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Abstract

Many neurons in bilaterian animals are polarized with functionally distinct axons and dendrites. 

Microtubule polarity, microtubule stability, and the axon initial segment (AIS) have all been 

shown to influence polarized transport in neurons. Each of these cytoskeletal cues could act 

independently to control axon and dendrite identity, or there could be a hierarchy in which one 

acts upstream of the others. Here we test the hypothesis that microtubule polarity acts as a master 

regulator of neuronal polarity by using a Drosophila genetic background in which some dendrites 

have normal minus-end-out microtubule polarity and others have the axonal plus-end-out polarity. 

In these mosaic dendrite arbors, we found that ribosomes, which are more abundant in dendrites 

than axons, are reduced from plus-end-out dendrites, while an axonal cargo was increased. In 

addition, we determined that microtubule stability was different in plus-end-out and minus-end-out 

dendrites, with plus-end-out ones having more stable microtubules like axons. Similarly, we 

found that ectopic diffusion barriers, like those at the AIS, formed at the base of dendrites with 

plus-end-out regions. Thus, changes in microtubule polarity were sufficient to rearrange other 

cytoskeletal features associated with neuronal polarization. However, overall neuron shape was 

maintained with only subtle changes in branching in mosaic arbors. We conclude that microtubule 

polarity can act upstream of many aspects of intracellular neuronal polarization, but shape is 

relatively resilient to changes in microtubule polarity in vivo.
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Introduction

A hallmark feature of most neurons in animals with centralized nervous systems is the 

ability to make two types of neurites: axons and dendrites (Craig and Banker, 1994; 

Rolls and Jegla, 2015). This polarization enables efficient, directional information flow, 

with dendrites receiving and integrating signals and axons sending them. This functional 

specialization requires different sets of proteins and organelles to be present in the two 

compartments, for example dendrites need receptors and axons need synaptic vesicles. Most 

new proteins are synthesized in the cell body, so this means that directed transport from 

a single point of origin is important for efficiently populating axons and dendrites with 

correct contents. In addition to differences closely linked to directional signaling, axons 

and dendrites are often distinguished in less intuitive ways. For example, dendrites tend to 

branch closer to the cell body and to taper as they branch, while axons often branch only 

near their target maintain similar caliber throughout (Craig and Banker, 1994). Dendrites 

tend to have more synthetic capability than axons, with pockets of ribosomes and Golgi 

outposts that are rare or absent in axons (Bartlett and Banker, 1984; Craig and Banker, 1994; 

Horton et al., 2005). Axons and dendrites can also contain different sets of cytoskeletal 

proteins, with a classic example being concentration of microtubule-binding proteins MAP2 

in dendrites and tau in axons (Craig and Banker, 1994). Axonal microtubules are also more 

stable than dendritic ones (Kollins et al., 2009; Rolls et al., 2020). How is this complex set of 
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features that distinguish axons and dendrites orchestrated? One possibility is that there is a 

hierarchical regulatory system with a single master regulator. Alternatively, several different 

mechanisms may operate in parallel to confer specific features to axons and dendrites.

One candidate for a master regulator of axon and dendrite identity is microtubule polarity. 

Axonal microtubules have their more dynamic plus ends growing away from the cell body 

(Baas and Lin, 2011; Rolls and Jegla, 2015; van Beuningen and Hoogenraad, 2016). In 

contrast, dendrites typically contain a significant proportion of microtubules with minus 

ends distal to the cell body (minus-end-out). In mammalian neurons, dendrite polarity is 

mixed (Baas et al., 1988; Stepanova et al., 2003; Tas et al., 2017; Yau et al., 2016), while 

dendrites in C. elegans and Drosophila can be populated almost completely by minus-end-

out microtubules (Goodwin et al., 2012; Harterink et al., 2018; Rolls et al., 2007; Stone 

et al., 2008; Yan et al., 2013). This difference in microtubule polarity could be used to 

steer specific components into axons and dendrites and direct differentiation of the two 

compartments. Indeed, there is substantial evidence supporting a role for minus-end-out 

microtubules in establishing dendrite identity. Knockdown of kinesin-6 results in loss 

of minus-end-out microtubules in cultured mammalian neurons. Early knockdown blocks 

dendrite formation (Lin et al., 2012; Sharp et al., 1997), and knockdown after dendrite 

formation causes loss of dendritic morphology, MAP2 and ribosomes (Yu et al., 2000). 

Similar observations have been made in C. elegans where reduction of kinesin-1 causes 

normally minus-end-out dendrites to take on plus-end-out axonal polarity (Yan et al., 2013) 

and results in loss of dendritic markers and entry of axonal ones into the affected neurite 

(Yan et al., 2013). Thus, evidence from mammalian neurons in culture and C. elegans 

neurons in vivo suggests that, at minimum, microtubule polarity is an important determinant 

of delivery of dendrite-specific cargoes. However, whether it is a master regulator of polarity 

is less clear.

Microtubule stability distinguishes axons and dendrites in mammalian and Drosophila 

neurons, with axonal microtubules being more stable than dendritic ones (Baas et al., 

2016; Baas et al., 1991; Rolls et al., 2020). In cultured neurons, stabilizing microtubules 

during neurite outgrowth results in formation of multiple axons (Witte et al., 2008) 

suggesting that stability can act upstream of microtubule polarity. Differences in stability, or 

more specifically post-translational modifications associated with more stable microtubules, 

can also direct cargo carried by some kinesins to axons (Hammond et al., 2010). 

Therefore, microtubule stability is an alternate candidate for a master regulator of neuronal 

polarity, instructing microtubule polarity as well as helping deliver cargoes to the correct 

compartment.

Another candidate for an independent regulator of polarized transport and neurite identity is 

the axon initial segment. In addition to concentrating channels for action potential initiation, 

the axon initial segment (AIS) serves as a physical barrier that separates the axonal and 

dendritic plasma membranes to maintain distinct surface composition (Winckler et al., 

1999). In mammals, giant isoforms of ankyrin G orchestrate formation and function of the 

AIS (Rasband, 2010) and loss of ankyrin G allows dendritic components, including dendritic 

spines, to leak into axons (Hedstrom et al., 2008). Although best established as a barrier 

for the plasma membrane, the AIS may also restrict entry of cytoplasmic material into the 
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axon (Song et al., 2009). While this structure was proposed to be vertebrate-specific because 

ankyrin G could not be identified in invertebrates based on sequence (Jenkins et al., 2015), it 

is now known that giant ankyrins also organize a plasma membrane diffusion barrier at the 

base of Drosophila axons suggesting that the AIS is a general feature of bilaterian neurons 

(Jegla et al., 2016a). While it is unlikely that the AIS acts upstream of microtubule polarity 

as it forms after differences in polarity are established in axons and dendrites (Jegla et al., 

2016a; Nakada et al., 2003), it may act in parallel to microtubules to distinguish axons and 

dendrites.

To probe the relationship between microtubule polarity, stability, and the axonal diffusion 

barrier in the context of neuronal polarity, we used a Drosophila genetic background that 

disrupts minus-end-out polarity of dendrites. Patronin is the Drosophila CAMSAP protein, 

and binds minus ends of microtubules (Goodwin and Vale, 2010). In neurons, it is required 

for sustained growth of minus ends (Feng et al., 2019). During dendrite development, 

minus ends grow into dendrites from the cell body, and this contributes to establishment 

of minus-end-out polarity (Feng et al., 2019). When Patronin is reduced ddaC neurons, 

which have large dendrite arbors that sense noxious touch in the skin (Grueber et al., 2002; 

Hwang et al., 2007), some regions of the arbor establish normal minus-end-out polarity, 

while other branches take on the axonal plus-end-out polarity (Feng et al., 2019). We first 

characterize these mosaic neurons in more detail, and then assay localization of axonal 

and dendritic cargoes in plus-end-out and minus-end-out regions of the same arbor. Finally, 

we show that microtubule stability and establishment of AIS-like diffusion barriers are 

controlled by microtubule polarity. In contrast to intracellular features, dendrite shape was 

largely unaffected by microtubule polarity changes. We conclude that microtubule polarity 

acts upstream of a cytoskeletal hierarchy that establishes intracellular organization of axons 

and dendrites.

Results

Reduction of Patronin generates mosaic dendrite arbors with plus-end-out and minus-end-
out regions emerging from minus-end-out bases.

Drosophila dendritic arborization neurons are sensory neurons with branched dendrites 

that receive mechanosensory information in the skin and send it via axons to the central 

nervous system (Grueber et al., 2002). Although their dendrites are not postsynaptic, they 

have classic dendritic features including Golgi outposts (Ye et al., 2007), ribosomes (Hill 

et al., 2012) and minus-end-out microtubules (Rolls et al., 2007; Stone et al., 2008). 

Class IV dendritic arborization neurons, including the ddaC cell, have the largest arbors 

(Grueber et al., 2002) and in larvae allow the animal to sense parasitic wasps and initiate 

an escape response (Hwang et al., 2007). Like other Drosophila neurons, ddaC dendrites 

contain predominantly minus-end-out microtubules (Ori-McKenney et al., 2012; Rolls 

et al., 2007; Stone et al., 2008). When extended growth of microtubule minus ends is 

reduced in ddaC cells by Patronin RNAi, only about half of the major dendrite branches 

have normal minus-end-out microtubule polarity, with the other half split between mixed 

microtubule polarity and plus-end-out polarity (Feng et al., 2019; Wang et al., 2019). Axons 

in these neurons do not exhibit polarity changes (Feng et al., 2019). Patronin is the sole 
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Drosophila representative of the Patronin/CAMSAP family of proteins. These proteins 

specifically recognize uncapped microtubule minus ends and track and/or stabilize them 

(Goodwin and Vale, 2010; Hendershott and Vale, 2014; Jiang et al., 2014). In Drosophila 

neurons, Patronin-facilitated minus end growth helps populate dendrites with minus-end-out 

microtubules (Feng et al., 2019).

To determine whether Patronin RNAi might be useful for assaying the role of microtubule 

polarity on axon-dendrite differentiation, we characterized microtubule organization in more 

detail in knockdown ddaC neurons. Microtubule polarity was visualized with EB1-GFP, 

which binds growing microtubule ends. The direction of plus end growth can be used to map 

polarity of the microtubule array (Stepanova et al., 2003). In major branches of control ddaC 

neurons, over 90% of microtubules are minus-end-out (Feng et al., 2019; Ori-McKenney 

et al., 2012) (Figure 1B and 1C). We expressed a hairpin RNAi targeting Patronin using 

two different Gal4 drivers specific to Class IV neurons, 477 and ppk; in our experience ppk 

drives higher expression than 477. Three different RNAi lines were previously shown to 

have a similar phenotype (Feng et al., 2019). In this study we used one of these three that is 

a short hairpin so does not require added dicer2 to give neuronal knockdown; this reduced 

the number of transgenes needed for experiments.

As previously described (Feng et al., 2019), knockdown of Patronin yielded dendrite 

arbors with regionally different microtubule polarity (Figure 1 and Video 1). At the global 

level, some dendrite branches had minus-end-out polarity (>90% minus-end-out), some 

were mixed, and some had plus-end-out polarity (>90% plus-end-out) (Figure 1C). At the 

level of individual neurons, most cells contained all three types of branches (Figure 1H). 

Plus-end-out branches were more common when knockdown was driven with ppk (Figure 

1H), consistent with this driving stronger expression than 477. One interesting observation 

was that the region of the dendrite between the cell body and first branchpoint, the base, 

was almost always minus-end-out (Figure 1D). Plus-end-out and minus-end-out regions of 

dendrites did not exhibit grossly different major branching patterns (Figure 1A and 1E). 

We could therefore compare structurally similar dendritic regions with similar extracellular 

context, but different microtubule polarity, to try to isolate the effect of microtubule 

organization on other aspects of dendrite identity. We term these dendrites mosaic, as a 

single arbor is made up of distinct regions (Figure 1G).

To facilitate use of mosaic dendrite arbors, we generated a Drosophila line that contained 

the ppk-Gal4 driver, UAS-EB1-TagRFP-T and the short hairpin UAS-Patronin-RNAi. EB1-

TagRFP-T allows us to determine the polarity of each region of the dendrite arbor. We could 

cross flies from this line to those from lines with GFP transgenes to analyze a variety of 

features associated with axon and dendrite identity.

Microtubule polarity predicts polarized cargo distribution.

Based on experiments in mammalian and worm neurons, we anticipated that cargo delivery 

would be sensitive to changes in microtubule polarity. We therefore began by assaying axon 

and dendrite-specific cargo localization in mosaic dendrite arbors. We used ANF-GFP, a 

marker for neuropeptide-containing dense core vesicles (Wong et al., 2012), that is largely 

excluded from dendrites of dendritic arborization neurons (Hill et al., 2012) as an axonal 
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marker. In control ddaC neurons, ANF-GFP was abundant in the cell body, and could be 

seen along the axon (Figure 2A). While some puncta entered the base of the dendrite, very 

few were visible beyond the first branch point. To analyze its distribution in mosaic dendrite 

arbors, it was crossed to the ppk-Gal4, UAS-EB1-TagRFP-T, UAS-Patronin RNAi line. In 

mosaic neurons, ANF-GFP was present in the axon as in control cells, but puncta also 

accumulated in distal regions of a subset of dendrites (Figure 2C). Microtubule polarity of 

dendrite branches was determined from movies of EB1 (Figure 2D), and then compared to 

the pattern of ANF-GFP. Both mixed and plus-end-out dendrites contained ANF-GFP, while 

minus-end-out ones rarely did (Figure 2B and 2C). This suggests that the presence of a 

population of plus-end-out microtubules allows an axonal cargo to accumulate in dendrites, 

even when the plus-end-out region occurs beyond a minus-end-out one (Figure 2E).

Based on the accumulation of axonal cargoes in any neurite with plus-end-out microtubules, 

we hypothesized that a dendritic cargo would localize to minus-end-out and mixed polarity 

dendrites, but not plus-end-out ones. To test this hypothesis, we monitored ribosome 

localization. Ribosomal protein L10 tagged with YFP (YFP-L10) localizes to the cell body 

and dendrite branch points in dendritic arborization neurons (Hill et al., 2012). In control 

ddaC neurons, accumulation of YFP-L10 was seen at most dendrite branch points (Figure 

3A). In mosaic arbors, we used EB1-TagRFP-T to identify regions with different polarity, 

and quantitated YFP-L10 fluorescence intensity at branch points. While we could still detect 

some L10 at branch points of plus-end-out dendrites, the intensity was lower than in minus-

end-out branch points (Figure 3). Surprisingly, dendrite branches with mixed polarity had 

similar low levels of YFP-L10 at branch points as plus-end-out branches (Figure 3D). We 

conclude that microtubule polarity can instruct accumulation of axon and dendrite cargoes, 

but mixed polarity can be interpreted in different ways depending on the cargo.

Microtubule orientation acts upstream of microtubule stability

Having confirmed that microtubule polarity can direct accumulation of axon and dendrite-

specific contents, we wished to determine whether it might control other aspects of 

cytoskeletal polarity that differentiate axons and dendrites. We began by examining 

microtubule stability. In ddaC neurons, dendritic microtubules turnover more quickly than 

axonal ones in a photoconversion assay (Rolls et al., 2020). ddaC dendrites also have more 

growing plus ends per unit length than axons (Hertzler et al., 2020), consistent with the 

interpretation that dendritic microtubules are shorter, and thus less stable, than axonal ones. 

We confirmed that control ddaC neurons have fewer EB1-GFP comets per length in axons 

than dendrites (Figure 4A and B).

To test whether microtubule orientation acts upstream of stability, we assayed comet number 

in mosaic dendrite arbors. Minus-end-out branches had very similar numbers of microtubule 

plus ends per length to control dendrites, while plus-end-out regions were comparable to 

axons (Figure 4A and 4B). One caveat to this type of analysis is that the number of plus 

ends per unit length only accurately reflects microtubule length if the same amount of 

polymerized tubulin is present in the regions for comparison; ie axons could contain fewer 

growing plus ends per unit length if they had fewer microtubules in any cross section 

than dendrites. To make sure that this was not the explanation for the difference in plus 
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end numbers between plus-end-out and minus-end-out regions of mosaic arbors, we paired 

analysis of comet numbers with a measure of total amount of microtubules. We used 

tdEOS-tagged α-Tubulin as a measure of microtubule polymer in a region (Figure 4C). To 

make sure that tdEOS-α-Tubulin is a reasonable measure of microtubule mass in dendrites, 

we compared its distribution at dendrite branch points to that of a soluble fluorescent 

protein (Figure 4E). The soluble fluorescent protein, iBlueberry (Yu et al., 2016) filled the 

volume of the branch, while tdEOS-α-Tubulin was almost exclusively seen at the edges of 

the branch where microtubule bundles run. Thus, the tdEOS-α-Tubulin signal is primarily 

derived from microtubule polymer rather than free tubulin. To normalize comet number 

to tubulin polymer, we expressed tdEOS-α-Tubulin and EB1-TagRFP-T together in ddaC 

neurons. We took movies in which we could simultaneously measure the intensity of tdEOS-

α-Tubulin and comet number and direction (Figure 4D). When amount of tagged tubulin 

was taken into account, fewer EB1 comets per unit length were present in plus-end-out 

regions of the arbor compared to minus-end-out ones (Figure 4F). Thus, the difference in 

comet number in plus-end-out and minus-end-out regions (Figure 4G) is likely because 

microtubules in plus-end-out branches are longer and more stable than in minus-end-out 

regions. These results are consistent with microtubule polarity directing microtubule stability 

in neurons.

Injury-induced dynamics depends on microtubule polarity.

The difference in comet number in plus and minus-end-out dendrite branches suggested 

that many aspects of microtubule behavior might be influenced by polarity. If axons and 

dendrites are severed from the cell body, the cut off region can no longer function and is 

actively disassembled. An early step in injury-induced dendrite degeneration is microtubule 

severing by the AAA-ATPase fidgetin (Tao et al., 2016). In neurons expressing EB1-GFP, 

this results in an increase in comet number in the cut off dendrite during the first hour 

after severing (Tao et al., 2016). To make sure that this increase in microtubule dynamics 

in severed regions was specific to dendrites, we examined plus end number in dendrites and 

axons before and after severing (Figure 5A and 5C). In severed dendrites, comet density 

often increased one hour after injury (Figure 5B). In contrast, comet density in severed 

axons always decreased (Figure 5D). To compare outcomes, we categorized the response 

of individual neurites into two bins: 1- comet number increased, or 2- comet number did 

not increase. Using a Fisher’s exact test the response to injury was significantly different in 

axons and dendrites (p<0.05). Next, we compared microtubule dynamics in severed neurites 

of mosaic arbors (Figure 5E). The pattern of response in minus-end-out neurites was very 

similar to that in control dendrites, with a subset increasing comet number (Figure 5F). In 

contrast, the plus-end-out neurites never showed an increase in the number of EB1-GFP 

comets (Figure 5F) similar to axons. We performed a similar analysis to that in control 

neurons by binning outcomes into two categories and compared responses with a Fisher’s 

exact test. As with the axon vs. dendrite comparison above, the outcome was different 

between plus-end-out and minus-end-out dendrite branches (p<0.05). Thus, the dynamics of 

microtubules in severed pieces of dendrites depends on polarity within that branch.
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Ectopic diffusion barriers form in mosaic dendrite arbors.

So far, we have shown that plus-end-out regions of mosaic dendrite arbors accumulate 

axonal cargoes and have microtubule stability before and after injury similar to that of 

axons. We wanted to determine whether another distinguishing feature of the axon, the 

diffusion barrier at the AIS, might also respond to microtubule polarity. In Drosophila 

dendritic arborization neurons, a diffusion barrier forms at the base of the axon, immediately 

adjacent to the cell body and, as in mammalian neurons, this depends on giant ankyrin 

isoforms (Jegla et al., 2016a). We first tested whether reduction of Patronin affected 

the axonal diffusion barrier. As in our previous study (Jegla et al., 2016a), we used a 

general plasma membrane marker, mCD8-GFP, to monitor fluorescence recovery after 

photobleaching (FRAP). Very little recovery was observed in proximal axons in control 

or Patronin RNAi neurons (Figure 6) indicating that a normal diffusion barrier is established 

in neurons with mosaic arbors. This contrasts with rapid recovery in a similar region at the 

base of dendrites in control neurons (Figure 6 and (Jegla et al., 2016a)).

As the axonal diffusion barrier is positioned at the beginning of plus-end-out axons, we 

hypothesized that if a diffusion barrier forms in plus-end-out regions of mosaic arbors, then 

it would be positioned at the base of the plus-end-out branch. We used EB1-TagRFP-T 

movies to identify plus-end-out branches in mosaic dendrite arbors and bleached mCD8-

GFP at the base of the branch. As the region of the dendrite emerging from the cell body 

was almost always minus-end-out (Figure 1D), this meant bleaching just beyond the first 

branch point (Figure 6A, second row). Fluorescence recovered very quickly into the region 

indicating that no diffusion barrier forms where plus-end-out polarity initiates (Figure 6, 

second row). Because the axonal diffusion barrier forms at the exit from the cell body, we 

also performed bleaching in mosaic dendrites in an analogous position. Surprisingly, mCD8-

GFP diffusion was extremely limited in this proximal position, and was indistinguishable 

from that in the axon (Figure 6). Thus plus-end-out polarity in distal regions of the dendrite 

arbor directs establishment of a diffusion barrier in the initial region of the dendrite, even 

though this segment has minus-end-out polarity.

Plus-end-out neurites in mosaic arbors have reduced branching.

Plus-end-out polarity seems sufficient to direct axonal cargoes to dendrites, cause 

microtubules to take on axonal stability, and can establish extra diffusion barriers. However, 

plus-end-out regions of dendrite arbors still innervate the body wall in a pattern very 

similar to their minus-end-out neighboring branches (Figure 7A) despite the fact that axons 

are generally longer and less branched than dendrites. To determine whether subtle shape 

differences might distinguish plus-end-out and minus-end-out branches, we measured length 

from the first branch point to the tip (Figure 7A, secondary branches, dotted lines) in 

dendrites in which polarity was defined from movies of EB1-TagRFP-T. We also compared 

the number of side branches from the main backbone (Figure 7A, orange lines). As fine 

dendrite tips are difficult to detect using microtubule markers, we made shape measurements 

using mCD8-GFP. While overall length of plus-end-out and minus-end-out branches was 

similar, plus-end-out neurites had fewer side branches per length emerging from them 

(Figure 7B and 7C). Thus, while overall position and patterning of the arbor appeared 

normal in mosaic arbors, microtubule polarity did affect fine branching.
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Discussion

Using Patronin RNAi to generate dendrite arbors with regional differences in microtubule 

polarity, we compared contents and cytoskeletal organization of plus-end-out and minus-

end-out branches. As expected, trafficking of axonal and dendritic cargoes was directed 

by microtubule polarity, with an axonal cargo accumulating and a dendritic cargo reduced 

in plus-end-out neurites. We also examined polarized features that might not be expected 

to be so closely tied to microtubule polarity, including microtubule stability and the ankyrin-

based axonal diffusion barrier. We found that microtubules in plus-end-out neurites had 

stability similar to that in axons, and did not increase dynamics in response to injury like 

dendritic microtubules. Similarly, we found that ectopic diffusion barriers were associated 

with mosaic arbors, although their position in the minus-end-out base of the dendrite 

was unexpected. Shape was surprisingly resistant to alterations in polarity, with only the 

frequency of side branches differing in plus-end-out and minus-end-out neurites. Overall, 

the data is consistent with microtubule polarity orchestrating many polarized features 

of neurons, including microtubule stability and the plasma membrane diffusion barrier, 

which are themselves important for overall polarity. We therefore favor a model in which 

microtubule polarity acts at a high level to direct neuronal polarity. One assumption in our 

interpretation is that reduction of Patronin is primarily affecting polarity. While reduction 

of Patronin does cause cellular stress in addition to changes in polarity (Feng et al., 2019), 

this is a global response and would not be expected to differentially affect regions within 

the same cell. Similarly, minus ends grow similarly in axons and dendrites of dendritic 

arborization neurons (Feng et al., 2019) and so there is no reason to expect that stability 

of microtubules would be differently affected in the two compartments by loss of Patronin. 

Moreover, by comparing regions within the same cell, we should normalize the influence 

of global changes in microtubule behavior. Thus, although difficult to completely rule 

out effects of Patronin other than polarity changes, polarity seems most likely to drive 

differences between neurites in the same dendrite arbor.

One intriguing aspect of the Patronin phenotype is the generation of processes with different 

polarity, minus-end-out, mixed and plus-end-out, in the same cell. This phenotype is quite 

different from polarity changes when local nucleation is reduced (Nguyen et al., 2014; 

Weiner et al., 2020) or when plus end steering through branch points is disrupted (Mattie et 

al., 2010), both of which result in mixed polarity in dendritic arborization neuron dendrites. 

Although some dendrite branches are mixed when Patronin is reduced, indicating a failure 

to establish uniform polarity, other dendrites can organize uniform polarity microtubule 

arrays, but not always in the correct orientation. During normal development, dendritic 

arborization neurons have a transient plus-end-out phase when they are very short (Feng 

et al., 2019). As minus ends grow into dendrites, polarity becomes mixed (Feng et al., 

2019). Over several days the number of minus-end-out microtubules gradually increases and 

polarity resolves to close to uniform minus-end-out (Hill et al., 2012). This resolution step 

likely involves kinesin-2-mediated steering (Mattie et al., 2010; Weiner et al., 2016) acting 

as a positive feedback loop to reinforce the dominant polarity. We hypothesize that during 

development of dendrites with reduced Patronin, some minus ends grow outwards into 

dendrites. Above a threshold level, positive feedback loops can resolve this to minus-end-out 
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over time. However, in neurites where the number of minus-end-out microtubules is below 

a threshold, positive feedback loops will instead generate plus-end-out dendrite branches. 

Mixed polarity branches could be generated between these two threshold points, or could 

represent regions that are in the process of resolving to plus-end-out or minus-end-out. It is 

not clear what drives the segment adjacent to the cell body to be consistently minus-end-out, 

even when more distal regions have taken on axonal features. This proximal minus-end-out 

region poses a challenge to axonal cargoes like ANF-GFP that must navigate it to reach 

the plus-end-out dendrite branches. We have not tracked individual vesicles to determine 

how they traverse the segment, but the problem is conceptually similar to transport from 

the cell body to dendrites in Drosophila unipolar neurons. These cells have a single process 

that emerges from the cell body that has plus-end-out microtubule polarity. It gives rise to 

dendrites that are minus-end-out (Stone et al., 2008). Dendritic cargoes must therefore first 

traverse a plus-end-out array or microtubules before reaching minus-end-out dendrites. We 

analyzed movement of one type of cargo in these cells and found that none moved directly 

from the plus-end-out primary neurite into dendrites. Instead cargoes either paused at the 

junction or entered dendrites by retrograde transport from the more distal axon (Stone et al., 

2008). It would be interesting to perform a similar analysis on transport between regions of 

opposite polarity in mosaic neurons.

A naturally occurring example of a cell with a dendrite arbor that has two types of polarity 

is the C. elegans PVD sensory neuron. In this cell, three neurites emerge from the cell 

body. One extends anteriorly and gives rise to branched menorah shaped sensory endings 

that innervate the body wall. This neurite has minus-end-out microtubule polarity like 

Drosophila dendritic arborization sensory endings (Harterink et al., 2018; Liang et al., 2020; 

Taylor et al., 2015). An axon also emerges from the cell body and has plus-end-out polarity. 

A posterior dendrite that has a similar branching pattern to the anterior one is also formed 

and, surprisingly, has plus-end-out polarity (Harterink et al., 2018; Liang et al., 2020; Taylor 

et al., 2015). While it is clear that dynein acts as an outbound motor only for the anterior 

dendrite (Chen et al., 2021; Taylor et al., 2015), a comparison of dendritic features between 

the anterior and posterior dendrites has not been performed. However, the effect of changing 

minus-end-out dendritic polarity to plus-end-out on cargo distribution has been assayed in 

several C. elegans neurons. In kinesin-1 mutants, dendrites of some C. elegans neurons 

reverse polarity and become plus-end-out (Harterink et al., 2018; Yan et al., 2013), likely 

because kinesin helps transport a microtubule organizing center to the dendrite tip during 

outgrowth (Liang et al., 2020). Dendrites with reversed polarity aberrantly accumulate 

presynaptic components and lose dendritic ones (Yan et al., 2013). But whether this switch 

in microtubule polarity influences microtubule stability or axon initial segment positioning 

as we show here is unknown.

A simple model for control of microtubule stability downstream of polarity is that 

microtubule regulators are transported into neurites using polarity-dependent mechanisms. 

For example, fidgetin may require dynein to be transported into dendrites so that it is 

ready to sever microtubules in response to injury, explaining why plus-end-out dendrites 

do not display increased microtubule dynamics in cut off regions of dendrites (Figure 

5). Similarly, microtubule stabilizers may require plus-end-out microtubules for outbound 

transport from the cell body. This model may, of course, be an oversimplification as even 
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within a compartment microtubules may have different stability based on their polarity (Tas 

et al., 2017).

It is more difficult to propose a simple model that accounts for a change in diffusion 

barrier position based on microtubule polarity. Many studies have suggested a close 

relationship between the axon initial segment (AIS) and microtubules. Indeed, giant forms 

of Ankyrin G (AnkG), the master regulator of the AIS in mammals, bind EB proteins, 

and reduction of AnkG leads to mixed microtubule polarity in the proximal axon (Freal 

et al., 2016). The influence of AnkG on microtubule polarity is through TRIM46, which 

can be recruited to membranes by AnkG and EB proteins (Freal et al., 2019) and acts 

to bundle microtubules in a parallel orientation (van Beuningen et al., 2015). Via this 

pathway, the AIS can act upstream of microtubule polarity, at least in mammalian neurons 

where TRIM46 is present. The arrival of TRIM46 at the base of a newly forming axon 

before AnkG and its requirement to make AnkG-positive neurites (van Beuningen et al., 

2015) suggests, however, that this simple linear relationship with AnkG acting upstream 

of TRIM46 is unlikely. Moreover, despite its ability to form parallel plus-end-out bundles 

of microtubules when overexpressed in non-neuronal cells TRIM46 was not sufficient to 

generate additional neurites with an AIS in cultured neurons (van Beuningen et al., 2015). 

However, microtubule stabilization by taxol was sufficient to generate extra neurites with 

an AIS (van Beuningen et al., 2015) indicating microtubule properties can position the AIS. 

These studies in mammalian neurons suggest a complex interplay between the AIS and 

microtubules, and place microtubule stability as a possible upstream master regulator of 

axon and AIS formation. Our results suggest that in some scenarios microtubule polarity can 

also be instructive in forming a plasma membrane diffusion barrier. One hypothesis might 

be that formation of plus-end-out microtubules could recruit TRIM46, which in turn could 

recruit giant ankyrins similar to the feedback loop proposed in mammals (Freal et al., 2019). 

However, there are several problems with this model. First, the family of TRIM proteins 

has undergone a dramatic expansion in the vertebrate lineage (Marin, 2012; Short and 

Cox, 2006). In Drosophila there is only one TRIM family member that has the microtubule-

binding COS box, Trim9, and while it helps align microtubules in parallel, this function 

has been linked to dendrites rather than the axon (Feng et al., 2021). Second, the ectopic 

diffusion barriers are positioned proximal to plus-end-out neurites at the minus-end-out base 

of the branch. Thus, the generation of ectopic diffusion barriers represents an unexpected 

output of plus-end-out microtubule polarity.

One aspect of neuronal polarity that was surprisingly resistant to polarity change was shape. 

In cultured mammalian neurons reduction of minus-end-out microtubules by targeting 

kinesin-6 results in longer and thinner dendrites (Lin et al., 2012; Sharp et al., 1997). 

In mosaic dendrite arbors in vivo, we observed only a subtle change in branching. One 

explanation for this resistance to transforming into a clearly recognizable axon is that in 

vivo extracellular cues constrain shape much more that in vitro. However, C. elegans motor 

neurons with reversed polarity due to loss of kinesin-1 have longer dendrites than control 

neurons (Yan et al., 2013), similar to mammalian cultured neurons with aberrant dendrite 

microtubule polarity. Moreover, when Drosophila sensory neuron axons are severed near the 

cell body and a dendrite reverses polarity to become a new axon, this is associated with 

outgrowth (Rao and Rolls, 2017; Stone et al., 2010) suggesting that the environment can 
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support axonal extension. One difference between axons regenerating from dendrites and 

regions with plus-end-out dendrites in mosaic neurons is polarity of microtubules at the base 

of the neurite. In regenerating axons this regions takes on plus-end-out polarity (Stone et al., 

2010), while in mosaic arbors it is minus-end-out. Thus, it is possible that the combination 

of extrinsic cues and a minus-end-out base restricts growth of plus-end-out dendrites in 

mosaic arbors. Alternately, axon regeneration is associated with transcriptional changes that 

promote outgrowth even in the absence of the normal axonal environment.

Materials and Methods

Drosophila maintenance and stocks

For all the experiments, Drosophila larvae were raised at 25°C in fly food vials or bottles. 

One liter of fly food consists of 4.5g agar, 26g of sucrose, 51.7g of dextrose, 15.5g of yeast, 

4 ml of propionic acid, 6 ml of 10% tegosept and 85.8g of cornmeal. To generate cohorts of 

similar aged larvae, embryos were collected in 35mm petri dishes containing fly food (food 

cap) for 1 day. After 3 days of incubating food caps at 25°C Drosophila larvae were used for 

experiments. Fly lines used are summarized in the Resources Table. They include: (a) ppk-

gal4, UAS-EB1-TagRFP-T on 3 (control) (b) ppk-gal4, UAS-Patronin-RNAi (Bloomington 

Drosophila Stock Center, BDSC, line 36659), UAS-EB1-TagRFP-T on 3 (mosaic) (c) 477-

gal4, UAS-EB1-GFP on 2; UAS-dicer2 on 3 (d) UAS-Patronin-RNAi (BDSC 36659) (e) 

UAS-γ-Tubulin-37c-RNAi (Vienna Drosophila Resource Center, VDRC, line 25271) (f) 

UAS-ANF-GFP (g) UAS-YFP-L10 (h) UAS-tdEos-α-Tubulin (i) 477-gal4, UAS-tdEos-α-

Tubulin (j) UAS-iBlueberry (k) UAS-mCD8-GFP (see Resources Table). The 477-tester line 

included UAS-dicer2 to increase knockdown efficiency of long RNA hairpins in neurons 

(Dietzl et al., 2007).

Construction of mosaic tester line

The UAS-EB1-TagRFP-T line generated in the previous study (Feng et al., 2021) was 

recombined with ppk-gal4 on chromosome III. The UAS-Patronin-RNAi was further 

recombined onto III by screening for plus-end-out polarity phenotype in the class IV ddaC 

neurons. The final genotype of the tester line to generate mosaic neurons was: ppk-gal4, 

UAS-EB1-TagRFP-T, Patronin-RNAi/TM6.

Live imaging of Drosophila larvae

3-day-old drosophila larvae were mounted with a drop of water onto an agarose pad on the 

surface of a glass slide that allows immobilization of the larva. A coverslip was placed on 

the larva and taped to the slide such that the larva is lightly pressed and has the dorsal side 

facing upwards. The ddaC neurons in the a2 or a3 segment were chosen for imaging for 

consistency. In all the experiments, only one neuron was imaged from one larva/animal.

All Z-stack images/ time-lapse videos were acquired using a Zeiss LSM800 upright confocal 

microscope with a Plan-Apochromat 63× 1.4 NA oil objective unless otherwise mentioned. 

EB1-TagRFP-T movies were 150 frames at one frame per two seconds, so total duration 

of five minutes. These movies were taken at 0.5x zoom in order to cover most of the 

dendritic arbor. Time-lapse videos of EB1-GFP were taken with a widefield Zeiss Imager 
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M2 microscope with AxioCam M2 camera and 63× 1.4 NA Plan-Apochromat oil immersion 

objective. Zeiss Zen Blue software was used to record 300-frames at the speed of one 

frame per second, so duration of five minutes. Figure 4F was generated using the AiryScan 

detector and processing on a Zeiss LSM800 upright microscope.

Microtubule polarity assay

EB1 time-lapse videos were processed as .tif files using FIJI image analysis software 

(https://imagej.net/software/fiji/)(Schindelin et al., 2012). The template-matching plugin 

was used to align videos in case the larva moved slightly while imaging. The bleach 

correction tool was used for movies with EB1-GFP. The number of comets moving towards 

the cell body (minus-end-out) or away from the cell body (plus-end-out) were counted 

manually and confirmed by generating kymographs using the multi-kymograph plugin in 

the FIJI-image analysis software. Only fast-moving plus end comets that were present at 

least for three consecutive frames were included in the quantification. Neurites with 90% or 

more plus-end-out microtubules were categorized as plus-end-out, neurites with over 90% 

minus-end-out microtubules were categorized as minus-end-out, and all the intermediates 

were categorized as mixed.

Imaging of axon/dendrite-specific cargo

A Drosophila line containing a tagged neuropeptide, UAS-ANF-GFP (Wong et al., 2012) 

line was crossed with the mosaic tester line and Z stacks of GFP were acquired as were 

EB1-TagRFP-T movies. YFP-L10 (Rolls et al., 2007) localization in mosaic neurons was 

assessed using a similar strategy. Z stacks were processed to generate maximum-intensity 

projections using FIJI. For each neuron imaged, the corresponding EB-video was used to 

map the microtubule polarity of each neurite. The neurites were categorized according to the 

method described in the microtubule polarity assay.

The presence of ANF-GFP puncta was checked in neurite regions as indicated in the 

example images. The segmented line tool was used to trace the neurite and the ANF-GFP 

fluorescence in the form of line profile was studied. If there were any distinct peaks, the 

neurite was scored as positive for ANF-GFP.

For measuring YFP-L10 intensity at the branchpoints, a region of interest to outline the 

branchpoint was drawn with the polygon selection tool in FIJI. The average fluorescence 

intensity (F.I) of the branchpoint was recorded in this region. F.I was quantified from branch 

points that had the same polarity in the segments preceding and following the branchpoint.

EB1 dynamics quantitation

From time-lapse videos acquired as described above, the number of EB1 comets was 

quantified from neurites in focus. For each movie the entire five minute acquisition was 

scored. Kymographs generated using the multi-kymograph tool in FIJI and direct analysis 

of videos were cross-checked to make sure each comet was counted once. The length of 

the neurite in focus was also recorded in order to normalize the EB1 dynamics with length. 

The segmented-line tool in the FIJI imaging software was used to measure the length of the 
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neurite. In addition to counting total numbers of comets in a neurite, the direction of comet 

movement was scored to assign polarity.

Measurement of tubulin intensity to normalize EB1 dynamics

UAS-tdEos-α–Tubulin transgenic flies (Lu et al., 2013) were crossed to the mosaic tester 

line and their Z-stack images were taken to measure the intensity of tdEos-α-Tubulin. The 

tiling feature in the LSM800 was used for this assay. The tiled images were processed 

as .tif files and maximum intensity projections were generated. The segmented line tool 

was used to measure average fluorescence intensity of the neurite. Microtubule polarity 

of the corresponding neurite was assessed using EB1 time-lapse videos. The number of 

EB1-comets recorded per 10µm dendrite was further divided by the corresponding tubulin 

intensity for normalization.

Microtubule dynamics before and after neurite severing

Before injury time-lapse videos of EB1-GFP were acquired for a duration of 90 frames at 

one frame per second. Then a single neurite was severed using a MicroPoint pulsed UV 

laser (Andor Technology). Animals were recovered to normal media and incubated for one 

hour at room temperature. One hour after injury, animals were remounted on slides and 

time-lapse videos of EB1-GFP were recorded 200 to 300 frames at one frame per second. 

The number of EB1 comets in neurites was counted and normalized to duration of the 

time-lapse and length of the neurite. Time-lapse videos were acquired using a Zeiss Imager 

M2 microscope equipped with Zen Blue software, an AxioCam M2 camera and a 63× 1.4 

NA Plan-Apochromat oil immersion objective. To compare the effects of injury on axons 

and dendrites in control neurons and plus-end-out and minus-end-out regions of mosaic 

neurons we binned outcomes into two categories: 1- increase in microtubule dynamics and 

2- no increase in microtubule dynamics. We then used a Fisher’s exact test to compare 

control dendrites and axons and plus-end-out and minus-end-out regions of mosaic arbors.

Neuronal morphology

Flies containing a UAS-mCD8-GFP transgene were crossed with flies from the mosaic tester 

line to visualize the morphology of the neuron. The tiling feature of the Zeiss LSM800 

confocal microscope was used to acquire Z stack images. Maximum intensity projections 

were generated using FIJI. For each neuron imaged, a corresponding EB video was recorded 

to map the microtubule polarity of each neurite. Neurites were categorized as described in 

the microtubule polarity assay section. The length of secondary neurites was quantified 

using the segmented-line tool on FIJI. The number of terminal branches was counted 

manually and normalized to the length of the neurite.

Fluorescence recovery after photobleaching (FRAP) to test the presence of diffusion 
barrier

The photobleaching assay was similar to that used in our previous work on the axon 

initial segment in Drosophila neurons (Jegla et al., 2016b). Time-lapse movies were 

recorded on an LSM800 microscope. A 5-micron region was bleached either adjacent 

to the cell body or at the base of the plus-end-out part of a dendrite. Time-lapse 
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movies were processed and analyzed to generate fractional recovery curves using FIJI 

and normalized with the unbleached region using FRAP calculator in FIJI developed 

by Dr. Robert Bagnell (https://www.med.unc.edu/microscopy/resources/imagej-plugins-and-

macros/frap-calculator-macro/).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Mosaic dendrites with regionally distinct microtubule polarity were used as a model

Microtubule polarity directed axon and dendrite cargo to different dendrite branches

Plus-end-out dendrites had more stable microtubules than minus-end-out ones

Ectopic diffusion barriers were formed at the base of plus-end-out dendrites

Fewer side branches were present in plus-end-out dendrite branches
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Figure 1. Reduction of Patronin generates mosaic dendrite arbors with plus-end-out and minus-
end-out regions emerging from minus-end-out roots.
A. Representative image of a class IV ddaC (dorsal dendrite arborization-C) neuron 

expressing UAS-EB1-GFP and UAS-Patronin RNAi under 477-Gal4 in a 3-day-old 

Drosophila larva. The black dotted line labels the axon. The red and blue dashed lines 

indicate the regions of neurites/dendritic branches with plus-end-out microtubules and 

minus-end-out microtubules respectively. The grey dotted lines mark neurites with mixed 

microtubule polarity. The green solid line marks the base of a dendrite.

B. Representative kymographs of EB1-GFP controlled by 477-Gal4 from time-lapse videos 

of neurites from control and mosaic (Patronin RNAi) dendrite arbors. γ-Tubulin-37c-RNAi 

was used as the control RNAi – this gene is maternally expressed and does not contribute to 

somatic function (Wiese, 2008). Blue lines mark the minus-end-out microtubules while red 

lines mark the plus-end-out microtubules. Scale bar: x axis = 5 µm, y axis = 60 seconds.
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C. Quantification of dendritic branches expressing EB1-GFP under 477-gal4 displaying 

different microtubule polarities: plus-end-out microtubules (>90%), minus-end-out 

microtubules (>90%) and mixed polarity. Numbers on the graphs are the total number of 

branches collected for each group from 15 animals.

D. Representative kymograph from time-lapse video of a segment from the base of the 

mosaic dendrite arbor where the blue lines label minus-end-out microtubules. Quantification 

of polarity of microtubules in the base of the control and mosaic arbors is shown in the 

graph. Numbers on the graphs are the total number of branches collected from 12 animals.

E. Representative image of a class IV ddaC neuron expressing EB1-TagRFP-T and Patronin 

RNAi under ppk-gal4 in a 3-day-old Drosophila larva. The black dotted line labels the 

axon. Red and blue dashed lines mark the neurites/dendritic branches with plus-end-out 

microtubules and minus-end-out microtubules respectively.

F. Representative kymographs from time-lapse videos of a segment of neurites expressing 

EB1-TagRFP-T under ppk-gal4 from mosaic dendrite arbors are shown. Blue lines mark 

minus-end-out microtubules while red lines mark plus-end-out microtubules. Scale bar: x 

axis = 10 µm, y axis = 60 seconds.

G. Schematic diagrams of control and mosaic (Patronin RNAi) neurons are shown.

H. The fraction of dendritic branches with different microtubule polarity in individual 

neurons (same color code as in C) are compared between 477-gal4 and ppk-gal4. The 

distribution in each neuron is plotted in the graphs.
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Figure 2. Axonal cargo is routed to plus-end-out dendrites.
A. Representative images of Class 4 ddaC neurons expressing ANF-GFP (axonal marker) 

and EB1-Tag-RFP-T in control neurons are shown.

B. Quantification of microtubule polarity and ANF-GFP localization in mosaic neurons. 

****, P<0.0001 when analyzed with student’s t-test. The numbers on the graph represent the 

total number of neurites quantified from 16 animals.

C. Representative images of mosaic class IV ddaC neurons expressing ANF-GFP and 

EB1-Tag-RFP-T. Note that in this example the axon (red dashed line) is under one of the 

dendrites. In the left panel, pink dashed lines indicate neurites with distinct ANF puncta 

while green dashed lines indicate neurites without ANF. Microtubule polarity (from time-

lapse video of EB-dynamics) in these neurites is mapped in the right panel as red lines for 

plus-end-out, blue lines for minus-end-out and grey lines for mixed.
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D. Kymographs of a segment of the regions marked with numbers in B (from time-lapsed 

video of EB-comets) showing different microtubule polarity. Red lines mark plus-end-out 

microtubules while the blue lines mark the minus-end-out microtubules. Scale bar, x axis = 

10 µm, y axis = 60 seconds.

E. Schematic diagram showing localization of ANF-GFP in control and mosaic neurons. 

The color code of microtubule polarity is as described in 1G. Pink triangles represent ANF 

puncta.
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Figure 3. Ribosome localization is reduced in plus-end-out neurites.
A. Representative images of ddaC control and mosaic neuron expressing the dendrite-

specific ribosomal marker YFP-L10. Orange arrowheads mark branch points with YFP-L10 

localization. Insets show zoomed-in branchpoint regions with minus-end-out polarity (in 

blue) and plus-end-out polarity (in red).

B. Schematic diagram showing YFP-L10 distribution in branch points (bp) of control and 

mosaic neurons.

C. Kymographs from regions marked with numbers in A showing microtubule polarity in 

mosaic neurons expressing YFP-L10. Red lines mark plus-end-out microtubules while the 

blue lines mark minus-end-out microtubules. Scale bar, x axis = 10 µm, y axis = 60 seconds.

D. Quantification of fluorescence intensity of YFP-L10 at branch points. Branch points were 

were selected for quantitation only if regions on either side had the same polarity. **, P<0.01 

when analyzed with student’s t-test. Branch points were quantified from 11 mosaic neurons.
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Figure 4. Microtubule stability differs in plus-end-out and minus-end-out neurites of mosaic 
arbors.
A. Representative kymographs showing EB1-GFP dynamics in a control dendrite and 

axon and in minus-end-out and plus-end-out regions of mosaic arbors. Minus-end-out 

microtubules are labelled with blue lines while red lines label plus-end-out microtubules. 

Scale bar: x axis = 5 µm, y axis = 60 seconds.

B. Quantification of EB1-GFP dynamics in control neurons (n=10 animals) and mosaic 

dendrite arbors (n=15 animals). **, P<0.01 when analyzed with student’s t-test.

C. Representative image of a ddaC neuron expressing tdEos-α-Tubulin. Microtubule polarity 

is indicated with red lines for plus-end-out and blue lines for minus-end-out.

D. Kymographs of the regions marked with numbers in C (from time-lapse videos of EB1-

TagRFP-T comets) showing different microtubule polarity. Red lines mark plus-end-out 

microtubules while blue lines mark minus-end-out microtubules. Scale bar, x axis = 10 µm, 

y axis = 60 seconds.
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E. Airyscan image of branch point of a ddaC neuron expressing tdEos-α-Tubulin and 

iBlueberry (soluble marker). Fluorescence intensity was measured along the white line 

through the branch point and is shown in the graph.

F. Quantification of EB1-TagRFP-T dynamics after normalization to tdEos-α-Tubulin 

intensity in a neurite (n=10 animals). *, P<0.05.

G. Schematic diagram shows plus end (EB1 comet) number is similar in control and minus-

end-out regions of mosaic dendrites, but reduced in plus-end-out regions.
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Figure 5. Microtubules in minus-end-out, but not plus-end-out, regions of mosaic arbors show 
the dendritic response to neurite severing.
A. Schematics showing the dendrite injury assay for control neurons. Lightning bolt 

indicates site of severing.

B. Quantification of EB1-GFP dynamics before and after dendrite injury in control neurons, 

n = 10 animals.

C. Schematics showing axon injury assay in control neurons.

D. Quantification of EB1-dynamics before and after axon injury in control neurons, n = 

10 animals. P<0.05 when the outcomes (increase in comet number vs no increase) were 

compared using the Fisher’s Exact test between 5B and 5D.

E. Schematics showing the assay to measure EB1-GFP dynamics after injury in mosaic 

ddaC neurons. Plus-end-out neurites are marked with red lines and minus-end-out with blue 

lines.
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F. Quantification of EB1-GFP dynamics before and after injury in mosaic neurons (n = 

16 animals). P<0.05 when the outcomes (increase in comet number vs no increase) were 

compared using the Fisher’s Exact test between minus-end-out and plus-end-out neurites.
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Figure 6. Ectopic diffusion barriers form in neurons with mosaic arbors.
A. Representative images of neurons expressing mCD8-GFP (membrane marker) at different 

time points from the time-lapse movie recorded during photobleaching assays. In all images 

the axons emerge from the bottom of the cell body and are indicated with asterisks. Red 

circles mark the bleached region.

B. Quantification of fluorescence recovery after photobleaching (FRAP). Error bars show 

the standard deviation. The average intensity values between 80 and 100 seconds post-

bleaching of the specified categories were compared with a student’s t-test.

C. Schematic diagram showing the location of diffusion barriers in the control and mosaic 

neurons.
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Figure 7. Plus-end-out neurites in mosaic arbors have reduced branching.
A. Representative images of control and mosaic ddaC neurons expressing the mCD8-GFP to 

visualize morphology. Secondary branches (quantified in B) are marked with purple dashed 

lines. Terminal branches (quantified in C) are marked with orange lines. In mosaic neurons 

microtubule polarity of neurites is marked with blue dashed lines for minus-end-out and red 

dashed lines for plus-end-out.

B. Quantification of the length of secondary branches in plus-end-out and minus-end-out 

neurites of mosaic neurons. ns, P>0.05 when analyzed with student’s t-test (n=12 animals).

C. Quantification of the number of terminal branches (normalized to length) in plus-end-out 

and minus-end-out neurites in mosaic arbors. **, P<0.01 when analyzed with student’s t-test 

(n=12 animals).
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D. Representative kymographs from time-lapse videos of neurites in mosaic arbors 

expressing EB1-TagRFP-T. Blue lines mark the minus-end-out microtubules while red lines 

mark the plus-end-out microtubules. Scale bar: x axis = 10 µm, y axis = 60 seconds.
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Resources table

Fly strain Source or Reference used in paper for

UAS-Patronin-RNAi (mosaic) on 3 #36659 from Bloomington Drosophila Stock Center (BDSC) Fig. 1C, D

477-gal4, UAS-EB1-GFP/Cyo; UAS-
dicer2/TM6

UAS-EB1GFP on 2 from Tadashi Uemura, 477-gal4 from Wesley 
Grueber, UAS-dicer2 from BDSC (#24650)

Fig. 1, Fig.4, Fig. 5

UAS-gamma-tubulin37c-RNAi (control) #25271 from VDRC Fig. 1C

ppk-gal4, UAS-EB1-TagRFP-T/TM6 
(control)

Feng et al., 2019 Fig. 2, 3, 7

ppk-gal4, UAS-EB1-TagRFP-T, UAS-
Patronin-RNAi/TM6 (mosaic)

tester line constructed for this study, UAS-EB1-TagRFP-T from 
Feng et al., 2019, ppk-gal4 from Wesley Gruebe

All figures except 
Fig.5

UAS-ANF-GFP P{UAS-preproANF-EMD}136.3 7001 from David Deitcher, Wong 
et al., 2012

Fig.2

UAS-YFP-L10 Rolls et al., 2007 Fig.3

UAS-tdEos-alpha-tubulin on 2 Lu et al., 2013 (Gelfand lab) Fig.4

UAS-mCD8-GFP on 2 #5137 from BDSC Fig.6

UAS-iBlueberry on 3 #64187 from BDSC Fig.4

Software Source or Reference

FIJI - ImageJ National Institutes of Health: https://fiji.sc/ All figures

GraphPad Prism 7 https://www.graphpad.com/scientific-software/prism/ All figures
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