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Supplementary Figures 
 
Figure S1: Definitions of the axes, the coverage index and neuronal growth controls 
 

 
A Definitions of the anterior-posterior (AP) and dorsal left (DL) and dorsal right (DR) axes. This larva was 
imaged from the dorsal side up, which was adjacent to the coverslip surface closest to the objective. A2, 
A3, A4, and A5 correspond to the dorsal abdominal segments. The white dashed line is the dorsal 
midline. This larva is ~24 hr after egg lay (genotype - ;;ppkCD4-tdGFP). The AP length was measured as 
the distance between the cell bodies of the adjacent neurons on the anterior and posterior sides. The DL-
DR length was measured as the distance between cell bodies in adjacent hemisegments (across the 
midline) corrected for the offset of the cell bodies, which are not in the centers of the cells but displaced 
away from the midline. For sake of simplicity, we are calling DL-DR as LR B The coverage index over 
development time (𝑛 ≥ 5 neurons). The coverage index is calculated as the ratio the dendrite area (AP 
cell width x LR cell width, from Figure 1D) divided by the dorsal hemisegment area (AP hemisegment 
width x LR hemisegment, width from Figure 1D). C Control showing that imaging does not perturb 
growth. The growth of cells was assessed by measuring the cell radius (calculated as √(area/π)) over 
time. Lines connect cells at the beginning and end of imaging. This shows that the imaging conditions do 
not retard growth. 
 

 

 
  



Figure S2: Tracking dendrite tips 

 
A Example of a fluorescently labeled terminal dendrite. B The center of the dendrite was located by fitting the 

cross-sections (blue line in B) to a Gaussian. The precision is approximately 0.1 μm. C The position of the tip 
of the dendrite was calculated by fitting the end intensity profile (magenta box in A) to a 2D function 

corresponding to a Gaussian in the perpendicular direction and an error function the parallel direction (see 
Methods) D Montage of simulated images of cylindrical tubes (6 μm blue, 8 μm red) that are fluorescently 

labeled with 10% labeling density on the surface with signal-to-background ratio (SBR), defined as the mean 
signal divided by the standard deviation of background noise, varying from 33 (left) to 9 (right). The pixel size 

is 100 nm. The measured length distribution is shown in the bottom panel (200 independently generated 
images for each SBR). E The lengths of several live-imaged dendrites that were in their paused state as a 
function of time. F The standard deviation of the measured lengths in E is shown. The accuracy is high even 

for live imaging condition. G The standard deviation of the tracked lengths is ~1 pixel (108 nm). Examples of 
tracked dendritic length as a function of time: G 24 hr. I 48 hr. and K 96 hr. The green, orange, and magenta 

lines denote examples of growing, paused, and shrinking states. The tips tend to spend more time in the 
paused state over developmental time. H, J, and L show the statistics of the piecewise-linear fitting. 



 

Figure S3: Correlation between state velocities and lifetimes and state durations. 
 

 
 

The distribution durations for the shrinking (S), paused (P), and growing (G) states at 24 hr (A-C), 48 hr (D-F), and 

96 hr (G-I) plotted using semi-log axes. The distributions are very close to exponentials (dotted lines) expected if 

switching among the states is first order. The slope of the dotted lines is the inverse of the lifetimes spent in the 

states: for example, at 24 hr, the sum of the transition rates from growing state is (𝐾!" +𝐾!# = 0.696 + 0.509 =

1.205 min-1 (Table 1 A), close to the slope of the lifetime distribution of 1.38 min-1 (F). J The correlation between 

shrinking velocities (𝑉#) and shrinking lifetimes (𝑇#) shows a significant correlation with Pearson’s correlation 

coefficient 𝑟=0.064. K Similarly, a significant correlation is observed between growth velocities (𝑉!) and growth 

lifetimes (𝑇!). L Pearson’s correlation coefficient (𝑟) between state velocities (𝑉$) and lifetimes (𝑇$) for 18-20 hr data. 

The value of 𝑟 is small (0.017) and there is no significant correlation between 𝑉$ and 𝑇$.  



 
Figure S4: Evidence for persistent growth after birth. 
 

 

 
We manually measured the time between branch initiation and branch death at different stages of the larva (24, 

48,72, and 96 hr AEL, 3 movies for each stage). From these data, we calculated the survival probability by dividing 

the number of alive branches by the total number of branches using the formula described in the Methods. The 

black line is the average survival probability of the real dendrite tips. The survival probability does not start decaying 
exponentially as one might expect if it were a Poisson process. Rather, it shows some initial lag. This observation 

led us to believe that branch initiation is not a simple Poisson process. To estimate the initial lag period, we 

simulated 1000 branches with initial length 0.5 µm and implemented a lag time (𝜏%&') by preventing the tips to switch 

into the paused or shrinkage state ( 𝐾() = 𝐾(* = 0; 𝑡 ≤ 𝜏%&'). A branch is deleted in the simulation when its length is 

<0.1 µm. The survival probability increases with the initial lag t as shown by the dotted lines. The dark blue is the 

best fit to the real data ( 𝜏%&' = 0.3 min). 



Figure S5: Sensitivity of morphology to branching and growth parameters. 

 
A Control with parameters from Table 1 and Tables S1-2 without any boundary restriction. The black and blue 

dashed lines represent LR and AP widths respectively. The solid lines represent the simulated segment sizes over 
development. The simulation shows that initially (24-48 hr) the neurons grow faster than the real segment and then 

grow with a constant rate equal to the segment growth rate (~0.06 µm/min) until 96 hr. The segment widths saturate 

after 96 hr even without a boundary. B Branching rate was doubled (green) and halved (magenta) compared to the 

control, keeping all other parameters unchanged. All arbor properties are normalized by the respective 

unconstrained controls. Fold change is plotted against time for (ii) arbor size, (iii) branch number, (iv) branch length, 
(v) mean branch length, and (vi) fractal dimension.  C All transition rates were doubled (green) and halved 

(magenta): this leads to a decrease and increase in the variability of growth. D The mean tip velocity (drift) was 

increased (green) and decreases (magenta) 2-fold. E The average (drift) velocity was set to zero (green) and a 

negative value (-0.02 /min, magenta). Shaded regions represent standard error of mean. 



Figure S6: Branch length and radial orientation distributions. 
 

 
 
A-E Branch length distribution over different developmental stages for real and simulated arbors with exponential 

fits (dashed lines). F-J Radial orientation of branches over developmental time for real and simulated arbors. The 

branches are preferentially oriented in the radial direction. This preference is due to contact-based retraction. The 

dotted curves show diminished radial preference when branches are paused after contact in the simulation. Shades 

represents standard deviations.  

  



 

Figure S7: Branching drives arbor expansion when the net tip growth is zero 
 

 
 
To understand the relationship between the short-term dynamics (the growth-shrink-pause dynamics including 
branching) and the long-term formation of stable branches, we explored our simulation keeping the net growth of 
tips at zero (meaning there is no net growth from G-P-S dynamics) and varied the branching rate (as shown by the 
red, black and blue lines in the top inset). We observed, even for zero net growth, that the dendritic arbor grows in 
size as shown by the LR widths (different colored arbors correspond to the differently colored branching rates in the 
top inset). The bottom panel shows the color-coded final arbor sizes. 

 
 
  



S
 

Figure S8: Generalization of our model to other systems 

 
 
A (i) A representative simulated Drosophila class-I dendrite at 25 hr. Class-I dendrites were simulated by 
initializing the model with a single static primary branch and then allowing branching from primary and 
secondary branches with rates  0.05exp(−𝑡/5) + 0.005	µm!"min!" and 0.005exp(−𝑡/5) +
0.0005	µm!"min!") respectively, where 𝑡 is time in hrs. (ii) The simulation recapitulates one of the key 
findings in (33) namely that the secondary branches are orthogonal to the primary branch (blue histogram 
peaking around 90°) even though the initial angles were uniformly distributed (gray). This is a 
consequence of contact-based retraction. (iii) The number of secondary and non-secondary branches 
approaches 22 and 30 at long times respectively, in accordance with data from (33). B Different retinal 
ganglion cells were simulated using different branching rates and a small branching angle (45° relative to 
the direction of the mother). The morphologies are similar to those of marmoset retinal ganglion cells 
(75). C A real Purkinje cell (i) ((76), raw data downloaded from NeuroMorpho.org) was simulated using 
slow growth of dendritic tips and complete retraction after contact to recapitulate the locally parallel 
branch orientations (ii). D An example of a real starburst amacrine cell (i) ((77), raw data downloaded 
from NeuroMorpho.org) and a simulated cell (ii) in which it was necessary to replace lateral branching 
with tip bifurcation to recapitulate the observed morphology. 



 
Figure S9: Validation of trajectory analysis method.   
 

 
 
We simulated 200 Markov trajectories with realistic input parameters shown in A and B and then added Gaussian 

white noise on the individual points of the trajectories. We used the transition rate as 0.5 /min because of the 

observed fact that the individual states last ~1 minute. C The flowchart of the trajectory analysis method. D We 

varied the Frame resolution to find the optimal resolution. The root-mean-squared error between the input and 

output transition rate matrix is plotted as a function of frame resolution. Frame resolution of 6 provides the best 

result and we chose this value for all our analyses. E &F The output velocity distribution and transition rate matrix 

using frame resolution 6. Our method of analysis produced a faithful reproduction of the input parameters. 

 

  



Supplementary Tables 

Table S1: Branching rates  
Age 
(hr) 

Total branching ratea 
(min-1)  (Mean ± SD) 

Linear branching rateb  
(µm-1⋅min-1)  (Mean ± SD) 

Branching anglec  
(°)  (Mean ± SD) 

Numbers 

(rates, angles) 
18 (E) 4.26 ± 0.59 0.0109 ± 0.0015 85 ± 25 𝑛 = 	9, 5 
24 (L1) 7.59 ± 1.52 0.0095 ± 0.0017 88 ± 26 𝑛 = 	9, 7 
36 (L1) 5.77 ± 2.67 0.0031 ± 0.0009 85 ± 25 𝑛	= 6,7 
48 (L2) 4.86 ± 1.59 0.0019 ± 0.0007 86 ± 26 𝑛	= 6,4 
72 (L2) 8.31 ± 2.37 0.0011 ± 0.0004 90 ± 25 𝑛	= 6,5 
96 (L3) 11.12 ± 2.52 0.0011 ± 0.0006 91 ± 25 𝑛	= 6,4 

aOver the entire dendrite arbor 
bPer total dendrite length  
cAngle between dendrites is zero in the distal direction of the mother.  
Standard deviation (SD).  
 
Table S2: Model parameters 

Name Description Value 
𝑙+,+-+./ Initial length of nascent branch 0.50 µm 

𝑙+,-01.2-+3, Length scale of contact 0.15 µm 
𝜏435-623,-.2- Post-contact dynamics duration 15 min 

𝜏/.7 Initial lag of nascent branch 0.3 min 
𝑙" Persistence length 150 µm 

𝑅538. Radius of soma 10 µm 
𝜇9: Mean branching angle 𝜋/2 
𝜎9: Standard dev. of branching angle 𝜋/7 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S3: Mutations and morphologies 

*Mutants display additional phenotypes not accounted for in the model. 

Mutation Reference Morphology Features of mutants 
accounted for by the 
model 

Simulated neuron Parameters 

Non-uniform branching 
Dynein 
intermediate 
light chain 
(Dlic) 

(21, 22, 64) 
 

 
Fig 2C (64) 

Downsizing of the 
overall arbor, arbors 
fail to fill the 
hemisegment. More 
branches in the 
proximal region. * 

 
 
 
 

 

 
 
 
 
Non uniform 
branching, 
primary 
branch has 
basal 
branching 
rate.  

Lis-1 (21, 22, 78) 

 
Fig 1C (22) 

Downsizing of the 
overall arbor, arbors 
fail to fill the 
hemisegment. * 

Change in tip dynamics 
katanin (24) 

 
 

 
Fig 3B (24) 

Decreased dendritic 
branch number, length   
and density. 

 

Terminal 
branches 
spend less 
time in the 
paused state 
and more time 
in the 
shrinking 
state. 

Self-avoidance 
Trc (15) 

 
Arrows represent 
dendrites crossovers 
Fig 1D (15) 

More branches and 
branch crossovers. * 
 

 
 
 
 

 

Branches are 
allowed to 
cross 10 % of 
the time. 

Dscam (11–13) 

 
Arrows represent 
dendrite crossovers 
Fig 1F (13) 

More branches and 
branch crossovers. * 
 



Supplementary movies 
Movie S1. Time-lapse movie of a growing neuron: 
 

 
 

Time lapse movie of a fast embryonic neuronal growth at 17.5hr AEL was acquired using a spinning disk confocal 

microscope. The movie was full-frame (2048x 2048 pixels) and a complete stack of images (7um) was produced 

every 5 mins interval. Genotype of embryo was ;;ppkCD4-tdGFP . 
 
 
Movie S2. Tip growth and branching: Time lapse movie at 24hr AEL was acquired using a spinning disk confocal 

microscope. A cropped stack of images (7um) was produced every 5 seconds interval. Genotype of larva was 
;;ppkCD4-tdGFP . 
 

 
Example of dendrite tip growth and branching 

 
Movie S3. Self-avoidance and shrinkage: Time lapse movie at 24hr AEL were acquired using a spinning disk 

confocal microscope. A cropped stack of images (7um) was produced every 5 seconds interval. Genotype of larva 
was ;;ppkCD4-tdGFP . 
 
 
 

 
Example of contact-based retraction 

 
Movie S4. Self-avoidance and growth: Time lapse movie at 24hr AEL was acquired using a spinning disk 

confocal microscope. A cropped stack of images (7um) was produced every 5 seconds interval. Genotype of larva 
was ;;ppkCD4-tdGFP . 
 



 

 
Example of dendritic self-avoidance 

 
Movie S5. Tip pause: Time lapse movie at 24hr AEL was acquired using a spinning disk confocal microscope. A 

cropped stack of images (7um) was produced every 5 seconds interval. Genotype of larva was ;;ppkCD4-tdGFP . 
 
 

 
Example of a tip going into a paused state 

 
Movie S6-10. Tip growth, bending, and branching. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
Dendrite lengthening is likely due to the addition of materials at the dendrite tip. The green stars show dendrite tip 

lengthening, the yellow star is birth of new branch, and the red star is a shrinkage event. White arrows point to the 
bending of growing tips. In example two, where the branch disappears, a sharp bend smoothens over time. In 

examples 3,4, and 5, the white arrows correspond to structural features such as branches and bends that remain 

fixed during growth and shortening. All time lapse movies shown above were acquired from different 24hr larvae 

using spinning disk confocal. Genotype of all larvae were  ;;ppkCD4-tdGFP . 
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