no significant difference in comparing F-actin intensi-
ties (Fig. 3 D). Strikingly, the F-actin signals were static when
examined in live imaging in contrast with WT control dendrites
in which F-actin signals were highly dynamic (Fig. 3, E and F;
and Video 10). Hence, actin blobs, defined as dynamic F-actin as-
semblies, were drastically reduced in G15S-expressing neurons.
In control neurons, 97.4% of dendrites had at least one actin blob
when recorded within a 10-ym segment in 10 min compared
with 55.2% of dendrites in G15S-expressing neurons. The aver-
age number of actin blobs in a 10-um dendrite was also greatly
reduced by the GI5S expression, from 3.3 in control to 0.5 in
G15S-expressing neurons, a more than sixfold reduction (Fig. 3 G,
top). Consistent with the reduction of actin blobs in dendrites,
the actin blob splitting events were also greatly reduced to 7.1% in
GI155-expressing neurons, also a sixfold reduction from 42.1% in
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control. The actin blob size was also reduced to 1.8 pm compared
with 3.1 um in the control neurons (Table 3). Unexpectedly, those
dynamic actin blobs that remained in G15S-expressing neurons
propagated at a comparable speed of 1.2 pum/min (Fig. 3 G, bot-
tom). Taken together, these results show that overstabilization of
F-actin by G15S mainly reduces the number of actin blobs rather
than the speed of propagation in dendrites.

With a sixfold reduction in the number of actin blobs, whose
localization marked the future dendrite branching sites, we
examined whether new dendrite branching is also affected in
GI155-expressing neurons. While in control neurons, 12.5 new
buds emerged in an area of 10,000 pum? in 10 min, only 1.9 were
detected in GI55-expressing neurons, a more than sixfold reduc-
tion that could resonance the reduction in actin blobs (Fig. 4, A
and B). Although the numbers of new branches and actin blobs
were both reduced by sixfold, 33.3% of branching events in
G15S-expressing neurons still had prelocalized actin blobs be-
fore branching out. These analyses are consistent with the idea
that F-actin stabilization by G15S hinders the production of actin
blobs, which results in the reduced availability for branching out
new dendrites.

Furthermore, during the emergence of new branches in
GI5S-expressing neurons, F-actin infusion into the new den-
drites was lacking, resulting in dramatic reduction of LifeAct
signals in new dendrites (Fig. 4, C and D). The reduction of F-ac-
tin correlated with slow growth of these new dendrites. The net
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Figure 2. Actin blob prelocalization to future
branching sites. (A) Time series of images show the
movement of an actin blob (green; indicated by yel-
low arrowheads) in anterograde direction (0-149 s),
stalling (298 s), and the emergence of a new branch
(317 s) indicated by white arrowheads with dendrites
labeled in magenta (Video 6). (B) The actin blob
moves out of a retracting dendrite (0-93 s) and stalls
(168-409 s) until the emergence of new dendrite
(447 s). The retracting dendrite is marked with aster-
isks, and a newly emerging dendrite is marked by a
white arrowhead (Video 7). (C) Two actin blobs (one
indicated by yellow arrowheads, and one by yellow
arrows) merge at the stalling site (452 s) to induce
dendrite emergence (white arrowhead at 657 s
and 838 s). The retracting dendrite is marked with
asterisks (Video 8). (D) F-actin accumulation (yellow
arrowheads in 91-226 s) until a new dendrite emerges
(white arrowhead at 861 s; Video 9). (E) Bar graph
shows the distribution of actin blob stalling times
before branch emergence from 41 stalling/branching
events in 10 neurons from seven experiments.
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displacement of new dendrites in 5 min was 3.8 pm in control
neurons, whereas it was 2.5 pm for GI5S-expressing neurons
(Fig. 4 F). In addition, mature dendrites often undergo constant
extension and retraction. We found that both extension and re-
traction were retarded in G15S-expressing neurons (Fig. 4 E).
In the 10-min recording, control dendrites had an extension
of 3.3 pm and a retraction of 3.1 um, whereas G15S-express-
ing dendrites had an extension of 1.1 yum and a retraction of 1.3
pm (Fig. 4, G and H). Therefore, overstabilization of F-actin in
G15S-expressing neurons causes slower growth of new dendrites
and reduced motility of existing dendrites.

Maintaining dynamic F-actin is likely essential for all types
of neurons during dendrite arborization. We examined whether
G15S-overstabilized F-actin had impacts on branching in other
types of da neurons (Fig. S3). As expected, G15S expression re-
sulted in the reduction of filopodia-like protrusions in class 111 da
neurons (Table 3). Also, the class I da neuron with simple arbor
was also compromised in branching (Table 3). Thus, F-actin over-
stabilization had adverse effects on the growth of da dendrites
we had examined.

To test whether the effect of G15S could be due to increased
levels of actin, the WT version of actin, Act42A, was overex-
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Time (minutes)

pressed by the ppk-GAL4 driver. The branching pattern, ter-
minal dendrite dynamics, F-actin intensities, and actin blob
dynamics were all indistinguishable to control neurons (Fig. S4
and Table 3). Thus, the effects of G15S on actin blobs and den-
drites are caused by actin overstabilization rather than the con-
sequence of actin overexpression.

Tsr/cofilin regulates actin blobs and dendrite branching
To screen regulators of actin blobs, several proteins that are
known to regulate different aspects of actin structure and func-
tion were tested. Initially, mosaic analysis with a repressible cell
marker (MARCM) clones or RNAi knockdown were employed to
examine dendritic defects in mutants for these F-actin regulators
(Figs. 5and S5). While defective dendritic patterns were found in
some of the F-actin regulators, we chose Tsr/cofilin for further
study since Tsr/cofilin might be involved in actin blob produc-
tion through severing F-actin (Zebda et al., 2000). Also, cofilin
was unable to bind G15S-stabilized F-actin (Posern et al., 2004),
prompting us to examine whether tsr mutant neurons present
similar defects.

MARCM clones for tsrV2! or tsr¥964, both loss-of-function al-
leles, exhibited a drastic defectin dendrite branching throughout
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the long primary and secondary dendrites (Fig. 6 A). Quantifi-
cation of dendritic ends showed a strong reduction of branches
(Fig. 6 B), and Sholl analysis indicates that branch reduction
was more pronounced in medial and distal regions of the arbor
(Fig. 6 C). To further confirm the role of Tsrin dendrite branching,
two different tsr-RNAilines that strongly reduced tsrmRNA levels
(Fig. S5 G) were expressed in class IV da neurons. The numbers of
dendritic ends were also reduced in the tsr knockdown neurons
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5 um gray value

Figure 3. F-actin distribution and dynam-
ics in G15S and tsr-RNAi neurons. (A) Images
show dendritic trees in control (ppk-GAL4/+;
ppk-CD4-td-Tom/+), GI5S-expressing, and
tsr-RNAi-knockdown neurons. (B) Bar graph
shows average numbers of dendritic endpoints
present in the posterior dorsal region of the
ddaC dendritic field. The tsr-RNAi2 effect is also
included. Numbers of neurons: 12 (control), 10
(G15S), 10 (tsr-RNAI), and 10 (tsr-RNAi2). (C)
Images show LifeAct distributions (green) in the
CD4-tdTomato-labeled dendrites (magenta) of
GI5S-expressing (top) and tsr-RNAi-knockdown
(bottom) neurons. Merged images of two chan-
nels are at right. Arrows indicate high LifeAct
signals in proximal dendrites, and arrowheads
indicate these in terminal dendrites. For control,
see Fig. 1 A. (D) Bar graphs show quantifications
of LifeAct intensities normalized to CD4-td-
Tomato intensities in proximal dendrites (top)
as indicated by arrows in C as well as terminal
dendrites (bottom) as indicated by arrowheads
in C. Each dot represents the average value from
one neuron. Numbers of neurons: 9 (control), 8
(G15S), and 7 (tsr-RNAJ) from five to six experi-
ments. (E) LifeAct signals are dynamic (Video 10)
in control terminal dendrites (top) and remain
static in both G15S-expressing (middle) and tsr-
RNAi-knockdown (bottom) terminal dendrites.
Images are shown in time series of frames sepa-
rated by 2-min intervals for a total of 10 min. (F)
Line graphs show changes of LifeAct intensities
in representative segments of dendrites over a
10-min live-imaging period with 2-min intervals
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>
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i 15 for control (blue), G15S-expressing (green), and
2104 °- tsr-RNAi-knockdown (red) neurons. The inten-
g . sities were assayed from linearized dendrites. x
€ 593 o™ axis, um; y axis, LifeAct gray value. Representa-

0. PR tive images were chosen from observations in 39

dendrites for control, 28 dendrites for tsr-RNAi,
and 39 dendrites for GI5S in six neurons from six
experiments for each genotype. (G) Bar graphs
show quantifications for actin blob numbers per
10 pm recorded in 10 min (top) as well as actin
blob velocity in um/min (bottom) in control (94
actin blobs in 39 dendrites), G15S-expressing (23

velocity (um/min)

° 48 = actin blobs in 29 dendrites), and tsr-RNAi-knock-
E ) 5 down (26 actin blobs in 28 dendrites) neurons
(&) Uk') from six neurons in six experiments for each gen-

otype. Genotypes for control: UAS-lacZ-RNAi/+;
ppk-GAL4, UAS-LifeAct/+; ppk-CD4-td-Tom/+;
for GI5S: +/+; ppk-GAL4, UAS-LifeAct/UAS-
ActinG15S; ppk-CD4-td-Tom/+; and for tsr-RNAI:
+/+; ppk-GAL4, UAS-LifeAct/UAS-tsr-RNAI; ppk-
CD4-td-Tom/+. Significance in comparison with
control was determined by Student’s t test. **¥,
P < 0.001. Error bars represent SEM.

as compared with the control (Fig. 3, A and B). As shown for G15S
overexpression, we also showed that the dendritic patterns of class
I and class ITI da neurons were defective in tsr MARCM clones or
by tsr-RNAi knockdown (Fig. S3 and Table 3). Altogether, these
analyses suggest that the F-actin-severing protein Tsr/cofilin is
required for dendrite branching in different classes of da neurons.

Using a protein trap line in which tsris fused to GFP to ex-
amine Tsr expression during development, we found that Tsr

Journal of Cell Biology
https://doi.org/10.1083/jcb.201711136

920z Ateniqed 80 uo 3senb Aq ypd-9g L L1 2L0Z Al/66.509L/LELE/0L/LLZHPA-BlonIe/qol/B10 ssBIdNY)/:dRY WOy papeojumoq

3737



Table 3. Effect of G15S expression and tsr knockdown on dendrites

Description Average x SD (sample number)

Control Act42A G15S tsr-RNAi
Dendrites / c4ddaC (number) 187 +20(n=12) 163+37(n=9) 105 + 18 (n=10) 100 + 20 (n=10)
Dendrites / c3ddaF (number) 263 +51(n=15) 239+41(n=9) 64 +12 (n=10) 142 +21(n=10)
Dendrites / c3ddaA (number) 329 +50(n=10) 331+60(n=9) 72+19(n=9) 181+ 48 (n=8)
Dendrites / c1ddaE (MARCM; number) 25+6.6(n=11) ND? ND 19.6 £+ 2.9 (n=10)
Dendrites / c1ddaE (number) 23.8+2.7(n=13) 222+3.1(n=8) 126 +1.8(n=9) ND
LifeAct intensity in proximal dendrites (AU) 04+0.1(n=9) 0.4+0.1(n=6) 0.3+0.2(n=8) 04+0.2(n=7)
LifeAct intensity in terminal dendrites (AU) 0.5+0.2(n=9) 0.5+0.1(n=6) 0.3+0.1(n=10) 0.6+0.3(n=7)
Dendrites with actin blobs (%) 97.4(n = 39) 93.3 (n=15) 55.2 (n=29) 67.9 (n = 28)
Actin blobs in terminal dendrites (in 10 pm) 3.3£23(n=39) 2.8+1.8(n=15) 0.5+0.6(n=29) 0.6 +0.6(n=28)
Dendrites with splitting events (%) 42.1(n=138) 33.3(n=15) 7.1(n=14) 0(n=28)

Velocity in terminal dendrites (um/min)

1.3+0.4(n=94)

1.4+05(n=61)

1.2+0.4(n=23)

1.1+0.5(n=26)

Actin blob size (um)

3.1:1.1(n=68)

3.1:1.4(n=22)

1.8+ 0.8(n=20)

2.0+0.9(n=23)

New dendrites (in 104 um?)

125+ 7.4(n=14)

12.2+88(n=6)

1.9+23(n=12)

3.1+45(n=11)

New dendrites with prelocalization (%) 83.0(n=53) 78.9(n=19) 33.3(n=18) 47.4(n=19)

Normalized LifeAct intensity in new dendrites (AU) 1.0+ 0.4 (n=30) 1.0+0.2(n=18) 0.5+0.3(n=21) 0.6+0.2(n=22)
New dendrite growth in 5 min (um) 3.8+1.9(n=25) 4.0+1.4(n=20) 2.5+0.9(n=14) 2.3+0.9(n=13)
Existing dendrite extension in 10 min (um) 3.3£0.5(n=81) 3.4+13(n=20) 1.1+0.2(n=48) 1.9+0.5(n=62)
Existing dendrite retraction in 10 min (um) 3.1+0.9(n=81) 3.8+0.7 (n=20) 1.3+0.4(n=48) 2.0+0.5(n=62)

aNot done.

was expressed at higher levels at 72 h than at 96 h AEL (Fig. 6 D),
consistent with the timing when actin blobs were dynamic
(Fig. 1J). Similar to the previous observation (Nowak et al., 2010;
Grintsevich et al., 2016), Tsr-GFP signal is present throughout
the cell body. Expressing tsr-RNAi reduced Tsr-GFP signal in the
class IV da neuron (Fig. 6 D). To explore the possible role of Tsrin
regulating actin blobs, we observed LifeAct in dendrites with tsr-
RNAi knockdown. The distribution of LifeAct signals appeared
to be comparable with control dendrites, with higher levels of
intensities in proximal and terminal dendrites (arrows and ar-
rowheads, respectively, in bottom panels of Fig. 3 C, and quan-
tification in Fig. 3 D). Consistent with G15S-expressing neurons,
LifeAct-enriched signals were static without dynamic movement
(Fig. 3, Eand F; and Video 10). We tracked for dynamic actin blobs
in dendrites of tsr-RNAi neurons. The number of dendrites in-
cluding at least one actin blob in 10-ym dendrites was reduced
from 97.4% of control dendrites to 67.9% of tsr-RNAi dendrites.
The average number of actin blobs per 10-pm terminal dendrite
was greatly reduced by tsr-RNAi knockdown (control, 3.3; tsr-
RNAi, 0.6; Fig. 3 G, top). Actin blob size reduced from 3.1 ym in
control to 2 pm in tsr-RNAi dendrites (Table 3). Similar to GI5S
expression, tsr-RNAiknockdown did not affect the actin blob ve-
locity significantly (Fig. 3 G, bottom). Thus, Tsr regulates mainly
the availability of actin blobs in dendrites.

The 5.5-fold reduction in the number of actin blobs also re-
sulted in the reduction of new dendrites in tsr-RNAi neurons. In
an area of 10,000 pm?, only 3.1 new branches were detected in
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10-min imaging of tsr-RNAi neurons (Fig. 4, A and B), a fourfold
reduction from control neuron. New dendrites emerged from
tsr-RNAineurons still had prelocalized actin blobs (47.4%) before
branching. Thus, similar to G15S-expressing neurons, Tsr is spe-
cifically required for the production of actin blobs in dendrites.

Furthermore, during the emergence of new branches in tsr-
RNAineurons, F-actin failed to infuse into new dendrites, result-
ing in dramatic reduction in LifeAct intensities (arrowheads in
Fig. 4 Cand quantification in Fig. 4 D). The reduction of F-actin in
new dendrites correlated with slow dendrite growth in tsr-RNAi
neurons with reduced displacement of dendritic tips (Fig. 4 F).
The constant extension and retraction of existing dendrites were
also compromised in 10 min of recording (Fig. 4, E, G, and H).
Therefore, the F-actin dynamics were reduced in tsr-RNAi neu-
rons, resulting in slower dendrite growth and motility.

We further clarified whether dendrite growth defects could
have a general effect on F-actin motility and actin blob availabil-
ity. In the screening of actin regulators, we also identified Ena
and Chic/profilin, which were required for normal dendrite
branching (Fig. 5, A and C). By studying Ena and Chic, known to
be involved in actin polymerization, and monomeric actin pool
maintenance, we could examine their roles on actin blob prop-
erties. Overexpression of dominant-negative ena-DN (Lebrand
et al., 2004) also compromised dendritic arbor (Fig. S5, A and B;
and Table S1). Interestingly, the distribution of LifeAct signals in
ena-DN and chic-RNAi neurons remained in a pattern compa-
rable with that in the control, with high levels in the proximal
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Figure 4. Dendrite formation and motility in G15S and

tsr-RNAi neurons. (A) Images show new dendrite forma-

tion in control, GI15S-expressing, and tsr-RNAi-knockdown

neurons. Arrowheads indicate the sites at which new buds
i have emerged. The images at the beginning (0 min) and the
end (10 min) of the observation are shown. (B) Bar graph
1 indicates the average numbers of new dendrites per 10,000
= um? of the dorsal posterior field. The dendritic field was live
= imaged for 10 min with 20-s intervals for each scan. New
[E dendrites that had emerged during this period were scored.
2 Numbers of neurons are 14 for control, 12 for G15S, and 11
for tsr-RNAi from 7 to 10 experiments. (C) Images show Life-
Act signals (green, top) in new branches (magenta, middle
and merge images at bottom) that emerged within 10 min
live imaging for control (left), GI5S-expressing (middle), and
. tsr-RNAi-knockdown (right) neurons. (D) Bar graph rep-
resents LifeAct intensities (normalized to CD4-tdTomato
intensities) in new branches. Numbers of branches are 30
for control, 21 for G15S, and 22 for tsr-RNAi from seven neu-
rons in 10 experiments for each genotype. (E) Time series of
images show dendrite dynamics in 30 min with 5-min inter-
vals. Arrowheads indicate dendritic tips to show dendrite
dynamic growth. (F-H) Bar graphs show average length in
tip displacement of new dendrites for 5 min (F) as well as
extension (G) and retraction (H) of existing dendrites for 10
min in control, G15S-expressing, and tsr-RNAi-knockdown
neurons. In F, numbers of dendrites are 25 (control), 14
(G15S), and 13 (tsr-RNAI) from six to eight neurons in four
to five experiments. In G and H, number of dendrites are 81
(control), 48 (G15S), and 62 (tsr-RNAI) from 10 neurons in
seven to eight experiments for each genotype, and each dot
represents the average number for a neuron. Significance in
comparison with control was determined by Student’s t test.
**, P < 0.01; ***, P < 0.001. Error bars represent SEM.
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and terminal dendrites (Fig. S5 C). These actin blobs were also
highly dynamic in dendrites (Fig. S5 D), and the number of actin
blobs showed no significant difference with control (Fig. S5 E).
Actin blob size was reduced in chic-RNAi dendrites (Table S1).
However, the velocities of actin blobs were slightly increased in
ena-DN and chic-RNAi neurons (Fig. S5 F). Hence, Chic and Ena
might regulate an alternative aspect rather than actin blobs in
dendrite branching.

Next, we tested the role of the cyclase-associated protein Cap-
ulet, which sequesters monomeric G-actin and dissociates Cofilin
from ADP-bound actin (Hubberstey et al., 1996; Moriyama and
Yahara, 2002). As indicated in the previous study, captf6% MAR
CM clones do not show any dendrite-branching defect (Medina
etal., 2008), which was further confirmed by capt-RNAi knock-
down (Figs. 5 Band S5, A and B). Actin distribution and actin blob
dynamics in capt-RNAi-knockdown dendrites were comparable
with the control with a slight increase in velocity (Fig. S5, C-F;
and Table S1). It shows that Capulet is not essential for dendrite
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branching or actin blob propagation. The comparison of these
mutant phenotypes singles out the specificity of the actin-sev-
ering protein Tsr in actin blob regulation and F-actin dynamic in
class IV da dendrites.

Discussion

In summary, we have identified an actin population in dendrites,
which we named actin blobs. These dynamic actin blobs propa-
gate bidirectionally in dendrites and, when stalled, mark future
dendrite branching sites. The F-actin-severing protein Tsr/cofi-
lin is involved in the regulation of actin blobs. In tsrknockdown,
actin blobs were reduced, and dendrite branching was compro-
mised. The tsr knockdown recapitulated dendritic and actin
blob phenotypes observed in GI5S overexpression that induced
F-actin stabilization, suggesting that the dynamics of F-actin are
crucial in actin blob production and dendrite branching. Hence,
through exploring the function and regulation of actin blobs, we
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propose a new mechanism for the involvement of F-actin in den-
drite branching.

Actin blob dynamics in dendrites

The dynamic actin blobs in growing dendrites have distinct
properties compared with actin trails and waves. Actin trails
elongate at a much faster speed of 1 pm/s in axons (Ganguly et
al., 2015). Actin blobs in our study propagated at a slower rate
of 1 pm/min. Actin trails elongate at one end due to polymeriza-
tion, leaving an elongated trail behind, while actin blobs moved
as an entity without associated trails or comets to the moving
blobs. The trail movement in dendrites has not been reported.
Actin waves, another dynamic entity in neurons, emerge from
the base and propagate toward the end of the growing neur-
ites, and they move only in the anterograde direction (Ruthel
and Banker, 1999). Actin blobs originated from various parts of
the dendrites even from terminal dendrites and moved bidirec-
tionally. While propagation of actin waves depends on microtu-
bules, actin blob movements were normal when microtubules
were largely interrupted by RNAi depletion or Katanin-medi-
ated severing (Fig. S1). Also, the functions of actin blobs char-
acterized in dendrites are very different to actin waves and
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Figure 5. Dendritic phenotypes in mutants
for actin regulatory proteins. (A and B) MAR
CM clones were generated for ena* (n = 15 neu-
rons) and shot? (n = 2) as compared with control
FRTSB (n = 11; A) as well as arpCI?37st (n = 8),
dia® (n=5), and capt®3¢ (n = 6) as compared with
control FRT*# (n = 7; B). (C) RNAi knockdowns
for sqh (n = 10), zip (n = 10), and chic (n = 9) were
compared with ppk-GAL4 control (n = 12). Bar
graphs in A'-C' show the number of dendritic
endpoints for A-C, respectively, scored in the
dorsal posterior region of class IV da neurons at
the wandering third instar stage. Each dot rep-
resents the number of endpoints in a neuron.
shot? exhibited reduced availability of MARCM
clones, indicating neuronal loss. Significance was
determined using Student’s t test. *, P < 0.05;
*** P < 0.001. Error bars represent SEM.

»

trails. Actin waves propagated to the axonal or dendritic ends
are likely to promote continuing growth, and actin trails might
be involved in synaptic recycling. We propose that actin blobs
are involved in dendrite branching. However, actin blobs shared
certain characteristics with actin waves. Both move at a veloc-
ity of ~1 um/min in dendrites (Ruthel and Banker, 1999). Sim-
ilar to actin waves, actin blob dynamics varied depending on
the developmental stage. Actin waves are frequently observed
in the early developmental stages and diminished in the later
stages (Flynn et al., 2009). Similarly, the number of dynamic
actin blobs was higher in the neurons of early third instar lar-
vae, the stage at which dendrites are highly dynamic (Stewart et
al.,, 2012). In late larval stages when dendrite growth is prohib-
ited, LifeAct signals appeared static, and dynamic actin blobs
were not detected (Fig. 1]). In dendrites of class IV da neurons,
actin rod-like structures and Spire-nucleated F-actin structures
were observed in fixed neurons (Medina et al., 2008; Ferreira et
al., 2014). Whether they share similar properties to actin blobs
and their dynamic properties remains to be known. Taken to-
gether, dynamic F-actin structures with distinct characteristics
indicate that multitier organization of actin could contribute to
various cellular needs in neurons.
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Figure 6. Dendrite morphology in tsr mutants. (A) Defective ddaC den-
dritic patterns in MARCM clones for FRT®® tsrV121 (n = 12) and FRTEB tsr\96A
(n = 12) marked by GAL4%0-driven UAS-Venus for labeling dendrites, with
FRTE tsr* (n = 11) used as control MARCM. (B) Bar graph shows dendritic
endpoints in the posterior dorsal region of ddaC neurons. The control (FRT®3
MARCM) is a replicate of the control in Fig. 5 A". (C) Sholl analysis shows den-
drite intersections with concentric rings in 10-um increments from the proxi-
mal region until the distal end. Number of neurons: 9 (control), 11 (tsr**?1), and
12 (tsrN964) from two to three independent experiments. (D) Immunointensity
of Tsr-GFP in class IV da neuron at 72 h (n = 9) and 96 h AEL (n = 9) and in
tsr-RNAi (n = 8) neurons at 72 h AEL from two to three experiments. Tsr-GFP
intensities normalized to CD4-tdTomato within soma (outlined by dashed
lines) were scored and shown in the bar graph (right). Tsr-GFP intensity was
normalized to the neuronal marker. Significance was determined using Stu-
dent’s t test. **, P < 0.01; ***, P < 0.001. Error bars represent SEM. Each dot
represents a neuron.

Actin blob localization at future dendrite branching sites

F-actin-based filopodial protrusion from the dendritic shaft un-
derlies the initial event in dendrite branching and spine forma-
tion (Andersen et al., 2005; Korobova and Svitkina, 2010; Hou
etal., 2015). The branching sites accumulate F-actin before den-
drite initiation, and enriched F-actin extends into the growing
dendrites. One mechanism of F-actin accumulation is initiated by
the actin nucleation factor Cobl (Hou et al., 2015). Localization of
Cobl precedes F-actin accumulation at the branching site, which
is followed by the dendrite emergence. In cultured neurons,
Cobl responds to Ca** signaling through the Ca**-sensing pro-
tein calmodulin (CaM), which interacts with and activates Cobl,
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leading to the growth of actin filaments. Cobl also interacts with
the F-bar protein syndapin to coordinate membrane outgrowth.
In our study, F-actin accumulation at the branching site was de-
tected only in a small proportion of dendrites (Fig. 2 D). Rather
than initiating F-actin formation in situ, dynamic actin blobs
moved to and localized at the future branching sites, a process
preceding branch initiation. We failed to detect a role of syndapin
in dendrite formation in class IV da neurons, and the correlation
between Ca?* signaling and actin blob localization was not evi-
dent, indicating a fundamentally distinct mechanism in F-actin
enrichment at the branching site. Indeed, in dendrites of class
III da neurons, actin locally aggregates before formation of ac-
tin-rich filopodia, which could be promoted by activated CaMKII
(Andersen et al., 2005). Interestingly, similar manipulation by
overexpression of activated CaMKII failed to induce filopodia in
class IV da neurons (Andersen et al., 2005). In class III da neu-
rons, we observed that 35% of the dendritic spike-forming events
had actin blob localization, while the majority of new dendrites
(83%) in class IV da neurons had prelocalized actin blobs. By ana-
lyzing these two types of da neurons in Drosophila, it is clear that
different types of neurons employ distinct mechanisms for actin
enrichment at the branching site. These differences might be at-
tributed to various types of neurons that grow their dendrites in
different patterns or respond to different environmental cues.
Considering the huge diversities of neurons, further unidentified
mechanisms are expected.

Tsr/cofilin regulates dendrite branching

In this study, we also focused on finding proteins involved in
actin blob regulation. By morphology-based genetic screening,
we had found that mutations in ena, chic, and tsr caused severe
dendrite defects, and we further analyzed their roles in actin blob
dynamics. Tsr/cofilin, an F-actin-severing and -depolymerizing
protein, regulates the population of dynamic actin blobs in den-
drites. In the absence of Tsr/cofilin, most of the actin blobs were
static, while dynamic blobs, although much fewer, propagated at
the normal speed as in control dendrites (Fig. 3 G). The defect in
tsr mutants thus could not be explained simply by a disruption
in actin polymerization, which would lead to a compromise in
the speed of propagation. To support this idea, we had analyzed
the ena mutant that is supposed to compromise actin polymer-
ization (Barzik et al., 2005). In the ena mutant, while dendrite
patterning was affected, the number of actin blobs and their
dynamics were normal. Alternatively, depleting the monomeric
actin pool in the tsr mutants could have an impact on actin blob
dynamics. Chic/profilin through recycling ADP-actin to ATP-ac-
tin maintains a monomeric F-actin pool (Goldschmidt-Clermont
etal., 1991). We had also analyzed mutants for Chic and found no
defect in actin blob numbers and dynamics. Instead, tsr knock-
down and GI5S expression, which is resistant to cofilin binding,
caused a drastic reduction in the number of dynamic actin blobs,
suggesting that the F-actin-severing activity contributes to the
generation of actin blobs. Consistently, the actin blob-splitting
event that might depend on the severing activity of cofilin was
drastically reduced in both tsrknockdown and GI5S expression
(Table 3). Interestingly, in both tsrand chicknockdown neurons,
the actin blob size was reduced. Both Chic/profilin and Tsr/cofi-
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lin are important to maintain the monomeric actin pool in vivo,
and the reduction in monomeric actin might influence the actin
blob size (Table S1). So far, the forces propelling the actin blob
movement in dendrites remain unclear.

The role of cofilin in the regulation of dendritic spines has
been studied previously (Gu et al., 2010; Noguchi et al., 2016).
During long-term potentiation, cofilin is required during the
initial phase of spine enlargement but is inactivated during sta-
bilization (Fukazawa et al., 2003; Bosch et al., 2014). Also, cofilin
is involved in spine shrinkage (Zhou et al., 2004). However, co-
filin regulation on dendrite branching remained elusive. Earlier
studies have ascertained that mechanisms of spine regulation
are different from those regulating dendrite branches (Haas et
al., 2013; Copf, 2016). Interestingly, in contrast with the role of
cofilin in dendrite branching shown in our study, loss of cofi-
lin results in an increase in the spine density (Rust et al., 2010).
Also, membrane protrusion mediated by the inverse BAR protein
MIM is a prior event than actin enrichment in spine initiation
(Saarikangas et al., 2015). We failed to detect a dendritic defect
in RNAi knockdown of the Drosophila MIM protein in class IV
da neurons. Thus, distinct mechanisms involving cofilin are evi-
dent between spine and dendrite formation. In support of a role
of Tsr in regulating actin blobs during dendrite growth, higher
levels of Tsr-GFP expression were detected in early to mid-third
instar larvae, when both actin blobs and dendrite branching are
still highly active (Fig. 6 D). We propose that Tsr/cofilin-regu-
lated dynamic actin blobs play an important role in shaping den-
drite architecture.

Materials and methods

Fly stocks

GAL4 lines used for restricted expressions in this study were
ppk-GAL4 for class IV da neurons (Kuo et al., 2005), GAL4!*-2
for class I1I da neurons (Xiang et al., 2010), IGI-1-GAL4 for class
I da neurons (Sugimura et al., 2003), da-GAL4 for ubiquitous
expression (Wodarz et al., 1995), and GAL4°° for all peripheral
sensory neurons (Song et al., 2007). ppk-CD4-tdTomato for label-
ing class IV da neurons (Han et al., 2011) was obtained from the
Bloomington Drosophila Stock Center (BDSC). Mutant flies used
in this study were arpCI (9136; Hudson and Cooley, 2002), dia®
(9138; Castrillon and Wasserman, 1994), capt®6% (5944; Benlali
etal., 2000), tsr¥?! (9109; Ng and Luo, 2004), and tsr’¥?¢4 (9108;
Ng and Luo, 2004) from BDSC; shot® (108072; Kolodziej et al.,
1995) from the Kyoto Stock Center; and ena* (Gao et al., 1999;
Gates et al., 2009). Flies carrying RNAi transgenes were UAS-
zip-RNAi (36727; He et al., 2014), UAS-chic-RNAi (34523; Kooij
etal., 2016), and UAS-tsr-RNAi (65055; Grintsevich et al., 2016)
from the BDSC; UAS-sqh-RNAj (7916; Majumder et al., 2012),
UAS-tsr-RNAi2 (110599; Abe et al., 2014), UAS-capt-RNAi (21995;
Marrone et al., 2011), and UAS-aTub84B-RNAi (33427) from
the Vienna Drosophila Resource Center; and UAS-lacZ-RNAi
(Kennerdell and Carthew, 2000). The Ena dominant-negative
form targeting to mitochondria was expressed by UAS-FLAG-
HA-FP4mito (58481; BDSC). The GFP trap tsr line tsrcPTI002237
(115280; Grintsevich et al., 2016) was from Kyoto Stock Center.
Other transgenes used were UAS-Jupiter-mCherry (Cabernard
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and Doe, 2009), UAS-myc-Actin GI5S, and UAS-myc-Act42A
(Hsiao et al., 2014). UAS-LifeAct-GFP (35544; Hatan et al., 2011),
UAS-LifeAct-RFP(58362; Caietal., 2014), UAS-Kat60 (64115; Mao
etal., 2014), and UAS-GMA (31775 and 31774; Kiehart et al., 2000)
were obtained from BDSC.

Immunostaining

Larvae were dissected and fixed in 4% paraformaldehyde for 30
min and washed thrice with PBST. After blocking in 5% normal
donkey serum for 2 h, larvae fillets were incubated in primary
antibody overnight followed by PBST wash. After incubation
in secondary antibody for 2 h, fillets were washed in PBST and
mounted in glycerol followed by imaging by a LSM 710 (ZEISS)
microscope with C-Apochromat 40x 1.2 W Korr objective lens.
Primary antibodies used were mouse anti-a-tubulin (B512;
1:200; Sigma-Aldrich) and mouse anti-Futsch (22C10; 1:100; De-
velopmental Studies Hybridoma Bank). Alexa Fluor 488- and
Cy5-conjugated secondary antibodies are from Jackson Immu-
noResearch Laboratories, Inc.

RT-PCR

da-GAL4 was used to drive RNAi expression in the larvae. As
knocking down sqh, zip, tsr, and chic led to lethality after first
instar stage, RNA was extracted from first instar larvae. In case of
capt-RNAi, RNA was extracted from wandering third instar lar-
vae. RNA was converted to cDNA using SuperScript IV VILO from
Invitrogen, and PCR was performed with corresponding primers,
with RpL19 expression serving as the internal control. Expres-
sion levels are compared with da-Gal4 crossed with w8, Primer
pairs used were RpL19, 5'-TCTCTAAAGCTCCAGAAGAGGC-3'and
5'-CGATCTCGTTGATTTCATTGGGA-3'; sqh, 5'-CGAGGAGAATAT
GGGCGTCC-3" and 5'-CCTCCCGATACATCTCGTCCA-3'; zip, 5'-
CCAAGACGGTCAAAAACGAT-3 and 5-GATGTTGGCTCCCGAGAT
AA-3’; chic, 5'-ATGAGCTGGCAAGATTATGTGG-3' and 5'-TCCTCT
TTTGTCACCTCAAAGC-3; tsr, 5'-GCTCTCAAGAAGTCGCTCGT-3'
and 5'-GCAATGCACAGTGCTCGTAC-3'; and capt, 5-GTCCGCTGA
GCCAATACCTAA-3' and 5'-CAAAGGCGCTCTTCACGAG-3'.

Image acquisition and processing

Live imaging was performed as per the previously described
protocol with modifications (Lin et al., 2015). Flies expressing
LifeAct under ppk-GAL4 with ppk-CD4-tdTomato were crossed
with corresponding flies containing other UAS transgenes. Eggs
were collected for 4 h in yeast-containing fly food vials. After
20 h, hatched larvae were removed to start timing. Early third
instar larvae (72 + 4 h AEL) were used for imaging LifeAct and
CD4-tdTomato in class IV da neurons. For studying the mid-third
instar larvae, identical protocol was followed, and larvae were
imaged at 96 + 4h AEL. Larvae were fixed alive on a double-sided
sticky tape in a slide and covered with a coverslip. The inverted
confocal microscopes LSM 880 and 710 (ZEISS) with C-Apochro-
mat 40x 1.2 W Korr objective lens were used for imaging. Imaging
was done at the room temperature with Immersol W (ZEISS) be-
tween lens and coverslip. Live imaging was performed for 10-30
min with 20-s intervals on average using Zen software (ZEISS).
Spinning-disk confocal microscopes (CSU-X1; ZEISS; and Revo-
lution WD; Andor Technology) were also used for imaging with
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similar experimental setup. We used a Nikon Ti-E microscope
with an Andor Ultra 888 charge-coupled device. The objective
lens used was Plan Apochromat lambda 60x 1.4 NA oil. Images
were acquired using MetaMorph software (Molecular Devices).
Live imaging in a spinning-disk microscope was performed for 10
min with 1-s intervals on average. Images from larvae that were
still alive and active after imaging were taken for further anal-
ysis. Larvae with neurons showing dendrite varicosities were
not taken for analysis. Fluorescent proteins used in this study
were GFP, YFP, RFP, mCherry, and tdTomato. While processing
the images and videos, brightness and contrast were adjusted and
Gaussian smoothing was performed using Zen 2012 software.
Video 1 was generated using Imaris (8.3.1; Bitplane).

Data analysis

Actin blob identification and measurement

Propagating actin blobs were followed in live images of Life-
Act in Zen 2012 software. Kymographs were performed using
MetaMorph software (version 7.6) to follow the actin blobs in
which each horizontal line represents a single time point and
the change in position of F-actin intensity over time indicates
the propagation of actin blobs. While performing kymographs,
average background intensity was subtracted. Actin blobs that
were dynamic in live images and had signal intensity shift in the
kymograph were taken for velocity measurement in MetaMorph.
F-actin that grows or retreats at the dendrite tip along with the
change in dendrite length were excluded. Hence, F-actin clusters
that move inside the dendritic shafts are regarded as actin blobs.

Measuring LifeAct intensity

For measuring F-actin intensities, dendrites were straightened
using Image] (National Institutes of Health), and LifeAct inten-
sity was normalized to CD4-tdTomato intensity. LifeAct intensity
in new branches was taken when the new dendrite reached the
maximum length during the period of observation and was nor-
malized to CD4-tdTomato intensity.

Counting dendrite numbers

Dendrite endpoints were measured in wandering late third in-
star larvae. Larvae were immobilized in water kept on ice for 10
min to reduce larval crawling. Afterwards, they were mounted
dorsal side up on a slide with a drop of glycerol and crushed using
a coverslip. Dendrites were imaged in LSM 710 using a Plan Apo-
chromat 20x 0.8 objective lens. Dendrite endpoints were counted
manually in the dorsal posterior region of the class IV da neuron.
For class I and class III da neurons, dendrite endpoints of the en-
tire neuron were counted.

Measuring actin blob prelocalization to branching sites

New dendrites that showed increased levels of LifeAct at the
branching site compared with neighboring regions before
branching event were considered as a prelocalization event.
Stall actin blobs at the branching sites were traced back for their
movements in retrograde, anterograde, or both directions. When
the LifeAct intensity at the future branching site accumulated
locally without prior propagation to the branching site, they were
added to the percentage of dendrites without actin blob prelocal-
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ization. Branching events that had F-actin localized at the future
branching site from the beginning of the observation were ex-
cluded from the analysis.

Correlating actin blob propagation to dendrite

extension and retraction

Existing dendrites that showed continuous extension or retrac-
tion for >3 min were taken for analysis. Directionality of actin
blob propagation near the dendrite tip before or during the ex-
tension or retraction process were noted. F-actin that grows or
retreats along with the change in dendrite length was excluded.

Measuring new dendrite numbers

Newly formed dendrites were tracked in the dorsal posterior re-
gion for 30 frames in a total of 10 min. New dendrite numbers
were normalized to the dendritic field area of 10,000 pm?2.

Measuring dendrite extension and retraction

The existing dendrites at the beginning of imaging were taken
for analysis. Change in dendrite length was measured for 10
min once every 20 s on average. Lengths of dendrite extension
and retraction were calculated for each dendrite and aver-
aged per neuron.

Measuring new dendrite growth

The frame that a newly branched out dendrite was spotted was
defined as the time 0. Dendrite length was measured after 5 min
from the time 0, representing the dendrite growth in 5 min.

Statistical methods

Student’s t tests were performed to determine whether the dif-
ference between the test and control groups was statistically
significant. 2 tests were used to compare the observed and
expected values in actin blob prelocalization to the branching
site. Proportion tests were used to compare the actin blob pre-
localization in class IV and class III da neurons. Comparisons of
data between control and mutants in bar graphs are shown as
averages and SEM with asterisks indicating statistical signifi-
cance by Student’s t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
For providing original data and their distributions, we have used
SDin all tables.

Online supplemental material

Fig. S1shows dynamic actin blobs in microtubules disrupted neu-
rons. Fig. S2 shows GMA-probed actin blobs in dendrites. Fig. S3
shows dendritic phenotypes of class I and III da neurons by G155
overexpression or tsr depletion. Fig. S4 shows F-actin dynamics
in WT actin-overexpressing neurons. Fig. S5 shows phenotypes
in Ena dominant-negative, chic-RNAi, and capt-RNAi neurons.
Table S1 shows screening for dendrite and actin blob regulators.
Video 1 shows actin blob propagation in the retrograde direction.
Video 2 shows anterograde movement of an actin blob. Video 3
shows passage of an actin blob through a branching site. Video 4
shows actin blob splitting. Video 5 shows GMA propagating in
dendrites. Video 6 shows an anterogradely propagating actin
blob seeding a new dendrite branch. Video 7 shows a retro-
gradely propagating actin blob seeding a new dendrite branch.
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Video 8 shows two populations of actin blobs seeding a new den-
drite. Video 9 shows local actin growth before dendrite branch-
ing. Video 10 shows F-actin dynamics in dendrites of control,
GI5S, and tsr-RNAI.

Acknowledgments
We thank H.-W. Pi (Chang Gung University, Taoyuan, Taiwan),
C. Cabernard (University of Washington, Seattle, WA), M. Piefer
(University of North Carolina at Chapel Hill, Chapel Hill, NC),
the BDSC, the Vienna Drosophila Resource Center, and the Kyoto
stock center for fly stocks; S.P. Lee for technical support; mem-
bers of the Institute of Molecular Biology Fly Food Kitchen for as-
sistance; S.C. Chen from the Data Science Statistical Cooperation
Center of Academia Sinica for the statistical support; and H. Li,
P.-Y. Chen, K.G. Rajaneesh, and all members of Chien’s laboratory
for discussion and comments.

This study was supported by grants from Ministry of Science
and Technology and Academia Sinica of Taiwan to C.-T. Chien.

The authors declare no competing financial interests.

Author contributions: Conceptualization: V. Nithianandam
and C.-T. Chien; experiments and analysis: V. Nithianandam;
writing: V. Nithianandam and C.-T. Chien; supervision and fund-
ing acquisition: C.-T. Chien.

Submitted: 22 November 2017
Revised: 28 March 2018
Accepted: 9 July 2018

References

Abe, T., D. Yamazaki, S. Murakami, M. Hiroi, Y. Nitta, Y. Maeyama, and T. Ta-
bata. 2014. The NAV2 homolog Sickie regulates F-actin-mediated axonal
growth in Drosophila mushroom body neurons via the non-canonical
Rac-Cofilin pathway. Development. 141:4716-4728. https://doi.org/10
.1242/dev.113308

Allard, J., and A. Mogilner. 2013. Traveling waves in actin dynamics and cell
motility. Curr. Opin. Cell Biol. 25:107-115. https://doi.org/10.1016/j.ceb
.2012.08.012

Andersen, R., Y. Li, M. Resseguie, and J.E. Brenman. 2005. Calcium/calmod-
ulin-dependent protein kinase II alters structural plasticity and cyto-
skeletal dynamics in Drosophila. J. Neurosci. 25:8878-8888. https://doi
.org/10.1523/JNEUROSCI.2005-05.2005

Bér, J., O. Kobler, B. van Bommel, and M. Mikhaylova. 2016. Periodic F-actin
structures shape the neck of dendritic spines. Sci. Rep. 6:37136. https://
doi.org/10.1038/srep37136

Barzik, M., T.I. Kotova, H.N. Higgs, L. Hazelwood, D. Hanein, F.B. Gertler, and
D.A. Schafer. 2005. Ena/VASP proteins enhance actin polymerization in
the presence of barbed end capping proteins. J. Biol. Chem. 280:28653-
28662. https://doi.org/10.1074/jbc.M503957200

Benlali, A., I. Draskovic, D.J. Hazelett, and J.E. Treisman. 2000. act up controls
actin polymerization to alter cell shape and restrict Hedgehog signaling
in the Drosophila eye disc. Cell. 101:271-281. https://doi.org/10.1016/
S0092-8674(00)80837-5

Bosch, M., J. Castro, T. Saneyoshi, H. Matsuno, M. Sur, and Y. Hayashi. 2014.
Structural and molecular remodeling of dendritic spine substructures
during long-term potentiation. Neuron. 82:444-459. https://doi.org/10
.1016/j.neuron.2014.03.021

Cabernard, C., and C.Q. Doe. 2009. Apical/basal spindle orientation is required
for neuroblast homeostasis and neuronal differentiation in Drosophila.
Dev. Cell. 17:134-141. https://doi.org/10.1016/j.devcel.2009.06.009

Cai, D., S.C. Chen, M. Prasad, L. He, X. Wang, V. Choesmel-Cadamuro, ].K. Saw-
yer, G. Danuser, and D.J. Montell. 2014. Mechanical feedback through
E-cadherin promotes direction sensing during collective cell migration.
Cell. 157:1146-1159. https://doi.org/10.1016/j.cell.2014.03.045

Nithianandam and Chien

Dynamic F-actin prefigures dendrite branching

Calabrese, B., ].M. Saffin, and S. Halpain. 2014. Activity-dependent dendritic
spine shrinkage and growth involve downregulation of cofilin via dis-
tinct mechanisms. PLoS One. 9:€94787. https://doi.org/10.1371/journal
.pone.0094787

Castrillon, D.H., and S.A. Wasserman. 1994. Diaphanous is required for cytoki-
nesis in Drosophila and shares domains of similarity with the products
of the limb deformity gene. Development. 120:3367-3377.

Copf, T. 2016. Impairments in dendrite morphogenesis as etiology for neuro-
developmental disorders and implications for therapeutic treatments.
Neurosci. Biobehav. Rev. 68:946-978. https://doi.org/10.1016/j.neubiorev
.2016.04.008

D’Este, E., D. Kamin, F. Gottfert, A. El-Hady, and SW. Hell. 2015. STED nanos-
copy reveals the ubiquity of subcortical cytoskeleton periodicity in liv-
ing neurons. Cell Reports. 10:1246-1251. https://doi.org/10.1016/j.celrep
.2015.02.007

Edwards, K.A., M. Demsky, R.A. Montague, N. Weymouth, and D.P. Kiehart.
1997. GFP-moesin illuminates actin cytoskeleton dynamics in living
tissue and demonstrates cell shape changes during morphogenesis in
Drosophila. Dev. Biol. 191:103-117. https://doi.org/10.1006/dbi0.1997.8707

Ferreira, T., Y. Ou, S. Li, E. Giniger, and D.J. van Meyel. 2014. Dendrite architec-
ture organized by transcriptional control of the F-actin nucleator Spire.
Development. 141:650-660. https://doi.org/10.1242/dev.099655

Flynn, K.C., CW. Pak, A.E. Shaw, F. Bradke, and J.R. Bamburg. 2009. Growth
cone-like waves transport actin and promote axonogenesis and neur-
ite branching. Dev. Neurobiol. 69:761-779. https://doi.org/10.1002/dneu
20734

Fukazawa, Y., Y. Saitoh, F. Ozawa, Y. Ohta, K. Mizuno, and K. Inokuchi. 2003.
Hippocampal LTP is accompanied by enhanced F-actin content within
the dendritic spine that is essential for late LTP maintenance in vivo.
Neuron. 38:447-460. https://doi.org/10.1016/S0896-6273(03)00206-X

Ganguly, A., Y. Tang, L. Wang, K. Ladt, ]. Loi, B. Dargent, C. Leterrier, and S.
Roy. 2015. A dynamic formin-dependent deep F-actin network in axons.
J. Cell Biol. 210:401-417. https://doi.org/10.1083/jcb.201506110

Gao, F.B.,J.E. Brenman, LY. Jan, and Y.N. Jan. 1999. Genes regulating dendritic
outgrowth, branching, and routing in Drosophila. Genes Dev. 13:2549-
2561. https://doi.org/10.1101/gad.13.19.2549

Gates, J., S.H. Nowotarski, H. Yin, J.P. Mahaffey, T. Bridges, C. Herrera, C.C.
Homem, F. Janody, D.J. Montell, and M. Peifer. 2009. Enabled and Cap-
ping protein play important roles in shaping cell behavior during Dro-
sophila oogenesis. Dev. Biol. 333:90-107. https://doi.org/10.1016/j.ydbio
.2009.06.030

Goldschmidt-Clermont, PJ., L.M. Machesky, S.K. Doberstein, and T.D. Pollard.
1991. Mechanism of the interaction of human platelet profilin with
actin. . Cell Biol. 113:1081-1089. https://doi.org/10.1083/jcb.113.5.1081

Grintsevich, E.E., HG. Yesilyurt, S.K. Rich, RJ. Hung, J.R. Terman, and E. Reisler.
2016. F-actin dismantling through a redox-driven synergy between Mical
and cofilin. Nat. Cell Biol. 18:876-885. https://doi.org/10.1038/ncb3390

Grueber, W.B., LY. Jan, and Y.N. Jan. 2002. Tiling of the Drosophila epidermis
by multidendritic sensory neurons. Development. 129:2867-2878.

Gu,]., CW. Lee, Y. Fan, D. Komlos, X. Tang, C. Sun, K. Yu, H.C. Hartzell, G. Chen,
J.R. Bamburg, and J.Q. Zheng. 2010. ADF/cofilin-mediated actin dynam-
ics regulate AMPA receptor trafficking during synaptic plasticity. Nat.
Neurosci. 13:1208-1215. https://doi.org/10.1038/nn.2634

Gunsalus, K.C., S. Bonaccorsi, E. Williams, F. Verni, M. Gatti, and M.L. Gold-
berg. 1995. Mutations in twinstar, a Drosophila gene encoding a cofilin/
ADF homologue, result in defects in centrosome migration and cyto-
kinesis. J. Cell Biol. 131:1243-1259. https://doi.org/10.1083/jcb.131.5.1243

Haas, M.A., D. Bell, A. Slender, E. Lana-Elola, S. Watson-Scales, E.M. Fisher,
V.L. Tybulewicz, and F. Guillemot. 2013. Alterations to dendritic spine
morphology, but not dendrite patterning, of cortical projection neurons
in Tcl and Ts1Rhr mouse models of Down syndrome. PLoS One. 8:78561.
https://doi.org/10.1371/journal.pone.0078561

Han, C., LY. Jan, and Y.N. Jan. 2011. Enhancer-driven membrane markers for
analysis of nonautonomous mechanisms reveal neuron-glia interac-
tions in Drosophila. Proc. Natl. Acad. Sci. USA. 108:9673-9678. https://
doi.org/10.1073/pnas.1106386108

Hatan, M., V. Shinder, D. Israeli, F. Schnorrer, and T. Volk. 2011. The Dro-
sophila blood brain barrier is maintained by GPCR-dependent dynamic
actin structures. J. Cell Biol. 192:307-319. https://doi.org/10.1083/jcb
.201007095

He, B., K. Doubrovinski, O. Polyakov, and E. Wieschaus. 2014. Apical constric-
tion drives tissue-scale hydrodynamic flow to mediate cell elongation.
Nature. 508:392-396. https://doi.org/10.1038/naturel3070

Journal of Cell Biology
https://doi.org/10.1083/jcb.201711136

920z Ateniqed 80 uo 3senb Aq ypd-9g L L1 2L0Z Al/66.509L/LELE/0L/LLZHPA-BlonIe/qol/B10 ssBIdNY)/:dRY WOy papeojumoq

3744


https://doi.org/10.1242/dev.113308
https://doi.org/10.1242/dev.113308
https://doi.org/10.1016/j.ceb.2012.08.012
https://doi.org/10.1016/j.ceb.2012.08.012
https://doi.org/10.1523/JNEUROSCI.2005-05.2005
https://doi.org/10.1523/JNEUROSCI.2005-05.2005
https://doi.org/10.1038/srep37136
https://doi.org/10.1038/srep37136
https://doi.org/10.1074/jbc.M503957200
https://doi.org/10.1016/S0092-8674(00)80837-5
https://doi.org/10.1016/S0092-8674(00)80837-5
https://doi.org/10.1016/j.neuron.2014.03.021
https://doi.org/10.1016/j.neuron.2014.03.021
https://doi.org/10.1016/j.devcel.2009.06.009
https://doi.org/10.1016/j.cell.2014.03.045
https://doi.org/10.1371/journal.pone.0094787
https://doi.org/10.1371/journal.pone.0094787
https://doi.org/10.1016/j.neubiorev.2016.04.008
https://doi.org/10.1016/j.neubiorev.2016.04.008
https://doi.org/10.1016/j.celrep.2015.02.007
https://doi.org/10.1016/j.celrep.2015.02.007
https://doi.org/10.1006/dbio.1997.8707
https://doi.org/10.1242/dev.099655
https://doi.org/10.1002/dneu.20734
https://doi.org/10.1002/dneu.20734
https://doi.org/10.1016/S0896-6273(03)00206-X
https://doi.org/10.1083/jcb.201506110
https://doi.org/10.1101/gad.13.19.2549
https://doi.org/10.1016/j.ydbio.2009.06.030
https://doi.org/10.1016/j.ydbio.2009.06.030
https://doi.org/10.1083/jcb.113.5.1081
https://doi.org/10.1038/ncb3390
https://doi.org/10.1038/nn.2634
https://doi.org/10.1083/jcb.131.5.1243
https://doi.org/10.1371/journal.pone.0078561
https://doi.org/10.1073/pnas.1106386108
https://doi.org/10.1073/pnas.1106386108
https://doi.org/10.1083/jcb.201007095
https://doi.org/10.1083/jcb.201007095
https://doi.org/10.1038/nature13070

Honkura, N., M. Matsuzaki, J. Noguchi, G.C. Ellis-Davies, and H. Kasai. 2008.
The subspine organization of actin fibers regulates the structure and
plasticity of dendritic spines. Neuron. 57:719-729. https://doi.org/10
.1016/j.neuron.2008.01.013

Hou, W., M. Izadi, S. Nemitz, N. Haag, M.M. Kessels, and B. Qualmann. 2015.
The Actin Nucleator Cobl Is Controlled by Calcium and Calmodulin. PLoS
Biol. 13:e1002233. https://doi.org/10.1371/journal.pbio.1002233

Hsiao, Y.L., YJ. Chen, Y.J. Chang, H.F. Yeh, Y.C. Huang, and H. Pi. 2014. Proneu-
ral proteins Achaete and Scute associate with nuclear actin to promote
formation of external sensory organs. J. Cell Sci. 127:182-190. https://doi
.org/10.1242/jcs.134718

Hubberstey, A., G. Yu, R. Loewith, C. Lakusta, and D. Young. 1996. Mammalian
CAP interacts with CAP, CAP2, and actin. J. Cell. Biochem. 61:459-466.
https://doi.org/10.1002/(SICI)1097-4644(19960601) 61:3%3C459::AID
-JCB13%3E3.0.CO;2-E

Hudson, A.M., and L. Cooley. 2002. A subset of dynamic actin rearrangements
in Drosophila requires the Arp2/3 complex. J. Cell Biol. 156:677-687.
https://doi.org/10.1083/jcb.200109065

Ichetovkin, I., W. Grant, and J. Condeelis. 2002. Cofilin produces newly po-
lymerized actin filaments that are preferred for dendritic nucleation by
the Arp2/3 complex. Curr. Biol. 12:79-84. https://doi.org/10.1016/S0960
-9822(01)00629-7

Inagaki, N., and H. Katsuno. 2017. Actin Waves: Origin of Cell Polarization
and Migration? Trends Cell Biol. 27:515-526. https://doi.org/10.1016/j.tcb
.2017.02.003

Katsuno, H., M. Toriyama, Y. Hosokawa, K. Mizuno, K. Ikeda, Y. Sakumura,
and N. Inagaki. 2015. Actin Migration Driven by Directional Assembly
and Disassembly of Membrane-Anchored Actin Filaments. Cell Reports.
12:648-660. https://doi.org/10.1016/j.celrep.2015.06.048

Kennerdell, J.R., and RW. Carthew. 2000. Heritable gene silencing in Dro-
sophila using double-stranded RNA. Nat. Biotechnol. 18:896-898. https://
doi.org/10.1038/78531

Kiehart, D.P., C.G. Galbraith, K.A. Edwards, W.L. Rickoll, and R.A. Montague.
2000. Multiple forces contribute to cell sheet morphogenesis for dorsal
closure in Drosophila. J. Cell Biol. 149:471-490. https://doi.org/10.1083/
jcb.149.2.471

Kolodziej, P.A., LY. Jan, and Y.N. Jan. 1995. Mutations that affect the length,
fasciculation, or ventral orientation of specific sensory axons in the
Drosophila embryo. Neuron. 15:273-286. https://doi.org/10.1016/0896
-6273(95)90033-0

Konietzny, A., J. Bir, and M. Mikhaylova. 2017. Dendritic Actin Cytoskele-
ton: Structure, Functions, and Regulations. Front. Cell. Neurosci. 11:147.
https://doi.org/10.3389/fncel.2017.00147

Kooij, V., M.C. Viswanathan, D.I. Lee, P.P. Rainer, W. Schmidt, W.A. Kronert,
S.E. Harding, D.A. Kass, S.I. Bernstein, J.E. Van Eyk, and A. Cammarato.
2016. Profilin modulates sarcomeric organization and mediates cardio-
myocyte hypertrophy. Cardiovasc. Res. 110:238-248. https://doi.org/10
.1093/cvr/cvw050

Korobova, F., and T. Svitkina. 2010. Molecular architecture of synaptic actin
cytoskeleton in hippocampal neurons reveals a mechanism of dendritic
spine morphogenesis. Mol. Biol. Cell. 21:165-176. https://doi.org/10.1091/
mbc.e09-07-0596

Kuo, CT., LY. Jan, and Y.N. Jan. 2005. Dendrite-specific remodeling of Dro-
sophila sensory neurons requires matrix metalloproteases, ubiqui-
tin-proteasome, and ecdysone signaling. Proc. Natl. Acad. Sci. USA.
102:15230-15235. https://doi.org/10.1073/pnas.0507393102

Lebrand, C., EW. Dent, G.A. Strasser, L.M. Lanier, M. Krause, T.M. Svitkina,
G.G. Borisy, and F.B. Gertler. 2004. Critical role of Ena/VASP proteins for
filopodia formation in neurons and in function downstream of netrin-1.
Neuron. 42:37-49. https://doi.org/10.1016/S0896-6273(04)00108-4

Lee, A., W.Li, K. Xu, B.A. Bogert, K. Su, and F.B. Gao. 2003. Control of dendritic
development by the Drosophila fragile X-related gene involves the small
GTPase Racl. Development. 130:5543-5552. https://doi.org/10.1242/dev
.00792

Lee, T., C. Winter, S.S. Marticke, A. Lee, and L. Luo. 2000. Essential roles of
Drosophila RhoA in the regulation of neuroblast proliferation and den-
dritic but not axonal morphogenesis. Neuron. 25:307-316. https://doi
.org/10.1016/S0896-6273(00)80896-X

Lin, C.H., H. Li, Y.N. Lee, Y.J. Cheng, R.M. Wu, and C.T. Chien. 2015. Lrrk
regulates the dynamic profile of dendritic Golgi outposts through the
golgin Lava lamp. J. Cell Biol. 210:471-483. https://doi.org/10.1083/jcb
.201411033

Majumder, P, G. Aranjuez, ]. Amick, and J.A. McDonald. 2012. Par-1 controls
myosin-II activity through myosin phosphatase to regulate border cell mi-
gration. Curr. Biol. 22:363-372. https://doi.org/10.1016/j.cub.2012.01.037

Nithianandam and Chien

Dynamic F-actin prefigures dendrite branching

Mao, C.X., Y. Xiong, Z. Xiong, Q. Wang, Y.Q. Zhang, and S. Jin. 2014. Micro-
tubule-severing protein Katanin regulates neuromuscular junction
development and dendritic elaboration in Drosophila. Development.
141:1064-1074. https://doi.org/10.1242/dev.097774

Marrone, A.K., M.M. Kucherenko, V.M. Rishko, and H.R. Shcherbata. 2011.
New dystrophin/dystroglycan interactors control neuron behavior in
Drosophila eye. BMC Neurosci. 12:93. https://doi.org/10.1186/1471-2202
-12-93

Medina, P.M., RJ. Worthen, L.J. Forsberg, and ].E. Brenman. 2008. The ac-
tin-binding protein capulet genetically interacts with the microtubule
motor kinesin to maintain neuronal dendrite homeostasis. PLoS One.
3:e3054. https://doi.org/10.1371/journal.pone.0003054

Moriyama, K., and I. Yahara. 2002. Human CAP1is a key factor in the recycling
of cofilin and actin for rapid actin turnover. J. Cell Sci. 115:1591-1601.

Nagel, J., C. Delandre, Y. Zhang, F. Férstner, AW. Moore, and G. Tavosanis.
2012. Fascin controls neuronal class-specific dendrite arbor morphol-
ogy. Development. 139:2999-3009. https://doi.org/10.1242/dev.077800

Ng, J., and L. Luo. 2004. Rho GTPases regulate axon growth through conver-
gent and divergent signaling pathways. Neuron. 44:779-793. https://doi
.org/10.1016/j.neuron.2004.11.014

Ng, J., T. Nardine, M. Harms, J. Tzu, A. Goldstein, Y. Sun, G. Dietzl, B.J. Dick-
son, and L. Luo. 2002. Rac GTPases control axon growth, guidance and
branching. Nature. 416:442-447. https://doi.org/10.1038/416442a

Noguchi, J., T. Hayama, S. Watanabe, H. Ucar, S. Yagishita, N. Takahashi, and
H. Kasai. 2016. State-dependent diffusion of actin-depolymerizing fac-
tor/cofilin underlies the enlargement and shrinkage of dendritic spines.
Sci. Rep. 6:32897. https://doi.org/10.1038 /srep32897

Nowak, D., A.J. Mazur, A. Popow-Wozniak, A. Radwariska, H.G. Mannherz, and
M. Malicka-Btaszkiewicz. 2010. Subcellular distribution and expression
of cofilin and ezrin in human colon adenocarcinoma cell lines with dif-
ferent metastatic potential. Eur. J. Histochem. 54:e14. https://doi.org/10
.4081/ejh.2010.e14

Okreglak, V., and D.G. Drubin. 2010. Loss of Aipl reveals a role in maintaining
the actin monomer pool and an in vivo oligomer assembly pathway. J. Cell
Biol. 188:769-777. https://doi.org/10.1083/jcb.200909176

Posern, G., F. Miralles, S. Guettler, and R. Treisman. 2004. Mutant actins that
stabilise F-actin use distinct mechanisms to activate the SRF coactivator
MAL. EMBO J. 23:3973-3983. https://doi.org/10.1038/sj.emboj.7600404

Prochniewicz, E., N. Janson, D.D. Thomas, and E.M. De la Cruz. 2005. Cofilin
increases the torsional flexibility and dynamics of actin filaments. J.
Mol. Biol. 353:990-1000. https://doi.org/10.1016/§.jmb.2005.09.021

Racz, B., and R.J. Weinberg. 2006. Spatial organization of cofilin in den-
dritic spines. Neuroscience. 138:447-456. https://doi.org/10.1016/j
.neuroscience.2005.11.025

Riedl, J., A.H. Crevenna, K. Kessenbrock, ].H. Yu, D. Neukirchen, M. Bista, F.
Bradke, D. Jenne, T.A. Holak, Z. Werb, et al. 2008. Lifeact: a versatile
marker to visualize F-actin. Nat. Methods. 5:605-607. https://doi.org/10
.1038/nmeth.1220

Roy, S. 2016. Waves, rings, and trails: The scenic landscape of axonal actin. J.
Cell Biol. 212:131-134. https://doi.org/10.1083/jcb.201511016

Rust, M.B., C.B. Gurniak, M. Renner, H. Vara, L. Morando, A. Gérlich, M. Sas-
soé-Pognetto, M.A. Banchaabouchi, M. Giustetto, A. Triller, et al. 2010.
Learning, AMPA receptor mobility and synaptic plasticity depend on
n-cofilin-mediated actin dynamics. EMBO J. 29:1889-1902. https://doi
.0rg/10.1038/emb0j.2010.72

Ruthel, G., and G. Banker. 1998. Actin-dependent anterograde movement of
growth-cone-like structures along growing hippocampal axons: a novel
form of axonal transport? Cell Motil. Cytoskeleton. 40:160-173. https://doi
.org/10.1002/(SICI)1097-0169(1998)40:2%3C160::AID-CM5%3E3.0.CO;2-]

Ruthel, G., and G. Banker. 1999. Role of moving growth cone-like “wave”
structures in the outgrowth of cultured hippocampal axons and den-
drites. J. Neurobiol. 39:97-106. https://doi.org/10.1002/(SICI)1097
-4695(199904)39:1%3C97::AID-NEU8%3E3.0.CO;2-Z

Saarikangas, ]., N. Kourdougli, Y. Senju, G. Chazal, M. Segerstréle, R. Minkev-
iciene, J. Kuurne, P.K. Mattila, L. Garrett, S.M. Holter, et al. 2015.
MIM-Induced Membrane Bending Promotes Dendritic Spine Initiation.
Dev. Cell. 33:644-659. https://doi.org/10.1016/j.devcel.2015.04.014

Schuh, M. 2011. An actin-dependent mechanism for long-range vesicle trans-
port. Nat. Cell Biol. 13:1431-1436. https://doi.org/10.1038/ncb2353

Scott, E.K., ].E. Reuter, and L. Luo. 2003. Small GTPase Cdc42 is required for
multiple aspects of dendritic morphogenesis. J. Neurosci. 23:3118-3123.
https://doi.org/10.1523/J]NEUROSCI.23-08-03118.2003

Song, W., M. Onishi, LY. Jan, and Y.N. Jan. 2007. Peripheral multidendritic
sensory neurons are necessary for rhythmic locomotion behavior in

Journal of Cell Biology
https://doi.org/10.1083/jcb.201711136

920z Ateniqed 80 uo 3senb Aq ypd-9g L L1 2L0Z Al/66.509L/LELE/0L/LLZHPA-BlonIe/qol/B10 ssBIdNY)/:dRY WOy papeojumoq

3745


https://doi.org/10.1016/j.neuron.2008.01.013
https://doi.org/10.1016/j.neuron.2008.01.013
https://doi.org/10.1371/journal.pbio.1002233
https://doi.org/10.1242/jcs.134718
https://doi.org/10.1242/jcs.134718
https://doi.org/10.1002/(SICI)1097-4644(19960601)61:3%3C459::AID-JCB13%3E3.0.CO;2-E
https://doi.org/10.1002/(SICI)1097-4644(19960601)61:3%3C459::AID-JCB13%3E3.0.CO;2-E
https://doi.org/10.1083/jcb.200109065
https://doi.org/10.1016/S0960-9822(01)00629-7
https://doi.org/10.1016/S0960-9822(01)00629-7
https://doi.org/10.1016/j.tcb.2017.02.003
https://doi.org/10.1016/j.tcb.2017.02.003
https://doi.org/10.1016/j.celrep.2015.06.048
https://doi.org/10.1038/78531
https://doi.org/10.1038/78531
https://doi.org/10.1083/jcb.149.2.471
https://doi.org/10.1083/jcb.149.2.471
https://doi.org/10.1016/0896-6273(95)90033-0
https://doi.org/10.1016/0896-6273(95)90033-0
https://doi.org/10.3389/fncel.2017.00147
https://doi.org/10.1093/cvr/cvw050
https://doi.org/10.1093/cvr/cvw050
https://doi.org/10.1091/mbc.e09-07-0596
https://doi.org/10.1091/mbc.e09-07-0596
https://doi.org/10.1073/pnas.0507393102
https://doi.org/10.1016/S0896-6273(04)00108-4
https://doi.org/10.1242/dev.00792
https://doi.org/10.1242/dev.00792
https://doi.org/10.1016/S0896-6273(00)80896-X
https://doi.org/10.1016/S0896-6273(00)80896-X
https://doi.org/10.1083/jcb.201411033
https://doi.org/10.1083/jcb.201411033
https://doi.org/10.1016/j.cub.2012.01.037
https://doi.org/10.1242/dev.097774
https://doi.org/10.1186/1471-2202-12-93
https://doi.org/10.1186/1471-2202-12-93
https://doi.org/10.1371/journal.pone.0003054
https://doi.org/10.1242/dev.077800
https://doi.org/10.1016/j.neuron.2004.11.014
https://doi.org/10.1016/j.neuron.2004.11.014
https://doi.org/10.1038/416442a
https://doi.org/10.1038/srep32897
https://doi.org/10.4081/ejh.2010.e14
https://doi.org/10.4081/ejh.2010.e14
https://doi.org/10.1083/jcb.200909176
https://doi.org/10.1038/sj.emboj.7600404
https://doi.org/10.1016/j.jmb.2005.09.021
https://doi.org/10.1016/j.neuroscience.2005.11.025
https://doi.org/10.1016/j.neuroscience.2005.11.025
https://doi.org/10.1038/nmeth.1220
https://doi.org/10.1038/nmeth.1220
https://doi.org/10.1083/jcb.201511016
https://doi.org/10.1038/emboj.2010.72
https://doi.org/10.1038/emboj.2010.72
https://doi.org/10.1002/(SICI)1097-0169(1998)40:2%3C160::AID-CM5%3E3.0.CO;2-J
https://doi.org/10.1002/(SICI)1097-0169(1998)40:2%3C160::AID-CM5%3E3.0.CO;2-J
https://doi.org/10.1002/(SICI)1097-4695(199904)39:1%3C97::AID-NEU8%3E3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-4695(199904)39:1%3C97::AID-NEU8%3E3.0.CO;2-Z
https://doi.org/10.1016/j.devcel.2015.04.014
https://doi.org/10.1038/ncb2353
https://doi.org/10.1523/JNEUROSCI.23-08-03118.2003

Drosophila larvae. Proc. Natl. Acad. Sci. USA. 104:5199-5204. https://doi
.0rg/10.1073/pnas.0700895104

Stewart, A., A. Tsubouchi, M.M. Rolls, W.D. Tracey, and N.T. Sherwood. 2012.
Katanin p60-likel promotes microtubule growth and terminal dendrite
stability in the larval class IV sensory neurons of Drosophila. . Neurosci.
32:11631-11642. https://doi.org/10.1523/JNEUROSCI.0729-12.2012

Sugimura, K., M. Yamamoto, R. Niwa, D. Satoh, S. Goto, M. Taniguchi, S. Hayashi,
and T. Uemura. 2003. Distinct developmental modes and lesion-induced
reactions of dendrites of two classes of Drosophila sensory neurons. J. Neu-
rosci. 23:3752-3760. https://doi.org/10.1523/JNEUROSCI.23-09-03752.2003

Wodarz, A., U. Hinz, M. Engelbert, and E. Knust. 1995. Expression of crumbs con-
fers apical character on plasma membrane domains of ectodermal epithelia
of Drosophila. Cell. 82:67-76. https://doi.org/10.1016/0092-8674(95)90053-5

Nithianandam and Chien
Dynamic F-actin prefigures dendrite branching

Xiang, Y., Q. Yuan, N. Vogt, L.L. Looger, LY. Jan, and Y.N. Jan. 2010. Light-avoid-
ance-mediating photoreceptors tile the Drosophila larval body wall. Na-
ture. 468:921-926. https://doi.org/10.1038/nature09576

Xu, K., G. Zhong, and X. Zhuang. 2013. Actin, spectrin, and associated proteins
form a periodic cytoskeletal structure in axons. Science. 339:452-456.
https://doi.org/10.1126/science.1232251

Zebda, N., O. Bernard, M. Bailly, S. Welti, D.S. Lawrence, and J.S. Condeelis.
2000. Phosphorylation of ADF/cofilin abolishes EGF-induced actin nu-
cleation at the leading edge and subsequent lamellipod extension. J. Cell
Biol. 151:1119-1128. https://doi.org/10.1083/jcb.151.5.1119

Zhou, Q., K.J. Homma, and M.M. Poo. 2004. Shrinkage of dendritic spines as-
sociated with long-term depression of hippocampal synapses. Neuron.
44:749-757. https://doi.org/10.1016/j.neuron.2004.11.011

Journal of Cell Biology
https://doi.org/10.1083/jcb.201711136

920z Ateniqed 80 uo 3senb Aq ypd-9g L L1 2L0Z Al/66.509L/LELE/0L/LLZHPA-BlonIe/qol/B10 ssBIdNY)/:dRY WOy papeojumoq

3746


https://doi.org/10.1073/pnas.0700895104
https://doi.org/10.1073/pnas.0700895104
https://doi.org/10.1523/JNEUROSCI.0729-12.2012
https://doi.org/10.1523/JNEUROSCI.23-09-03752.2003
https://doi.org/10.1016/0092-8674(95)90053-5
https://doi.org/10.1038/nature09576
https://doi.org/10.1126/science.1232251
https://doi.org/10.1083/jcb.151.5.1119
https://doi.org/10.1016/j.neuron.2004.11.011

