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In brief

A quantitative morphological dissection of the concerted actin-modulatory protein actions

provides a model of dendrite branchlet outgrowth.

Highlights

Actin organisation in small terminal branchlets of Drosophila class III dendritic arborisa-

tion neurons

¢ Six actin-modulatory proteins individually control the characteristic morphology and

dynamics of branchlets

Quantitative tools for dendrite morphology and branch dynamics enable a comparative

analysis

A two-step computational growth model reproduces c3da dendrite morphology
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Summary

Dendrites display a striking variety of neuronal type-specific morphologies, but the mech-
anisms and principles underlying such diversity remain elusive. A major player in defin-
ing the morphology of dendrites is the neuronal cytoskeleton, including evolutionarily
conserved actin-modulatory proteins (AMPs). Still, we lack a clear understanding of how
AMPs might support developmental phenomena such as neuron-type specific dendrite
dynamics. To address precisely this level of in vivo specificity, we concentrated on a de-
fined neuronal type, the class III dendritic arborisation (c3da) neuron of Drosophila larvae,
displaying actin-enriched short terminal branchlets (STBs). Computational modelling re-
veals that the main branches of c3da neurons follow a general growth model based on
optimal wiring, but the STBs do not. Instead, model STBs are defined by a short reach
and a high affinity to grow towards the main branches. We thus concentrated on c3da
STBs and developed new methods to quantitatively describe dendrite morphology and
dynamics based on in vivo time-lapse imaging of mutants lacking individual AMPs. In
this way, we extrapolated the role of these AMPs in defining STB properties. We propose
that dendrite diversity is supported by the combination of a common step, refined by a
neuron type-specific second level. For c3da neurons, we present a molecular model of
how the combined action of multiple AMPs in vivo define the properties of these second

level specialisations, the STBs.

Introduction

Regulated outgrowth and branching are essential to establish neuronal dendrites optimised
to perceive and appropriately process specific inputs (Jan and Jan, 2010). This functional
requirement defines clear structural constraints. Features of dendrite morphology are thus
tightly correlated to neuronal function and are distinctive enough to enable a first level
of neuron type classification (MacNeil and Masland, 1998). The process of how neuronal
type-specific dendrite morphology can be achieved is a key question for elucidating the

development of the nervous system.
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Core aspects of dendrite morphology are defined by transcription factor codes determined
during development and that impart neuronal identity (Santiago and Bashaw, 2014; Dong
et al., 2015; Parrish et al, 2007 |Ziegler et al.,2017). In addition to intrinsic factors, signals
derived from a neuron’s environment, including those that support the establishment of
functional connections, contribute to refining dendritic structure (Corty et al., 2009; Valnegri
et al.,|2015; Dong et al., 2015). These multiple layers of regulation converge on the control of
the cellular cytoskeleton, which ultimately defines the structural and dynamical properties of
cells (Konietzny et al., 2017;|Coles and Bradke, 2015). The ensemble of numerous AMPs, in
particular, drives the dynamics that lead to dendritic tree establishment (Lanoue and Cooper,
2019). Most key AMPs are highly conserved across species and their biochemical properties
have been carefully analysed in vitro (Mullins et al., 1998 Pruyne et al.,[2002; Breitsprecher
et al., 2008; Kovar et al., [2006; Smith et al., 2013) and in cultured cells (Damiano-Guercio et
al., 2020; Suraneni et al., 2012; Wu et al., 2012 Koestler et al.,2013). The collective activity of
various AMPs describe different protrusion types during cell migration (Schaks et al., 2019).
However, our understanding of how AMPs cooperate in space and time to form specialised
dendritic morphologies during animal development is still highly speculative (Konietzny et
al, 2017).

The dendritic arborisation (da) neurons of Drosophila melanogaster represent a fruitful system
for studying the complex role of actin and AMPs in dendrite morphogenesis in vivo (Corty et
al., 2009). Four morphologically and functionally distinct classes of da neurons (c1da—c4da)
extend their planar dendrites underneath the larval transparent cuticle facilitating live imaging
of their differentiation. In particular, the dynamics of actin organisation can be studied in vivo
in these neurons using genetically encoded fluorescent fusion proteins that associate with
actin filaments (Kiehart et al.,|2000; Hatan et al., 2011; Haralalka et al.,[2014; Nithianandam
and Chien, 2018). These tools have allowed the visualisation of localised dynamic actin

accumulation preceding new branch formation (Andersen et al., 2005; Stiirner et al., 2019).

In combination with the imaging efforts, genetic studies have involved multiple cytoskeletal
regulators in the establishment of da dendrites in vivo. The actin severing and depolymerising
protein Twinstar / cofilin regulates actin at dendrite branching sites in the c4da neurons
and supports branch formation in all da classes (Nithianandam and Chien, 2018). The actin
nucleator complex Arp2/3 transiently localises at branching sites where it forms branched

actin to initiate branchlet formation in all da neuron classes (Stiurner et al., 2019). The actin
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barbed end binding protein Ena / VASP promotes lateral branching of all da neuron classes
(Gao et al.,|1999; Dimitrova et al., 2008). While these AMPs seem to cover a general function
in branch formation, others can be neuron type-specific. A striking example is afforded by
the actin bundling protein Singed / fascin, which localises exclusively within the terminal
branchlets of c3da neurons and is required only in this distinctive type of branchlet (Nagel et al.,
2012). In addition, the actin nucleation factor Spire is differentially regulated in clda and c4da
neurons (Ferreira et al., 2014). The latter studies indicate that individual subsets of branches
even within a neuron contain specific AMPs defining their morphological and dynamic
properties. Furthermore, they seem to suggest that a core, general program supporting
dendrite establishment exists, but that this general program needs to be associated with a

neuron type-specific secondary program to define the morphology of specific neuron types.

To understand how specific AMPs work in concert to control dendrite branchlet properties
and thus regulate dendrite morphology we focused on one type of dendritic branch in one
class of da neurons. The c3da neurons of Drosophila larvae respond to gentle touch (Isubouchi
et al, 2012;|Yan et al.,|2013) and noxious cold (Turner et al.,[2016). They display long primary
dendrite branches decorated with characteristic short and dynamic terminal branchlets (STBs)
(Grueber et al., 2002; Andersen et al., 2005; Nagel et al., 2012) that are required for gentle touch
responses (Isubouchi et al, 2012} Yan et al., 2013). The c3da STBs are highly enriched in actin,

making them an ideal model system to study actin-dependent branching dynamics in vivo.

Early studies exploring the functional role of AMPs in dendrite elaboration often relied on
single static features or morphometrics, such as the number of branches for a given Strahler
order or Sholl analysis (Ferreira et al., 2014; Vormberg et al., 2017; Bird and Cuntz, 2019;
Kanaoka et al., 2019). While such approaches can reveal the involvement of AMPs, they
might fall short of pointing to the specific role of individual AMPs. Recently, morphological
modelling has proven to be an important method to probe our understanding of dendritic
morphology that can additionally point to a new mechanistic insight of development (Cuntz,
2016; Poirazi and Papoutsi, 2020). In such a morphological modelling approach, synthetic
morphologies are built from a set of assumptions made about branching statistics (e.g. Koene
et al., 2009; Ascoli et al.,2001), wiring considerations (e.g. Cuntz et al., 2007, 2008; Budd et al.,
2010; Cuntz et al., 2010), their underlying growth rules (e.g. Sugimura et al., 2007; Memelli
et al., 2013} Torben-Nielsen and Schutter| 2014) or even the computation that a given neuron

is thought to implement (Iorben-Nielsen and Stiefel, 2010). In selected cases, morphological
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modelling of specific dendrites has elucidated the logic underlying their structural plasticity
during maturation (Beining et al., 2017) or specific manipulations (Sugimura et al., 2007}
Nanda et al., 2018a)b}, 2019; Yalgin et al., 2015).

Specifically, a novel growth model was designed recently that has been fitted to the details
of c4da dendrite growth during larval development (Baltruschat et al., 2020). This model is
particularly interesting since it both reproduces the branching behaviour of these cells and sat-
isfies the more mathematical aspects of dendrite morphological modelling derived from space
filling and optimal wiring criteria. Thereby, the model links a phenomenological description of
mature dendrite morphology with the biological processes that shape their growth dynamics
and lead to the mature dendrites in the final stages of larval development. Moreover, the
iterations of growth described by the model translate directly to the rough description of
dendrites in other cell types including three dimensional dendrites in mammalian cortex such
as dentate gyrus granule cells and cortical pyramidal cells in various layers (Baltruschat et
al., 2020). With a more detailed modelling approach this general growth model derived from
c4da neurons has also been applied to understand the dendritic computations performed by
clda neurons in the fly larva (Castro et al., 2020). We thus took advantage of the possibility of
linking dynamics of dendrite growth with a more formal and mathematical understanding of
dendrite morphology afforded by the c4da model to dissect the dynamic growth process of

c3da neuron dendrites.

In this study, we imaged the morphology and dynamics of c3da dendrites in vivo in wild-type
animals or in mutants of four AMP genes important for defining c3da neuron morphology.
Utilising improved quantitative analysis we could assign discrete roles to each of these factors.
Additionally, we revealed novel roles for two additional AMPs, Spire and Capuccino (Capu).
We further produced a two-step growth model that can accurately replicate the characteristic
wild-type c3da neuron dendrite morphology and applied it to each of the mutants. We thus
put forward a comprehensive model of actin-regulated control of c3da STB dynamics in the

context of a two-step computational model of c3da neuron morphology.
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Results o

A two-step model is necessary to describe the c3da neuron morphology. :

n

0

We used computational modelling as a first step towards understanding the characteristic 11
morphology of c3da neurons and which growth rules could apply to their dendrite morphol- 12
ogy. C3da neurons tile covering 70% of the body wall and scale during the larval growth 1z
phase, similarly to c4da neurons (Grueber et al., 2002; Parrish et al., 2009). We therefore first 124
used a model that we recently developed for c4da neuron dendrites based on their ability to 1z
innervate their target area in a space-filling manner (Baltruschat et al., 2020). This space-filling 12
growth model that accurately reproduces the development of c4da dendrites is based on 12
previous models that satisfy optimal wiring constraints by balancing costs for total dendritic 12
length and signal conduction times (Cuntz et al., 2007, 2008} 2010, 2012). It utilises simple 12
parameters such as the target spanning area, a value for stochasticity of innervation (k) and a s
factor (bf) representing the balance between total dendrite length and path length to the soma 1as
as defined in (Cuntz et al., 2007, 2010, see STAR+xMethods). The growth model replicates the 1z
general features of dendrite morphology in a wide variety of neuronal cell types, including 13
Purkinje cells, hippocampal granule and pyramidal cells, as well as cortical pyramidal cells s
(Baltruschat et al., 2020). Thus, it seems to well represent core general properties of dendrite 13
morphology establishment and we refer to it as the general growth model throughout this 1

WOI‘k. 137

To model their morphology, we first imaged control IdaB c3da neurons of the abdominal 13
segment A5 of early third instar larvae (L3) in vivo and traced them in 3D in the TREES toolbox 13
(www.treestoolbox.org; Cuntz et al., 2010). Similarly as performed for c4da neurons (see 140
details in Baltruschat et al., 2020), we let the general growth model described above innervate 14
the spanning area covered by the reconstructed c3da neurons (Figure [TA, grey shade, see 1
STARxMethods). We first focused on the main branches of the c3da neuron by removing all 1
terminal branches and then recursively all terminal branches shorter than 10um until none 14
were left (Figure[T|A, left). We found fitting parameters for the model with a bf of 0.1, alow & 1ss
of 0.15, a radius reach of 100um (see STARxMethods for more details). These parameters did 14
not differ much from the model directly simulating c4da dendrite growth (Baltruschat et al., 14

2020). To obtain this, the simulated growth process was stopped when the number of branches 14
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reached the number of main branches in the corresponding real dendrite (Figure [IJA, middle). s
Total length and overall shape were then similar to the real counterparts (Figure[IA, right). s
However, when resuming growth in the model, the new branches filled the available space 1s
failing to reproduce the characteristic STBs observed in c3da dendrites (compare Figure 152

left and middle morphologies as well as the corresponding Sholl intersections on the right). s

Taken together, the general growth model by Baltruschat et al.| (2020) that successfully re- 1s
produces the dendrite morphology of space-filling neurons is not sufficient to describe c3da 1ss
neurons because of the number, shape and distribution of their characteristic STBs. In line 156
with these findings, c3da neurons were previously singled out for the irregular distribution 157
of their branches (Anton-Sanchez et al.,2018). Computational modelling of these neurons 1ss
thus seems to require more restrictions than optimal wiring and space filling and needs to s
include the distinction between main branches and STBs. After preserving the main branches 1
in accordance with the space-filling growth model as demonstrated in Figure [TIA, B, we 1
added STBs in a second growth phase. This second phase was intentionally kept as similar as e
possible to the general growth model to be able to identify the distinct differences between 1es
STBs and the main branches of c3da dendrites. This second step in the growth model required e
different parameters b f = 0.65 and k£ = 0.5 and a much closer reach around the main branches s
that correlated with the distance to the root. Most importantly, STBs grew with a specific 1es
affinity towards the main branches rather than to the root of the entire dendrite making this 1e7
growth rule markedly distinct from other growth rules described previously (see details in s
STARxMethods). 169

Based on the dendrite total length this two-step model derived a branch length distribution 7
of STBs along the main branch that was almost indistinguishable from that of the real coun-
terparts as demonstrated with Sholl intersection diagrams (Figure [IIC). The addition of STBs 17
as a second step led to the replication of the characteristic branch length distribution of STBs 17
(Figure , E). The new synthetic dendritic trees visually resembled the wild type, displaying 174
a similar distribution probability of the STBs along the main branches (Figure [IF, G, see 17
STARxMethods for details). The c3da wild-type trees aligned with the growth trajectories 17
obtained using this two-step c3da model with respect to their number of branches and total 7

length (Figure [IH), lying well off the trajectories predicted by the general growth model. 178
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Fig 1. A two-step c3da model.

A, B, C, Tracings of a wild type c3da neuron (black) with spanning area (shaded in grey) and synthetic
dendritic trees (red or orange) focusing on the main branches (A), all branches (B) or the STBs (C). Right
hand Sholl analysis panels show the number of intersections of the dendritic trees with increasing Sholl
radii around the soma in um. Shaded area shows standard deviation. Solid lines show the mean Sholl
intersections. A, B, The synthetic dendritic trees in red were generated with the general growth model
(Baltruschat et al.,|[2020), but the growth was interrupted either when the number of main branches in A
was reached or interrupted when the total number of branches in B was reached. C, A second modelling
step of the synthetic dendritic tree in orange allows STBs with a defined total length to develop in a close
range to the main branch with a given distribution along the main branches. D,E, The number of STBs in
the real neuron tracings (D) and the synthetic trees obtained with the two-step model (E) plotted against
their length in m. F,G, The number of STBs at positions along the main branches, from tip to root (depicted
as a percentile of the path length). H, Number of branches vs. total length for main branches (black dots)
and complete trees (black squares).
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Fig 1. (Continued) Trajectories with standard deviation are shown for the general growth model (shaded
red area) and the two-step c3da model (shaded orange area). Solid arrows show examples in B and C,

respectively. Scale bar is 100m (see STARxMethods for details and Table 2|for genotypes).

Actin organisation in the short terminal branchlets of c3da neurons.

The model singled out the STBs as a second, neuron-type specific level of dendrite elaboration
of c3da neurons. STBs of c3da neurons are actin- and Singed / fascin- enriched straight
branchlets which dynamically extend and retract throughout larval stages (Nagel et al., 2012).
To understand how these branches are formed and how their dynamics are coordinated by
AMPs, we first investigated the organisation and dynamics of the actin cytoskeleton in vivo.
To define the orientation of the actin filaments and their dynamic properties we performed a
fluorescence recovery after photobleaching (FRAP) analysis of green fluorescent protein (GFP)-
labelled actin in the STBs of lateral c3da neurons (Figure 2A,B). For an internal reference, we
also expressed a fluorescent, membrane-targeted chimeric protein highlighting the dendritic
branchlet.

While the membrane-targeted chimera signal was almost unaffected, the actin::GFP signal
dropped to 0.141n after photobleaching (Figure 2C,D, see STARxMethods for details). After
bleaching only the tips of elongating dendritic branchlets (white circle in Figure 2B) we
examined where new actin monomers are added to the actin filaments (Figure [2A,B,C).
Merely 30sec after photobleaching, the tip of elongating dendritic branchlets displayed a
sharp recovery of actin::GFP signal at the distal end of the bleached area (Figure2C, arrow).
Thus branchlet elongation correlated with actin filament elongation at the extending distal tip
of the branchlet. Thus, c3da STBs contain mostly actin filaments with their fast-growing ends

pointing distally.

We tracked the length and fluorescence intensity of the branchlet over time and measured
the actin::GFP signal within the bleached area (see analysisFRAP macro.ijm, Figure ,D,E),
revealing the velocity of actin turnover (half-time recovery ¢2) and the speed of actin tread-
milling (retrograde movement r, Figure [2E,E) (Lai et al}, 2008). The average half-time of
recovery of actin::GFP in the bleached area was 2.5min after photobleaching (Figure ; t2)
and full actin recovery in c3da terminal branchlets was around 5min (Figure 2D). Within the
bleached area the Actin::GFP signal recovered evenly, suggesting that the bundle harboured
interspersed actin filaments of different length (Figure 2IC,E).

10/p1]

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206


https://doi.org/10.1101/2020.10.01.322750
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.01.322750; this version posted October 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

The branching code: a model of actin-driven dendrite arborisation Stiirner et al.

before bleaching
-1:00 -0:30

Time In SD
t0 00:00 0,14 0,1
t1/2 02:30 0,55 0,30

N
o
s

N
o
L

=
&)
"

position along branch (147 pixel, 5,6 ym)

-
o
I

average normalised intensity

00 r T
888083838388388 .
- <& é SS -+~ AN S retrograde movement = 0,13 (+/- 0,04) pm/min
L time [min]

Fig 2. FRAP analysis of actin in c3da neuronal terminal branches.

A, Illustration of the setup for time-lapse imaging of ldaB c3da neurons. Terminal branches for time-lapse
imaging were chosen in a defined dendrite quadrant (red square). Image created with BioRender.com. B,
Representative overview image of a c3da dendritic branch 1min before bleaching. UASmCD8Cherry —
Magenta and UASp — GFP.Act5C — Green. The white circle indicates the photobleached area at time point
0:00 of the time-lapse series. C, Time-lapse images of the same STB (from B) are shown every 30sec over a
6min interval. The white circle indicates the photobleached area at time point 0: 00.
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Fig 2. (Continued) The white arrow points to the bright GFP signal at the growing branchlet tip after
photobleaching. D, Average normalised Actin-GFP and Membrane-mCherry fluorescence intensity in the
bleached area of 8 time series. E, A representative kymograph of the same dendritic branchlet over time
and space. The bleached area is highlighted with a white rectangle and dashed white lines indicate the
retrograde movement of filamentous actin in this area, r. The white arrow points to the bright actin-GFP
signal recovery after photobleaching. n = 8 neurons from individual larvae (see STARxMethods for details
and Table [2{for genotype).

A kymograph of actin GFP fluorescence visualised the treadmilling of actin within the growing
branchlet (Figure [2E). The retrograde movement velocity of the bleached area in the present
study was r = 0.13£%-. Taken together and given also the known enrichment of Singed /
tascin (Nagel et al., 2012), c3da STBs apparently contain mainly uniparallel actin bundles
oriented with the majority of fast growing ends pointing distally and displaying slow actin

kinetics.

Analysis of six AMPs that regulate dendrite branch number in c3da neu-

rons.

To identify the molecular regulation of actin in the c3da neuron dendrites, we performed
literature searches and a targeted screen of actin nucleators (Stiirner et al., 2019), elongators,
bundling and depolymerisation factors. We concentrated our analysis on mutants of six
AMPs and imaged their c3da neurons in vivo at the early third instar larva stage (Figure 3A,
see Table [1| for fly strains). To extract a deep quantitative phenotypic description of their
dendrite morphology, we traced and analysed the c3da neuron images in the TREES toolbox

(www.treestoolbox.org;|(Cuntz et al., 2010).

Single c3da clones (mosaic analysis with a repressible cell marker - MARCM) harbouring a
null mutation in a component of the essential actin nucleator Arp2/3 complex component
arpcl (Figure BB), a strong hypomorphic allele of the actin polymerase ena (Figure BD) or a
loss of function allele of the actin severing factor twinstar (Figure BD), as well as c3da neurons
of larvae bearing a hypomorphic mutations for the actin bundler singed (Figure BF), all showed
reduced number of branches, as expected (Figures , E, G; Gao et al.,,[1999; Nagel et al., 2012;
Nithianandam and Chien, 2018; Sturner et al., 2019; Shimono et al., 2014).
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Fig 3. Actin modulatory proteins involved in terminal branch formation of c3da neurons.

A, Mlustration of c3da neuron imaging and tracing reconstructed in the TREES toolbox. All tracings are
shown in the orientation as shown in this scheme. B, Representative tracing of MARCM clones of control
and arpcl9?°5? mutants. D, Representative tracing of MARCM clones of control, ena?!® mutants and tsrV121
mutants. F, Representative tracing of control, capu'/capu®®, spire! /spire?!” and singed® mutants.
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Fig 3. (Continued) C, E, G, Quantification of total branch number of the different groups with controls. H,
Quantification of total branch number in heterozygous mutants of spire?!”/+, capu' /+, or capu! /spire?”
transheterozygous mutants. (*is p < 0.05, **is p < 0.01 and ***is p < 0.001). Scale bar is 100pm. n = 8
neurons from individual larva per genotype (see Table 2/ for genotypes).

In addition, mutants of the actin nucleators spire or capu displayed total numbers of branches in 22
c3da neurons that were reduced by roughly a third (Figure B[, G; Figure [ST). Thus, Spire and 20
Capu represent novel regulators of c3da neuron morphology. The cooperation of Spire and s
Capu, is conserved across metazoa and extensively studied in Drosophila oocyte development  2:2
(Dahlgaard et al., 2007). While individual spire or capu heterozygous mutants did not show 2s:
any changes in morphology, their trans-heterozygous combination reduced the number of 2
branches to a level comparable to that observed in the single homozygous mutants (Figure[3H). 2

This suggests that Spire and Capu cooperate to define the number of c3da STBs. 236

Although each of these molecules has a distinct biochemical function in actin organisation s
all mutants showed a reduced number of branches (Figure |3) in c3da neurons. To reveal 2
potential distinctions that might allow defining individual functions, we sought to define the 23

morphology of wild-type c3da neurons and their STBs in greater detail. 240

Distinctive roles of six actin-regulatory proteins on c3da dendrites. 241

As a second step towards a quantitative description of c3da neuron dendrites and of the s
morphological effect of mutating individual AMPs, we identified a specific set of distinctive 2
morphometric features for these neurons. We collected 28 general dendritic branching features 2.
(see STARxMethods, Table3) (Castro et al., 2020) and we used them to quantitatively describe 2

c3da dendrites. 246

The combination of just seven of these 28 features accurately described the differences between 24
the AMP mutant c3da morphologies (Figure [4). The total length of the dendrites together s
with the Euclidean distance of terminal points to the root represent the overall organisation 24
of the tree; the mean length defines mean branch length distribution; the further parameters 2s0
describe the distribution (density of terminals), the spreading (mean distance to nearest s
neighbouring terminal points and mean angle between branches) and the straightness of s

the terminal branches (tortuosity of branches) (Figure @A). Here, the terminal branches are s
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defined as all branches with a termination point, independently of their length.

All mutants analysed displayed a reduction in the number of branches (Figure . In addition,
spire and capu mutants showed a reduced total length and reduced distances to the root
(Figure [4B). Indeed, capu and spire mutant trees were smaller and had most of their branches
shifted closer to the cell soma (Figure @B). While terminal branches properties seemed oth-
erwise unaffected in capu mutants, the length of the main branches was reduced insuring
a wild-type density of terminal branches along the main branches. Thus, Capu seems to
promote branching and elongation of c3da dendrites. Spire mutants displayed instead an
increase in mean length of branches and decreased density of terminal branches (Figure [4),

suggesting that Spire, though involved in both, might promote branching over elongation

(see Figure [4B).

The Arp2/3 complex is important for branch formation in all da neuron classes (Stiirner et al.,
2019). In the arpcl mutant c3da neurons this loss of branches was compensated by an increase
in mean length to such an extent that the total length of the dendritic tree was not altered
(Figure [@B). The reduced number of terminals and longer branches correlated with a decrease
in the density of terminals. Moreover, the terminal branches of arpcl mutants were more
spread out resulting in larger distances between neighbouring terminal points (Figure [4B).
These data are consistent with a major role for Arp2/3 in the initiation of branching (Stiirner
et al., 2019).

Ena encodes a substrate of the tyrosine kinase Abl facilitating actin polymerisation (Damiano+
Guercio et al., 2020; Brithmann et al., 2017). Ena plays a role in the elongation of lateral
branches in dendrites of all classes of da neurons in the dorsal cluster (Gao et al., [1999).
C4da neurons displayed dendrite over-elongation and reduced branching in ena mutants
(Dimitrova et al.,[2008). Likewise, in ena mutant c3da neurons the loss of terminal branches
was compensated in part by increasing mean branch length and overall branch spreading,
measured as distance to nearest neighbour (Figure[6B). Thus, similarly to arpcl mutants, ena
mutant trees seem to counterbalance the loss of STBs by extending longer branches, pointing

to a role of Ena in promoting branching over elongation (Figure [4).

15/p1]

254

255

256

257

258

259

260

261

262

263

264

266

267

268

269

270

271

272

273

274

275

276

277

278

279

281


https://doi.org/10.1101/2020.10.01.322750
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.01.322750; this version posted October 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

The branching code: a model of actin-driven dendrite arborisation Stiirner et al.

A total length (mm) distance to root (um) mean length (um) density of terminals nearest neighbor (um)

=
tortuosity of terminals
I angle
... >\’R\§C
P T———
all branches a
Mﬁ%‘i control
MY—W capu 1/EE Eincrease
4 [l decrease
W spire 1/2F [ not significant
arpc1 q25sd
ena 210
/\__,/_\7& twinstar N121

Fig 4. Features of dendritic tree structure in c3da neurons.

length in um

A, Illustration of the seven morphometric measures defining c3da neuronal morphologies: total length of
the dendritic tree in mm (total length), the mean Euclidean distance of terminal points to the soma in pm
(distance to the root), the mean length of all branches in pm (mean length), the density of terminal branches
along the length of main branches (black = main branches, red = terminal branches) (density of terminals),
the distance of terminal points to the nearest neighbouring terminal point in jim (nearest neighbor), the
mean tortuosity of branches (tortuosity of terminals), the mean angle between branches (angle). B, Image of
one main branch with STBs of the control and each mutant in corresponding colours. Next to it, graphic
representation of the seven morphometric measurements for each mutant versus corresponding controls.
Blue for a significant decrease and red for a significant increase. n = 8 neurons from individual larvae per
genotype. See Figure for complete graphs, Table for genotypes, Table for morphometric measures.

In hypomorphic mutants for the actin bundling factor singed the total length reduction of 2

c3da dendrites was not compensated by the increased mean length (Figure [@B) as it is instead 2

the case in null singed mutants (Nagel et al., 2012). The branches were more spread out, 2s4

with increased distance between neighbouring branches and decreased density of terminal  2ss

branches. The few branches that were left had an increased tortuosity, as shown previously  2s

(Nagel et al, 2012), and were more spread with larger branching angles (Figure @B). These 2

data are consistent with Singed / fascin’s role in defining number and properties of the STBs 2

(Nagel et al, 2012). 289
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The dendrites of c3da neurons mutant for the severing protein twinstar display the most severe
reduction in branch number (Figure BD,E) that was not compensated by increased branch
length yielding smaller trees (Figure @B). The density of terminal branches was decreased
and the branches left were more spread out, with increased distance between neighbouring
branches and increased branching angle (Figure [@B). The naked main branches were more
tortuous (FiguredB). These data are consistent with a major role of Twinstar / cofilin in branch
formation, although some terminal branchlets were still present in these mutants, typically

close to the cell body.

Taken together, parallel evaluation of six AMP mutants pinpointed the seven morphometric
features of c3da neurons that were necessary to describe differences in dendrite morphology
between these AMP mutants, suggesting these might be key features of dendrite elabora-
tion controlled by actin. Each of the AMP affected the organisation of the c3da neurons in

characteristic ways hinting to specific roles during dendrite elaboration.

The two-step c3da model can be applied to AMP mutant trees.

Does the neuron still grow with the same core rules that we established for the wild-type
c3da dendritic trees even in the AMP mutants and, if so, can we predict the morphology of
mutant dendritic trees? To resolve this question, we used our two-step computational model

to replicate the altered morphologies of the six AMP mutants.

We found that distributions of terminal branch lengths in singed, spire, capu, ena and twinstar
mutants (Figure [5|A,B,C) were modelled adequately with the two-step c3da model, given
their respective dendrite field areas and the total number of branches obtained from the
real data of each individual mutant tree (Figure [I). When comparing the distribution of
terminal branch lengths obtained from the model (orange dashed line), they aligned with the
distribution obtained from real dendritic trees (Figure [5|A,B). Moreover, the scaling relations
in real dendritic trees of the different mutants corresponded well to the c3da model trajectories
in dark orange obtained previously in Figure 1| (Figure [5[C). Thus, the two-step c3da model
replicated branching statistics for these mutants without requiring any modifications of the
parameters established for the wild type, i.e. none of the core growth rules used to build the

two-step c3da growth model were altered in these mutants.
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Fig 5. Modelling AMP mutant dendritic tree morphology using the c3da neuron model.

A, B, D, The two-step c3da model applied to control and mutant dendritic trees; the STBs are represented
in the colour corresponding to the genotype. The distribution of branch lengths for all STBs is shown
underneath each neuron tracing. Distributions from the model in orange dashed line and distributions from
real dendrites with respective colour corresponding to the genotype (see Table 2|for genotypes). Arrow is
pointing to the shift observed in the arpcl mutant. C, E, The real dendritic trees in coloured dots (only the
main branches) and in coloured squares (all branches) are plotted with total length in mm to total number
of branches. The trajectory for the c4da model is shaded red, the trajectory for the c3da model is shaded in
orange.
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However, the arpcl mutant dendritic trees could not be fully modelled with this two-step c3da
model. While the spatial distribution of the main branches in the synthetic trees revealed by
Sholl analysis resembled the wild type (Figure [S2A,B) the distribution of terminal branch
length in the model predicted shorter branches than observed in the real arpcl mutant den-
dritic trees (Figure [5D). Thus, the two-step c3da model did not replicate the arpcl mutant
trees in their distribution of lengths of STBs nor in the correlation of total length to branch
number (Figure[SE). The resulting scaling relationships as well as the longer terminal branch
lengths indicated that arpcl muta