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ABSTRACT
Dendritic morphogenesis requires dynamic microtubules (MTs) to form a coordinated cytoskeletal 
network during development. Dynamic MTs are characterized by their number, polarity and speed 
of polymerization. Previous studies described a correlation between anterograde MT growth and 
terminal branch extension in Drosophila dendritic arborization (da) neurons, suggesting a model 
that anterograde MT polymerization provides a driving force for dendritic branching. We recently 
found that the Ste20-like kinase Tao specifically regulates dendritic branching by controlling the 
number of dynamic MTs in a kinase activity-dependent fashion, without affecting MT polarity or 
speed. This finding raises the interesting question of how MT dynamics affects dendritic morpho-
genesis, and if Tao kinase activity is developmentally regulated to coordinate MT dynamics and 
dendritic morphogenesis. We explored the possible correlation between MT dynamics and 
dendritic morphogenesis together with the activity changes of Tao kinase in C1da and C4da 
neurons during larval development. Our data show that spatiotemporal changes in the number of 
dynamic MTs, but not polarity or polymerization speed, correlate with dendritic branching and 
Tao kinase activity. Our findings suggest that Tao kinase limits dendritic branching by controlling 
the abundance of dynamic MTs and we propose a novel model on how regulation of MT 
dynamics might influence dendritic morphogenesis.

ARTICLE HISTORY
Received 11 July 2021  
Revised 25 August 2021  
Accepted 30 August 2021  

KEYWORDS
Microtubule; polymerization; 
dendritic morphogenesis; 
drosophila; neuronal 
development; tao kinase; 
spatiotemporal changes

Introduction

Developing proper dendritic morphology encom-
passes three major steps: ‘initiation’ of primary 
dendritic branches immediately after neuronal 
polarity is established; ‘outgrowth/guidance’ that 
allows primary dendrites to extend in a defined 
direction and distance; ‘branching’ that generates 
more interstitial arbours to achieve a final mature 
morphology, which is essential for correct infor-
mation processing and functional connectivity of 
neuronal networks[1]. Although these steps of 
dendrite development are in part simultaneous, 
the requirement of specific molecular regulators 
for individual steps [2–4] implies that transition 
events occur during dendritic morphogenesis. 
How these major steps of dendritic morphogenesis 
are specifically regulated is however not fully 
eexplored.

Microtubule (MT) polymerization, i.e. the addi-
tion of tubulin dimers to the plus end of MTs, has 
been regarded as a critical factor in dendritic mor-
phogenesis, because it provides mechanical and 
structural support, serves long-distance transport 
and controls local signalling events [5]. MT-based 
motors of the kinesin and cytoplasmic dynein 
families drive the transport of many types of neu-
ronal cargoes, including organelles, synaptic vesi-
cle precursors, neurotransmitter receptors, cell 
adhesion molecules, cell signalling molecules, and 
mRNAs [5–7]. Thus, the specific organization of 
the MT cytoskeleton ensures selective transport 
routes for the sorting of cargo into dendrites 
[8,9]. Importantly, MT polymerization in den-
drites is not a uniform process, but finely coordi-
nated and defined by different dynamic 
parameters including the number (abundance of 
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MTs), polarity (the direction of MT polymeriza-
tion in dendrites: anterograde, plus-end out; retro-
grade: minus-end out) and speed. Interestingly, 
these distinct parameters may also play separate 
roles, since it was reported that the number and 
speed of dynamic MTs affect cells division [10], 
spindle size [11] and directional cell migration 
[12], respectively. In addition, MT polarity is 
important for selective transport of cargoes into 
the axon or dendrites. It was demonstrated that 
the selective presence of minus-end out MTs in 
dendrites enables the minus-end directed motor 
dynein to transport cargo from the soma into 
dendrites [13], which is required for dendritic 
development [14,15]. The plus-end directed 
motor kinesin-1, however, has been shown to 
selectively transport cargo into the axon [16], 
despite also being present in dendrites and being 
required for normal dendritic development 
[17,18].

It was reported that more anterograde dynamic 
MTs are present during initial neurite outgrowth 
[19–21] and in short/terminal dendrites in mature 
neurons, while MT polymerization speed is iden-
tical in terminal and primary dendrites [22]. Loss 
of the MT organizer centrosomin (cnn) results in 
dendritic over-branching with elevated numbers of 
anterograde dynamic MTs [23]. In addition, pre-
vious studies showed that the presence of antero-
gradely polymerizing MTs in terminal dendrites 
correlates with terminal branch extension in 
Drosophila dendritic arborization (da) neurons 
[21,22], suggesting a model that anterograde MT 
polymerization provides a driving force for den-
dritic branching [23]. However, we recently found 
that down-regulation of Tao kinase in Drosophila 
da neurons resulted in an over-branched dendritic 
morphology with elevated numbers of dynamic 
MTs, but without affecting the polarity of MT 
polymerization [24]. Moreover, loss of the dynein 
light intermediate chain (dlic2) or Katanin-60-like 
(kat60L) function result in decreased dendritic 
complexity without alteration of the proportion 
of anterograde MTs [14,25]. In certain cases like 
disruption of the γ-tubulin complex, even 
increased anterograde MT polymerization was 
reported to cause dendritic under-branching 
[22,26]. Consequently, how MT polymerization 
dynamics regulates dendritic morphogenesis is 

still an open question. Thus, it is important to 
gain further insight by systematic analysis of 
defined dendritic development stage(s), especially 
in an in vivo system.

Drosophila da neurons in the larval peripheral ner-
vous system (PNS) have served as an excellent model 
to investigate dendritic morphogenesis in vivo. Da 
neurons are classified from Class I (C1da) to Class 
IV (C4da) based on their increasing dendritic com-
plexity [27]. Dendritic initiation and outgrowth/gui-
dance of da neurons starts at the embryonic stage 
(~15–16 h after egg laying (AEL)) and branching 
and scaling of dendrites continue throughout larval 
stages in a class-specific manner [28,29]. A previous 
study showed an increase of minus-end MTs in den-
drites from initiation to the early branching stage 
(~24 h AEL) in C1da neurons [19]. However, MT 
polymerization dynamics across larval stages have not 
been systematically examined so far. We thus com-
bined imaging of dendritic development with in vivo 
analysis of MT dynamics throughout larval develop-
ment to assess the possible contribution of different 
dynamic MT parameters to dendritic branching.

Materials and methods

Fly stocks

All fly stocks were maintained at 25°C and 70% rel. 
humidity on standard cornmeal/molasses food. The 
following alleles and transgenic lines were used: 
Gal4ppk (3rd chromosome), Gal4nompC (3rd chromo-
some), UAS-EB1-GFP (3rd chromosome). All 
Drosophila stocks were obtained from Bloomington 
Drosophila Stock Center (Bloomington, IN).

In vivo confocal microscopy

C1da and C4da neurons were imaged in live larvae 
by confocal microscopy at different developmental 
time points (Zeiss LSM700). The imaged larvae 
were allowed to develop to adulthood to ensure 
that handling and imaging did not interfere with 
normal development.

Analysis of dendrite length and complexity

Dendrites of C4da and C1da neurons were traced 
with the Imaris Filament Tracer module (BitPlane 
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AG) using deconvolved confocal stacks. The para-
meters for dendritic length and number of term-
inals were automatically calculated by the software. 
For consistency, da neurons from segments of A4- 
A6 were imaged and statistically analysed.

Live imaging of EB1 dynamics

All imaging of da neurons was performed on 
intact larvae as previously described [25] with 
modifications. Neurons were imaged using a 40x 
oil objective on a Zeiss LSM900 confocal micro-
scope. To avoid fluorescence bleaching and dama-
ging of neurons, the pin hole size was increased 
and laser power was minimized to capture most 
dendrites within a single plane (without z-stack 
scanning). Images were recorded for about 2 min 
for C1da and 4m35s for C4da neurons from 24 h 
to 96 h AEL. In imaging experiments of C4da 
terminal branches, MT dynamics were recorded 
for 187s. Movies were analysed using ImageJ 
(NIH, Bethesda). EB1 comets were detected using 
the ImageJ Kymograph plugin and the number of 
EB1 tracks were quantified within the imaging 
period. An EB1-labelled comet was counted only 
if it was detectable and tracked in consecutive 
frames for more than 5s. It should be pointed 
out that unlike in C1da neurons, where we could 
image the complete dendritic field of individual 
neurons, only 1/2 (72 h AEL) or 1/3–1/4 (96 h 
AEL) of the C4da neuron dendritic field could be 
imaged at these later stages to maintain sufficient 
resolution and the same imaging parameters. 
Therefore, the presented data for number of EB1 
comets in C1da is per neuron and in C4da is per 
100 μm, which does not affect the overall data 
interpretation. The velocity of EB1 was measured 
using the program from http://cmci.embl.de/docu 
ments/121005advancedimg.

pTao immunostaining

The immunostaining procedure was performed 
exactly as previously described [24]. Briefly, larval 
filets were prepared in Ringer’s buffer without 
calcium (130 mM NaCl, 5 mM KCl, 2 mM 
MgCl2,36 mM sucrose, 5 mM HEPES, pH 7.3). 
After 20 min fixation in 4% formaldehyde/PBS, 
the samples were thoroughly washed in 0.3% 

Triton X-100/ PBS for 3 times. The samples were 
incubated with methanol at −20°C for 10 min and 
washed briefly with 0.3% Triton X-100 in PBS for 
3 times to remove methanol. The samples were 
transferred into blocking buffer containing 0.3% 
Triton X-100 in PBS with 10% normal goat serum 
for1h at room temperature. Anti-phospho-Tao 
(Ser181, 1:100, Santa Cruz Biotechnology, sc- 
135,712, RRID: AB_2271461) was diluted and 
incubated in blocking buffer overnight at 4°C. 
After washing, secondary Alexa dye-conjugated 
donkey antibodies (1:400–1000) were incubated 
for 1 h at room temperature. After washing with 
0.3% Triton X-100 in PBS three times for 5 min, 
the samples were mounted in SlowFade Gold 
(Thermo Fisher Scientific) and prepared for 
imaging.

Statistical analysis

Origin Pro (Origin Lab, Notthhampton, MA) or 
GraphPad Prism 7.0 were used for statistical ana-
lysis. The data were presented as mean±SD except 
if stated otherwise. Sample numbers are indicated 
in the Figure legends. One way ANOVA was used 
for comparing three or more groups unless stated 
otherwise. p < 0.05 is taken as statistically 
significant.

Results

Development of da sensory neuron dendrites 
across larval stages

We first investigated how dendritic development 
of C1da and C4da neurons across larval stages is 
achieved (Figure 1(a-b)). Consistent with previous 
reports that C1da neurons developed virtually all 
arbours within a few hours during the embryonic 
stage [23,29,30], we did not observe obvious den-
dritic branching during larval stages. Instead, the 
existing dendrites extended continuously to scale 
with larval body growth (Figure 1(c,i,j)). In con-
trast, C4da neurons exhibit relatively simple den-
dritic arbours at 24 h AEL shortly after hatching, 
but increase the number of dendritic terminals 
5-fold and their dendritic length 8-fold until 96 h 
AEL (Figure 1(c-e)). In addition, we noticed that 
the majority of new C4da neuron branches were 
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generated from 48 h to 72 h AEL (Figure 1(d)). 
These data clearly show that the dendritic branch-
ing modes of C1da and C4da neurons are distinct 
from each other: C1da neurons exhibit virtually no 
and C4da neurons extremely high branching abil-
ity during larval stages. Thus, comparative analysis 
of C1da and C4da neuron MT dynamics should 
provide a useful system for detailed analysis of 

how cytoskeletal dynamics correlate with dendritic 
branching.

Spatiotemporal changes in MT dynamics during 
dendritic branching

To understand the relationship between MT 
dynamics and dendritic branching, polymerizing 

Figure 1. Correlation between dendritic development and MT polymerization in Drosophila sensory neurons at different larval stages 
(a) C4da neurons (red) and C1da neurons (green) segmentally distribute along the larval body wall and can be visualized by confocal 
microscopy during development. the overall morphology and location at 48 after egg laying (AEL) is shown. (b) schematic showing 
larval growth at different developmental stages. (c) representative images of C1da and C4da neurons at different larval stages (24, 
48, 72 and 96 h). Scale bar: C1da: 20 µm, C4da: 50 µm. (d-e) number of dendritic terminals (d) and total dendritic length (e) of C4da 
neurons (ddaC). n ≥ 13/group. (f-h) the number (f), polarity (g) and speed (h) of EB1-GFP comets (dynamic MTs) in C4da neurons. 
n ≥ 13/group. (i-j) number of dendritic terminals (i) and total dendritic length (j) of C1da neurons (ddaD). n = 10/group. (k-m) the 
number (k), polarity (l) and velocity (m) of EB1-GFP comets (dynamic MTs) in C1da neurons. n = 10/group. One-way ANOVA with 
post-hoc bonferroni test. *p < 0.05, **p < 0.01, ***p < 0.001 as indicated. n.s.: no statistically significant difference.
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MTs were tracked by in vivo time-lapse imaging 
using the plus-end binding protein EB1 tagged 
with GFP (EB1-GFP), which forms bright ‘comets’ 
marking the tip of polymerizing MTs 
[14,15,23,31,32]. UAS-EB1-GFP was expressed 
using Gal4nompC (C1da) or Gal4ppk (C4da) without 
other markers, since the background signal was 
strong enough to visualize the overall C1da or 
C4da neuron morphology as previously shown 
[24] (FigureS1, S2 and movies S1 and S2). For 
initial analysis, we focused on the main branches 
of C1da and C4da neurons to provide comparable 
conditions for assessment of MT polymerization 
parameters (FigureS1, S2). We then determined 
the number, polarity and speed of dendritic EB1 
comets using kymographs (Fig. S1, S2) to ensure 
unbiased analysis.

In C1da neurons, the number of dynamic MTs 
remained unaltered from 24 h to 96 h AEL 
(Figure 1(k)). In addition, they displayed 
unchanged MT polarity during all larval stages 
(Figure 1(l)), but a stepwise increase in MT poly-
merization speed (Figure 1(m)). In C4da neurons, 
very few dendritic EB1 comets were visible at 24 h 
AEL (0.0694 ± 0.0815/100 µm×min). While no 
major increase in EB1 comets was detected at 
48 h AEL (0.0709 ± 0.106/100 µm×min), the num-
ber of dynamic MTs was strongly increased at 72 h 
AEL (0.383 ± 0.200/100 µm×min) and 96 h AEL 
(0.654 ± 0.315/100 µm×min) (Figure 1(f)). It 
should be pointed out that unlike in C1da neu-
rons, where we could image the complete dendritic 
field of individual neurons, only 1/2 (72 h AEL) or 
1/3–1/4 (96 h AEL) of the C4da neuron dendritic 
field could be imaged at these later stages to main-
tain sufficient resolution and the same imaging 
parameters. Nonetheless, the absolute number of 
EB1 comets of individual C4da neurons (EB1 
comets/neuron, estimated mean: 1.1 at 24 h, 1.8 
at 48 h, 41 at 72h and 90–120 at 96 h AEL) was 
significantly elevated at all late time points (from 
48–96 h AEL), strongly correlating with increased 
dendritic branching of C4da neurons during these 
stages (Figure 1(e)). However, we could not detect 
major changes in dendritic MT polarity during 
larval development, where less than 2% of EB1 
comets displayed anterograde movement through-
out all stages examined (Figure 1(g)). Consistent 
with our data in C1da neurons, we also found 

a gradual and significant increase in MT polymer-
ization speed during C4da neuron dendrite devel-
opment (Figure 1(h)). These data suggest that 
unlike during early dendrite initiation/outgrowth, 
an increase in dynamic MTs rather than the rate of 
anterograde polymerization correlates with den-
dritic branching.

Previous studies in C4da neurons have shown 
increased frequencies of anterograde MT polymer-
ization in terminal dendrites [22,33], which was 
suggested to be a driving force for dendritic 
branching. As our analysis of main branches did 
not confirm a correlation between dendritic 
branching and anterograde MT polymerization, 
we analysed anterograde MT polymerization in 
terminal branches during dendritic branching in 
C4da neurons. We found more anterograde MT 
polymerization in terminals (around 20–40%) 
compared to primary dendrites (<2%), which is 
consistent with previous reports [22,23,34]. 
However, we did not detect more anterograde 
MT polymerization in terminal branches during 
dendritic branching (Figure 2(a)). Instead, we 
found that the percentage of terminals containing 
EB1 comets increased only at the late dendritic 
branching stage (Figure 2(b), 96h AEL). We also 
found that the number of EB1 comets increased 
stepwise in terminal dendrites during dendritic 
branching (Figure 2(c-d)), which further confirms 
that the number rather than polarity of dynamic 
MTs is correlated with dendritic branching during 
larval development.

Tao kinase activity is differentially controlled in 
C1da and C4da neurons during dendritic 
branching

Since Tao kinase specifically regulates the number 
of MTs and dendritic branching in both C1da and 
C4da neurons in a kinase activity-dependent man-
ner [24], we proposed that Tao kinase activity is 
finely tuned during development to coordinate 
MT dynamics and dendritic branching. To con-
firm this notion, we performed immunostaining of 
phosphorylated Tao (pTao, active form of Tao 
kinase) [24] in both C1da and C4da neurons at 
different developmental time points. We found 
that pTao levels are stable in C1da neurons, but 
gradually decrease in C4da neurons from 48 h to 
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96 h AEL (Figure 3). Thus, active Tao levels reflect 
dendritic branching activity in C1da and C4da 
neurons, which requires downregulation of Tao 
activity in C4da neurons to promote MT dynamics 
and branching activity. This implies a critical role 
for the regulation of Tao kinase activity during 
dendritic branching in da neurons. Thus, we spec-
ulate that Tao kinase activity is developmentally 
controlled by so far unknown upstream signals to 
maintain appropriate numbers of polymerizing 
MTs supporting class-specific dendritic branching 
patterns of da neurons.

Perspectives on the functions of MT dynamics in 
dendritic morphogenesis

Previous observations from several studies based 
on genetic mutations with altered microtubule 
orientation and increased branching suggested 
a model that anterograde MT polymerization pro-
vides a driving force for dendritic branching [21– 
23]. However, studies on Tao and other genes 
affecting MT dynamics and dendritic morphogen-
esis have found no potential correlation between 
MT orientation and branching [14,22,24–26]. One 
drawback of all these studies was that they were 

Figure 2. MT dynamics in terminal branches of C4da sensory neurons at different larval stages (a) percentage of anterograde 
dynamic MTs in terminal branches (n(branches/neurons) = 48/10, 107/11, 191/15, 250/18. neurons where no EB1 comets could be 
detected were excluded). (b) quantification of MT dynamics in terminal dendrites showing the percentage of terminals containing 
EB1 comets. (n(branches/neurons) = 76/17, 168/18, 201/17, 251/18. neurons where no EB1 comets could be detected were 
excluded). (c) distribution of the number of EB1 comets in terminals. note that most terminals do not contain detectable EB1 (n 
is the same as in (B)). (d) The average number of EB1 comets in terminal branches (n(branches/neurons) = 19/10, 33/11, 39/15, 99/ 
18. terminals where no EB1 comets could be detected were excluded). (e) The speed of EB1 comets was measured. All data shown 
were analysed based on 187s of time-lapse imaging. One-way ANOVA with Bonferroni post-hoc test. n.s.: no statistical difference, 
*p < 0.05 as indicated.
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mostly endpoint analyses that measured MT 
dynamics and dendritic parameters only at late 
stages of development. Thus, if anterograde MTs 
provide the driving force for dendritic branching 
as proposed before, we may anticipate that ante-
rograde MTs dynamics will remain stable in C1da 
neurons, but dramatically increase in C4da neu-
rons during larval development. However, our 
data does not support this prediction (Figure 1 
(g)). In addition, previous studies [14,19,33,35] 
and our observations showed that the higher pro-
portion of anterograde MT polymerization in 
C1da neurons (around 10–20%) compared to 2– 
5% in C4da neurons does not correlate with den-
dritic branching. This further argues against 
a model of anterograde MT polymerization being 
the primary driver of dendritic branching during 
development.

By systematically analysing MT polymerization 
dynamics and dendritic branching during 
Drosophila larval development, we showed that 
the number instead of polarity of MT polymeriza-
tion is strongly linked to dendritic branching 

activity. When comparing the developmental 
changes of dynamic MT polymerization in C1da 
and C4da neurons with their distinct dendritic 
branching profiles, dendritic branching is highly 
correlated with the overall number of dynamic 
MTs (increased in C4da vs. stable in C1da), but 
not their polarity (stable in both C1da and C4da) 
during larval development. This finding is sup-
ported by our recent findings that decreased or 
increased Tao kinase activity in C1da and C4da 
neurons results in dendritic over- or under- 
branching, respectively, tightly correlating with 
concomitantly increased or decreased numbers of 
dynamic MTs [24]. Strikingly, neither MT polarity 
nor polymerization speed were affected suggesting 
that indeed the number of dynamic MTs is under-
lying overall dendritic branching capacity. In addi-
tion, we also showed here that Tao kinase activity 
is differentially controlled in C1da and C4da dur-
ing development, which further supports our per-
spective. Consistent with this notion, loss of 
GM130 causes dendritic under-branching and 
a concomitant reduction of dynamic MTs [32]. 

Figure 3. Tao kinase activity is distinctly controlled in C1da and C4da neurons. (a,b) the active form of endogenous Tao kinase was 
detected by anti-pTao immunostaining in dendrites (a) and somata (b) of C1da and C4da neurons during development. (c-f) 
quantification relative intensity of pTao signals during development in dendrites (c,d) and somata (e,f). (One-way ANOVA with 
bonferroni post-hoc test. *p < 0.05, ***p < 0.001 as indicated. n ≥ 8 neurons from 5 larvae for each group).
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Interestingly, we observed that the speed of MT 
polymerization is gradually elevated in C1da and 
C4da neurons. Considering that C1da and C4da 
neurons both display dendritic extension/scaling 
with larval body growth, we propose that this 
stepwise increase in speed of MT polymerization 
is likely important for proportional scaling. This 
might be linked to increased interaction of micro-
tubule associated proteins (MAPs), which should 
be further characterized by identifying molecules 
(e.g. AMPK [12] and Map1b [36] are likely candi-
dates) or tools that only affect MT polymerization 
speed. Thus, it is a promising direction to specifi-
cally control distinct MT polymerization para-
meters by designing optogenetic tools, which 
could provide the means to test a cause-and- 
effect relationship for MTs in dendritic develop-
ment [37].

Our data show that an overall increase in the 
number of dynamic MTs rather than the proposed 
anterograde MT polymerization correlates 
strongly with dendritic branching and may thus 
be an essential factor during development. This 
poses the interesting question of whether and 
how anterograde MT polymerization contributes 
to dendritic development. A recent study by Feng 
et al. in C1da neurons showed that the percentage 
of anterograde MT polymerization is much more 
prevalent at the dendritic initiation stage (>80%), 
but gradually decreases during the outgrowth stage 
(around 40%) [19]. Anterograde MT polymeriza-
tion stays low during the early branching stage 
(about 20%) until dendritic maturation, although 
how MT polarity is altered during the transition 
from dendritic initiation to branching is still 
unknown. A reasonable hypothesis is that antero-
grade MT polymerization is essential for dendritic 
initiation, which may require much more driving 
force. This is partially supported by a recent study 
in C1da neurons showing that mutation of centro-
somin results in more anterograde MT polymer-
ization and dendritic branches only at the 
embryonic stage, when dendritic initiation and 
outgrowth are predominant [23]. It still should 
be noted that loss of centrosomin also elevates 
overall MT polymerization events [23]. Thus, the 
possibility that the increased number of dynamic 
MTs drives dendritic branching is still valid in this 
case.

Why the abundance of dynamic MTs rather 
than altered polarity might be linked to the den-
dritic branching capacity during development, at 
least in Drosophila da sensory neurons at larval 
stages, remains to be investigated. MTs are critical 
for multiple biological processes including struc-
tural maintenance, signal transduction and cargo 
transport. Recently, it was reported that MTs 
could mediate the pushing and pulling forces that 
contribute to membrane protrusions [5,21]. 
Furthermore, a reasonable possibility is that the 
elevated number of retrograde MTs (percentage 
of retrograde MTs is unaltered) may promote 
Dynein-dependent transport from the soma to 
distal dendrites, which is likely required for pro-
viding material to support dendritic branching of 
C4da neurons [13–15]. Conversely, the plus-end 
directed motor kinesin-1 has been shown to be 
present in dendrites [16], which may be required 
for retrograde cargo transport. Therefore, it is not 
surprising that loss of MT-based transport in 
dynein [14,15] and kinesin [17,18]-related proteins 
result in dendritic under-branching. Thus, cargo 
transport is likely one of the critical determinants 
during dendritic branching that might require the 
developmentally increased abundance of dynamic 
MTs. From a biological and developmental per-
spective, previous studies and our data indicate 
that appropriate MT polarity is likely particularly 
required for dendritic initiation, an increasing 
number of dynamic MTs for branching, and 
speed of MT polymerization for elongation to 
scale a dendritic arbour to its appropriate size 
and pattern (Figure 4).

MT dynamics also play an important role in 
dendrite pruning of Drosophila C4da neurons [38– 
44], a process where the dendritic arbour is selec-
tively removed without causing cell death [45]. 
Although large-scale dendritic pruning of C4da neu-
rons happens during metamorphosis (at early pupal 
stages), which is distinct from earlier dendrite devel-
opment, the abundance and polarity of dynamic 
MTs is critical for this process. It was shown that 
loss of MTs starts at dendritic branch-points, the 
earliest local sign of degeneration during C4da neu-
ron dendrite pruning [41,42,46]. In addition, MT 
polarity is also likely a major spatial determinant of 
degeneration, since mutations that alter dendritic 
MT orientation (e.g. kinesin-1/2, PP2A-Mts-Tws- 
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Klp10A) cause a delay or block of C4da neuron 
dendrite pruning [38–41]. Importantly, the sites of 
initial neurite degeneration and the observed direc-
tionality of MT loss correlate with MT organization 
in neurites. In C4da neuron dendrites with their 
nearly uniform minus-end out MT organization, 
MT loss and dendrite degeneration start at proximal 
branch-points and expand distally until the dendrite 
is severed in these regions [41]. Thus, Rumpf et al. 
proposed a model that MT disassembly is the first 
local degenerative event during large-scale neurite 
pruning and MT polarity and organization might 
determine pruning initiation sites and effi-
ciency [47].

In summary, our data and previous studies clearly 
highlight the importance of spatiotemporal changes 
of MT dynamics at distinct dendritic developmental 
steps including dendritic pruning, which fits and 
supports a model proposed for dynamic transitions 
of MTs in neuronal development [17]. In addition, 
Tao kinase is likely a core regulator of dynamic 
changes of MTs particularly during dendritic 
branching, although the mechanisms on balancing 

the activity of Tao kinase requires further explora-
tion. Based on the described spatiotemporal changes 
of MTs in dendritic branching in Drosophila da 
neurons we propose that anterograde MTs might 
provide the driving force for initiation and initial 
outgrowth, while more MTs that are dynamic are 
generated during dendritic branching to support 
MT-based transport for the needed increase of pro-
tein and membrane delivery. Future studies will 
determine which cellular processes are driven by 
MT dynamics during different steps of dendrite 
development.

Acknowledgments

This work was supported by grants from the National 
Natural Science Foundation of China (32000690) and Key- 
Area Research and Development Program of Guangdong 
Province (2019B030335001) to CH, and the 
Landesforschungsförderung Hamburg LFF-FV27 and ERA- 
NET NEURON (BMBF, 01EW1910 and 01EW2108) to PS. 
Stocks obtained from the Bloomington stock center (NIH 
P40OD018537) were used in this study.

Figure 4. Spatiotemporal changes in MT dynamics during dendritic morphogenesis. A novel model for the function of dynamic MTs 
in dendritic development. Combining our current study and previous reports, we propose that anterograde MTs provide the driving 
force during initiation and outgrowth steps [19–21]. Higher numbers of dynamic MTs are generated due to the increased 
requirement of protein and membrane transport during dendritic branching [13–18] and the predominantly minus-end out MTs 
in main dendrites are essential to promote transport from the soma to distal dendrites via dynein [13–15]. Increased MT 
polymerization speed is likely linked to elongation/scaling of dendrites during larval growth due to gradually increased binding 
of MAPs [36]. In da neurons, Tao kinase is a core factor whose activity regulates MT dynamics during dendritic branching.

FLY 21



Disclosure statement

The authors declare that no conflict of interest exists.

Funding

This work was supported by the National Natural Science 
Foundation of China [32000690]; ERA-NET NEURON 
[BMBF, 01EW1910 and 01EW2108]; Key-Area Research 
and Development Program of Guangdong Province 
[2019B030335001]; Landesforschungsförderung Hamburg 
[LFF-FV27].

Author contributions

C.H. conceptually designed the project and performed 
experiments. C.H. and P.S. wrote the manuscript. P.F. and 
M.L.C. analyzed the data, prepared the figures, and contrib-
uted to writing. Y.T. helped with data collection and figure 
preparation. C.H. and P.S. finalized the manuscript for 
submission.

Data Availability Statement

The data that support the findings of this study are available 
from the corresponding authors, CH or PS, upon reasonable 
request.

References

[1] Scott EK, Luo L. How do dendrites take their shape? 
Nat Neurosci. 2001;4:359–365.

[2] Jan Y-N, Jan LY. Branching out: mechanisms of den-
dritic arborization. Nat Rev Neurosci. 2010;11:316–328.

[3] Arikkath J, Cox DN, Mason G. Molecular mechanisms 
of dendrite morphogenesis. 2012;6:1–14.

[4] Puram SV, Bonni A. Cell-intrinsic drivers of dendrite 
morphogenesis. Development. 2013;140(23):4657–4671.

[5] Kapitein LC, Hoogenraad CC. Building the Neuronal 
Microtubule Cytoskeleton. Neuron. 2015;87 
(3):492–506.

[6] Terada S, Kinjo M, Aihara M, et al. Kinesin-1/Hsc70- 
dependent mechanism of slow axonal transport and its 
relation to fast axonal transport. EMBO J. 2010;29 
(4):843–854.

[7] Kardon JR, Vale RD. Regulators of the cytoplasmic 
dynein motor. Nat. Rev. Mol. Cell Biol. 2009;10 
(12):854–865.

[8] Kapitein LC, Hoogenraad CC. Which way to go? 
Cytoskeletal organization and polarized transport in 
neurons. Mol Cell Neurosci. 2011;46(1):9–20.

[9] Rolls MM. Neuronal polarity in Drosophila: sorting 
out axons and dendrites. Developmental 
Neurobiology. 2011;71(6):419–429.

[10] Bertalan Z, Budrikis Z, La Porta CAM, et al. Role of the 
Number of Microtubules in Chromosome Segregation 
during Cell Division. PLoS One. 2015;10(10):e0141305.

[11] Rieckhoff EM, Berndt F, Elsner M, Golfier S, Decker F, 
Ishihara K, Brugués J. Spindle Scaling Is Governed by 
Cell Boundary Regulation of Microtubule Nucleation. 
Curr Biol. 2020;30(24):4973–4983.e10. doi:10.1016/j. 
cub.2020.10.093. PMID: 33217321.

[12] Nakano A, Kato H, Watanabe T, Min KD, Yamazaki S, 
Asano Y, Seguchi O, Higo S, Shintani Y, Asanuma H, 
Asakura M, Minamino T, Kaibuchi K, Mochizuki N, 
Kitakaze M, Takashima S. AMPK controls the speed of 
microtubule polymerization and directional cell migra-
tion through CLIP-170 phosphorylation. Nat Cell Biol. 
2010;12(6):583–90. doi:10.1038/ncb2060. PMID: 
20495555.

[13] Kapitein LC, Schlager MA, Kuijpers M, Wulf PS, van 
Spronsen M, MacKintosh FC, Hoogenraad CC. Mixed 
microtubules steer dynein-driven cargo transport into 
dendrites. Curr Biol. 2010;20(4):290–9. doi:10.1016/j. 
cub.2009.12.052. PMID: 20137950.

[14] Zheng Y, Wildonger J, Ye B, Zhang Y, Kita A, Younger 
SH, Zimmerman S, Jan LY, Jan YN. Dynein is required 
for polarized dendritic transport and uniform micro-
tubule orientation in axons. Nat Cell Biol. 2008;10 
(10):1172–80. doi:10.1038/ncb1777. PMID: 18758451; 
PMCID: PMC2588425.

[15] Satoh D, Sato D, Tsuyama T, Saito M, Ohkura H, Rolls MM, 
Ishikawa F, Uemura T. Spatial control of branching within 
dendritic arbors by dynein-dependent transport of Rab5- 
endosomes. Nat Cell Biol. 2008;10(10):1164–71. 
doi:10.1038/ncb1776. PMID: 18758452.

[16] Nakata T, Hirokawa N. Microtubules provide direc-
tional cues for polarized axonal transport through 
interaction with kinesin motor head. Journal of Cell 
Biology. 2003;162(6):1045–1055.

[17] Kelliher MT, Yue Y, Ng A, Kamiyama D, Huang B, Verhey 
KJ, Wildonger J. Autoinhibition of kinesin-1 is essential to 
the dendrite-specific localization of Golgi outposts. J Cell 
Biol. 2018;217(7):2531–2547. doi:10.1083/jcb.201708096. 
PMID: 29728423; PMCID: PMC6028532.

[18] Yan J, Chao DL, Toba S, Koyasako K, Yasunaga T, 
Hirotsune S, Shen K. Kinesin-1 regulates dendrite 
microtubule polarity in Caenorhabditis elegans. Elife. 
2013;2:e00133. doi:10.7554/eLife.00133. PMID: 
23482306; PMCID: PMC3591006.

[19] Feng C, Thyagarajan P, Shorey M, Seebold DY, Weiner 
AT, Albertson RM, Rao KS, Sagasti A, Goetschius DJ, 
Rolls MM. Patronin-mediated minus end growth is 
required for dendritic microtubule polarity. J Cell Biol. 
2019;218(7):2309–2328. doi:10.1083/jcb.201810155. 
PMID: 31076454; PMCID: PMC6605808.

[20] Yau KW, Schätzle P, Tortosa E, Pagès S, Holtmaat A, 
Kapitein LC, Hoogenraad CC. Dendrites In Vitro and 
In Vivo Contain Microtubules of Opposite Polarity and 
Axon Formation Correlates with Uniform Plus-End- 
Out Microtubule Orientation. J Neurosci. 2016;36 

22 C. HU ET AL.

https://doi.org/10.1016/j.cub.2020.10.093
https://doi.org/10.1016/j.cub.2020.10.093
https://doi.org/10.1038/ncb2060
https://doi.org/10.1016/j.cub.2009.12.052
https://doi.org/10.1016/j.cub.2009.12.052
https://doi.org/10.1038/ncb1777
https://doi.org/10.1038/ncb1776
https://doi.org/10.1083/jcb.201708096
https://doi.org/10.7554/eLife.00133
https://doi.org/10.1083/jcb.201810155


(4):1071–85. doi:10.1523/JNEUROSCI.2430-15.2016. 
PMID: 26818498; PMCID: PMC4728718.

[21] Yoong LF, Lim HK, Tran H, Lackner S, Zheng Z, Hong 
P, Moore AW. Atypical Myosin Tunes Dendrite Arbor 
Subdivision. Neuron. 2020;106(3):452–467.e8. 
doi:10.1016/j.neuron.2020.02.002. PMID: 32155441.

[22] Ori-McKenney KM, Jan LY, Jan Y-N. Golgi Outposts 
Shape Dendrite Morphology by Functioning as Sites of 
Acentrosomal Microtubule Nucleation in Neurons. 
Neuron. 2012;76(5):921–930.

[23] Yalgin C, Ebrahimi S, Delandre C, Yoong LF, Akimoto 
S, Tran H, Amikura R, Spokony R, Torben-Nielsen B, 
White KP, Moore AW. Centrosomin represses den-
drite branching by orienting microtubule nucleation. 
Nat Neurosci. 2015;18(10):1437–45. doi:10.1038/ 
nn.4099. PMID: 26322925.

[24] Hu C, Kanellopoulos AK, Richter M, Petersen M, 
Konietzny A, Tenedini FM, Hoyer N, Cheng L, Poon 
CLC, Harvey KF, Windhorst S, Parrish JZ, Mikhaylova 
M, Bagni C, Calderon de Anda F, Soba P. Conserved Tao 
Kinase Activity Regulates Dendritic Arborization, 
Cytoskeletal Dynamics, and Sensory Function in 
Drosophila. J Neurosci. 2020;40(9):1819–1833. 
doi:10.1523/JNEUROSCI.1846-19.2020.

[25] Stewart A, Tsubouchi A, Rolls MM, et al. Katanin p60-like1 
promotes microtubule growth and terminal dendrite stabi-
lity in the larval class IV sensory neurons of Drosophila. 
Journal of Neuroscience. 2012;32(34):11631–11642.

[26] Nguyen MM, McCracken CJ, Milner ES, Goetschius 
DJ, Weiner AT, Long MK, Michael NL, Munro S, Rolls 
MM. Γ-tubulin controls neuronal microtubule polarity 
independently of Golgi outposts. Mol Biol Cell. 2014;25 
(13):2039–50. doi:10.1091/mbc.E13-09-0515. PMID: 
24807906; PMCID: PMC4072577.

[27] Grueber WB, Jan LY, Jan YN. Tiling of the Drosophila 
epidermis by multidendritic sensory neurons. 
Development. 2002;129(12):2867–2878.

[28] Jiang N, Soba P, Parker E, et al. The microRNA ban-
tam regulates a developmental transition in epithelial 
cells that restricts sensory dendrite growth. 
Development. 2014;141(13):2657–2668.

[29] Sugimura K, Yamamoto M, Niwa R, Satoh D, Goto S, 
Taniguchi M, Hayashi S, Uemura T. Distinct developmental 
modes and lesion-induced reactions of dendrites of two 
classes of Drosophila sensory neurons. J Neurosci. 2003;23 
(9):3752–60. doi:10.1523/JNEUROSCI.23-09-03752.2003. 
PMID: 12736346; PMCID: PMC6742166.

[30] Palavalli A, Tizón-Escamilla N, Rupprecht JF, et al. 
Deterministic and Stochastic Rules of Branching 
Govern Dendrite Morphogenesis of Sensory Neurons. 
Current Biology. 2021;31(3):459–472.e4.

[31] Lu W, Fox P, Lakonishok M, et al. Initial neurite out-
growth in Drosophila neurons is driven by 
kinesin-powered microtubule sliding. Current 
Biology. 2013;23(11):1018–1023.

[32] Zhou W, Chang J, Wang X, Savelieff MG, Zhao Y, Ke S, Ye 
B. GM130 is required for compartmental organization of 

dendritic golgi outposts. Curr Biol. 2014;24(11):1227–33. 
doi:10.1016/j.cub.2014.04.008. PMID: 24835455; PMCID: 
PMC4047983.

[33] Sears JC, Broihier HT. FoxO regulates microtubule 
dynamics and polarity to promote dendrite branching in 
Drosophila sensory neurons. Developmental Biology. 
2016;418(1):40–54.

[34] Delandre C, Amikura R, Moore AW. Microtubule 
nucleation and organization in dendrites. Cell Cycle. 
2016;15(13):1685–1692.

[35] Yang SZ, Wildonger J. Golgi outposts locally regulate 
microtubule orientation in neurons but are not 
required for the overall polarity of the dendritic 
cytoskeleton. Genetics. 2020;215(2):435–447.

[36] Tymanskyj SR, Scales TME, Gordon-Weeks PR. 
MAP1B enhances microtubule assembly rates and 
axon extension rates in developing neurons. Mol Cell 
Neurosci. 2012;49:110–119.

[37] Muroyama A, Lechler T. Microtubule organization, 
dynamics and functions in differentiated cells. 
Development. 2017;144(17):3012–3021.

[38] Rui M, Ng KS, Tang Q, et al. Protein phosphatase PP2A 
regulates microtubule orientation and dendrite pruning in 
Drosophila. EMBO reports. 2020;21(5):1–18.

[39] Tang Q, Rui M, Bu S, Wang Y, Chew LY, Yu F. A micro-
tubule polymerase is required for microtubule orientation 
and dendrite pruning in Drosophila. EMBO J. 2020;39(10): 
e103549. doi:10.15252/embj.2019103549. PMID: 32267553; 
PMCID: PMC7232011.

[40] Wang Y, Rui M, Tang Q, et al. Patronin governs minus-end- 
out orientation of dendritic microtubules to promote den-
drite pruning in Drosophila. Elife. 2019;8:1–29.

[41] Herzmann S, Götzelmann I, Reekers LF, Rumpf S. Spatial 
regulation of microtubule disruption during dendrite prun-
ing in Drosophila. Development. 2018;145(9):dev156950. 
doi:10.1242/dev.156950. PMID: 29712642.

[42] Herzmann S, Krumkamp R, Rode S, et al. PAR-1 promotes 
microtubule breakdown during dendrite pruning in 
Drosophila. EMBO J. 2017;36(13):1981–1991.

[43] Krämer R, Rode S, Rumpf S. Rab11 is required for 
neurite pruning and developmental membrane protein 
degradation in Drosophila sensory neurons. 
Developmental Biology. 2019;451(1):68–78.

[44] Bu S, Yong WL, Lim BJW, et al. A systematic analysis 
of microtubule-destabilizing factors during dendrite 
pruning in Drosophila. EMBO Rep. 2021;1–19. 
DOI:10.15252/embr.202152679

[45] Yu F, Schuldiner O. Axon and dendrite pruning in 
Drosophila. Current Opinion in Neurobiology. 
2014;27:192–198.

[46] Williams DW, Truman JW. Cellular mechanisms of den-
drite pruning in Drosophila : insights from in vivo 
time-lapse of remodeling dendritic arborizing sensory 
neurons. Development. 2005;132(16):3631–3642.

[47] Rumpf S, Wolterhoff N, Herzmann S. Functions of 
Microtubule Disassembly during Neurite Pruning. 
Trends Cell Biol. 2019;29(4):291–297.

FLY 23

https://doi.org/10.1523/JNEUROSCI.2430-15.2016
https://doi.org/10.1016/j.neuron.2020.02.002
https://doi.org/10.1038/nn.4099
https://doi.org/10.1038/nn.4099
https://doi.org/10.1523/JNEUROSCI
https://doi.org/10.1091/mbc.E13-09-0515
https://doi.org/10.1523/JNEUROSCI.23-09-03752.2003
https://doi.org/10.1016/j.cub.2014.04.008
https://doi.org/10.15252/embj.2019103549
https://doi.org/10.1242/dev.156950
https://doi.org/10.15252/embr.202152679

	Abstract
	Introduction
	Materials and methods
	Fly stocks
	In vivo confocal microscopy
	Analysis of dendrite length and complexity
	Live imaging of EB1 dynamics
	pTao immunostaining
	Statistical analysis

	Results
	Development of da sensory neuron dendrites across larval stages
	Spatiotemporal changes in MT dynamics during dendritic branching
	Tao kinase activity is differentially controlled in C1da and C4da neurons during dendritic branching
	Perspectives on the functions of MT dynamics in dendritic morphogenesis

	Acknowledgments
	Disclosure statement
	Funding
	Author contributions
	Data Availability Statement
	References

