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Summary

Recently, we demonstrated that kinesin-1 can slide microtubules against each other providing the 

mechanical force required for initial neurite extension in Drosophila neurons. This sliding is only 

observed in young neurons actively forming neurites and is dramatically downregulated in older 

neurons. The downregulation is not caused by the global shut-down of kinesin-1, as the ability of 

kinesin-1 to transport membrane organelles is not diminished in mature neurons, suggesting that 

microtubule sliding is regulated by a dedicated mechanism [1]. Here, we have identified the 

“mitotic” kinesin Pavarotti (Pav-KLP) as an inhibitor of kinesin-1-driven microtubule sliding. 

Depletion of Pav-KLP in neurons strongly stimulated the sliding of long microtubules and neurite 

outgrowth, while its ectopic overexpression in the cytoplasm blocked both of these processes. 

Furthermore, postmitotic depletion of Pav-KLP in Drosophila neurons in vivo reduced embryonic/

larval viability, with only a few animals surviving to the third instar larval stage. A detailed 

examination of motor neurons in the surviving larvae revealed the overextension of axons and 

mistargeting of neuromuscular junctions, resulting in uncoordinated locomotion. Taken together, 

our results identify a new role for Pav-KLP as a negative regulator of kinesin-1 driven neurite 

formation. These data suggest an important parallel between long microtubule-microtubule sliding 

in anaphase B and sliding of interphase microtubules during neurite formation.

Results

Pav-KLP negatively regulates microtubule sliding and process formation in Drosophila S2 
cells

We performed a targeted RNAi screen in Drosophila S2 cells to determine whether 

microtubule motors besides kinesin-1 also participate in microtubule sliding. We previously 
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demonstrated that microtubule-filled processes formed in S2 cells after actin 

depolymerization (Figure S1A) are generated by kinesin-1-dependent microtubule-

microtubule sliding [2]. The length of these processes may reflect the extent of microtubule 

sliding. Thus, we initially screened for motors that affect the length of processes in 

interphase S2 cells treated with Cytochalasin D (CytoD). To our surprise, we found that 

depletion of the mitotic kinesin Pav-KLP, a Drosophila member of the kinesin-6 family, 

significantly increased the total length of processes (Figures 1A and 1C). This effect was 

independent of the increase in polyploidy caused by Pav-KLP knockdown (Figures S1B and 

S1C). To directly test whether this change in process length was caused by the effect of Pav-

KLP on kinesin-1-dependent microtubule sliding, we directly measured sliding using the 

photoconvertible probe, Drosophila α-tubulin84B tagged with a tandem dimer of protein 

EOS2 (tdEOS-αtub)[3]. We restricted photoconversion of microtubules to a small area of 

the cytoplasm by placing a slit in the epifluorescent light path. This produced fiduciary 

marks on microtubules that allowed us to track and quantify their movement (see 

Supplemental Experimental Procedures for details) (Figure 1B). To verify the role of 

kinesin-1 in microtubule sliding, we depleted the endogenous motor with dsRNA treatment 

against kinesin heavy chain (KHC) 3′UTR. Knockdown of kinesin-1 significantly inhibited 

microtubule sliding (Figure 1D) [2]. The inhibition could be rescued by expressing full 

length KHC but not by KHC(MBD)*, a variant with mutations in the C-terminal 

microtubule binding domain (MBD) (Figure 1D) [4, 5]. Next, we characterized the function 

of Pav-KLP in the regulation of microtubule sliding. We found that Pav-KLP depletion 

dramatically stimulated microtubule sliding (Figures 1B and 1D; Movie S1). Process 

formation and microtubule sliding stimulated by Pav-KLP-depletion were dependent on 

kinesin-1 as shown by dual knockdown (Figures 1C and 1D, respectively), demonstrating 

that Pav-KLP is a negative regulator of kinesin-1-powered microtubule sliding and process 

formation.

Pav-KLP together with Tumbleweed (RacGAP50C) forms the Centralspindlin complex [6], 

which both stabilizes the mitotic spindle by bundling antiparallel microtubules and recruits 

regulators of abscission like Pebble (Rho-GEF) [7]. Depletion of either Tumbleweed or 

Pebble promoted microtubule sliding and process formation (Figures S1D–G). However, 

depletion of small Rho GTPases, well-characterized downstream effectors of 

Centralspindlin in cytokinesis, had no or little effect on microtubule sliding and process 

formation in S2 cells (Figures S1D–F). Western blot analysis showed that knockdown of 

any of these three proteins (Pav-KLP, Tumbleweed, or Pebble) resulted in significant 

depletion of Pav-KLP (Figures S1H–I). Alltogether these data demonstrate that Pav-KLP/

Centralspindlin regulate sliding of cytoplasmic microtubules independently of its effects on 

small GTPases.

Ectopic expression of Pav-KLP blocks microtubule sliding

To corroborate the Pav-KLP knockdown data, we overexpressed GFP-tagged Pav-KLP 

(GFP-Pav.FL) in S2 cells (Figure 1E). Time-lapse imaging of S2 cells expressing mCherry-

Tubulin and GFP-Pav.FL showed that movement of interphase microtubules decorated with 

GFP-Pav.FL was completely blocked (Movie S2). To quantify the effect of Pav-KLP on 

microtubule sliding, we tagged Pav-KLP with the blue fluorescence protein mTagBFP2 [8] 
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(creating BFP-Pav.FL) and coexpressed it with tdEOS-αtub. Figure 1F shows that BFP-

Pav.FL bound to cytoplasmic microtubules in a cooperative fashion; some microtubules 

were heavily decorated, while others did not contain the label. Photoconversion experiments 

demonstrated that BFP-Pav.FL-decoration of microtubules blocked sliding while Pav.FL-

free-microtubules in the same cell remained motile (Figures S1K–N and Movie S2). In 

addition, the expression of BFP-Pav.FL rescued sliding and process formation in Pav-KLP 

RNAi background (Figures S1O–P). To better characterize the inhibition of sliding by Pav-

KLP, we increased the concentration of cytoplasmic Pav-KLP by generating Pav.NLS(4–

7)*, a variant with an inactive nuclear localization sequences (NLS) (Figure 1E, 1F, and 

Movie S2) [9]. Expression of BFP-Pav.NLS(4–7)* suppressed microtubule sliding and 

process formation (Figure 1G). This was also observed in cells expressing a variant of Pav-

KLP with a mutation that abolishes the ATPase activity of the motor domain (Pav.DEAD) 

(Figures 1E–G, and Movie S2) [9]. However, ectopic expression of the Pav.Stalk, a deletion 

mutant that cannot bind microtubules [9], did not affect microtubule sliding or process 

formation (Figures 1E–G, and Movie S2). Thus, Pav-KLP knockdown and ectopic 

expression data strongly suggest that Pav-KLP is the primary regulator of kinesin-1-driven 

microtubule sliding, and enhancement of microtubule sliding and process formation found in 

S2 cells after Tumbleweed or Pebble depletion can likely be explained by the simultaneous 

depletion of Pav-KLP. Analysis of peroxisome transport (Fig. S1J) shows that depletion of 

Pav-KLP had no effect on organelle transport by kinesin-1, and therefore, Pav-KLP 

specifically regulates microtubule sliding without affecting the conventional cargo-

transporting function of kinesin-1.

Pav-KLP regulates microtubule sliding in Drosophila neurons

We have recently demonstrated that microtubule sliding by kinesin-1 provides the driving 

force required for neurite outgrowth (Figure S2A and Movie S3) [1] in cultured neurons 

obtained from dissociated Drosophila embryos. To test whether microtubules are 

transported as long polymers in neurons as we observed in S2 cells, we cultured neurons 

expressing tdEOS-αtub under the maternal αtub-Gal4 promoter (mat αtub>tdEOS-αtub). 

Time-lapse imaging of photoconverted microtubules in neurites clearly showed transport of 

long microtubules in neurons (Figure S2B and Movie S3). In order to confirm that 

kinesin-1-driven microtubule sliding is required for neurite outgrowth we cultured overnight 

primary neurons obtained from Khc27/Khc27 (a KHC protein null allele) embryos and 

quantified axon length. The maternal load of KHC mRNA in KHC null embryos was 

depleted by microinjection of dsRNA against KHC 3′UTR into embryos at the blastoderm 

stage before cellularization [1]. The axons in KHC-null neurons were significantly shorter 

than in control. The wild type phenotype was fully rescued by co-injecting the cDNA 

encoding KHC but not by KHC(MBD)* with KHC 3′UTR dsRNA (Figure S2C), further 

demonstrating that microtubule sliding is required for axon extension.

We hypothesized that in neurons, like in S2 cells, Pav-KLP negatively regulates microtubule 

sliding, thereby controlling neurite outgrowth. To test this hypothesis, we photoconverted 

microtubules in the soma or neurites of control and Pav-KLP-depleted Drosophila neurons. 

We depleted Pav-KLP by combining the strongest loss-of-function pav allele, pavB200 with 

injection of Pav-KLP dsRNA (see details in Supplemental Experimental Procedures). In 
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control neurons, we observed that microtubules were actively sliding during the first hour 

(Figure 2B and Movie S3), but their sliding became undetectable 120–150 min after plating 

(Figures 2A and 2B; Movie S4). These data are consistent with the kinetics of neurite 

outgrowth where the most active axon extension takes place in the first three hours after 

plating, as we previously described [1]. We found that Pav-KLP depletion by the 

combination of pavB200 mutation and Pav-KLP dsRNA injection dramatically delayed the 

downregulation of microtubule sliding (Figures 2A–C; Movie S4). Thus, in neurons, like in 

cultured S2 cells, Pav-KLP is a negative regulator of microtubule sliding.

Pav-KLP regulates initial neurite outgrowth in cultured Drosophila neurons

Next, we explored the role of Pav-KLP in neurite outgrowth. We hypothesized that Pav-

KLP knockdown in neurons, which prolonged microtubule sliding, would generate longer 

neurites. To test this prediction, we cultured neurons for 16 hours and quantified the length 

of their axons. Measurement of axon length revealed that pavB200 homozygous neurons 

generated significantly longer neurites than controls, (Figures 3A and 3B). Further reduction 

of Pav-KLP levels by dsRNA microinjection into pavB200 homozygous embryos generated 

even longer axons (Figures 3A and 3B). These results are in good agreement with the effects 

of Pav-KLP depletion on microtubule sliding (Figure 2).

To further confirm that Pav-KLP regulates neurite outgrowth, we ectopically expressed 

GFP-Pav.NLS(4–7)* in neurons under a neuroblast-specific promoter, pros-Gal4. GFP-

Pav.NLS(4–7)* strongly decorated microtubules in neurons (Figure 3C). Neurites of these 

neurons were dramatically shorter than those in controls (Figure 3D), consistent with a role 

of Pav-KLP in inhibiting neurite outgrowth. Thus, the data obtained in cultured embryonic 

neurons demonstrate that Pav-KLP is a negative regulator of interphase microtubule sliding 

and neurite outgrowth in Drosophila neurons.

Pav-KLP regulates axon length in vivo

Next, we tested whether Pav-KLP has a role in Drosophila neurodevelopment in vivo. A 

number of Pav-KLP mutations have been described in the literature that have obvious 

effects on neurodevelopment [10, 11], but these results are difficult to interpret as they could 

be explained by problems with cytokinesis rather than effects of Pav-KLP on microtubule 

sliding. To avoid the effects of Pav-KLP depletion on cell division, we drove pav-RNAi 

(targeting pav coding sequence 907–927) by the pan-neuronal driver elav-Gal4. elav-Gal4 is 

expressed in all neurons post-mitotically starting from stage 11 [12], therefore elav>pav-

RNAi would not affect cell division. We noticed that the survival rate of elav>pav-RNAi 

pupae was much lower (20%) than in control (95%) (Figure 4A), suggesting that Pav-KLP 

has an important role in neurodevelopment in vivo.

We visualized motor neurons in intact early second instar larvae using the GFP gene trap 

inserted within the endogenous Nervana2 locus (GFP-Nrv2) [13]. Nervana2, a Sodium/

potassium-transporting ATPase channel subunit, specifically labels larval brain, ventral 

ganglions, and segmental nerves. A ventral view of an early second instar control larva 

showed a uniform nerve system pattern with stretched segmental nerves innervating each 

hemisegment (Figure 4B, upper panel). However, depletion of Pav-KLP by elav>pav-RNAi 
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in flies with halved pav maternal load (pavB200/+ mothers) caused major defects in nervous 

system development. elav>pav-RNAi early second instar larvae had curved segmental 

nerves, most likely due to axon overgrowth (Figure 4B, lower panel). Quantification of the 

length of the longest nerves in Drosophila larvae revealed that depletion of Pav-KLP in 

neurons induced significant neurite overgrowth (Figure 4C).

The few larvae expressing elav>pav-RNAi that were able to develop to the third instar stage 

probably had a lower efficiency of Pav-KLP depletion resulting in a milder phenotype. A 

lateral view of those larvae showed a characteristic curling of the posterior end (the tail-

flipping phenotype, Figure S3A). This phenotype is caused by paralysis of dorsal 

musculature and is typically observed in animals with mutations that cause degeneration of 

motor neurons [14, 15]. In addition, locomotion of the surviving elav>pav-RNAi third instar 

larvae was dramatically affected; these larvae were very sluggish and their crawling 

trajectories were typically circular (Figure S3B and Movie S5). Examination of 

neuromuscular junctions (NMJs) using the transgenic reporter CD8-GFP-Shaker showed 

that NMJs were missing in one side of elav>pav-RNAi third instar larvae (Figures S3C–E). 

These data clearly show that Pav-KLP is necessary to control axon outgrowth and proper 

NMJ formation in Drosophila.

DISCUSSION

In our previous work, we showed that microtubule sliding by kinesin-1 drives initial neurite 

outgrowth in Drosophila neurons and that sliding is downregulated as neurons mature [1]. In 

this paper, we demonstrate that the “mitotic” kinesin Pav-KLP functions as a negative 

regulator of interphase microtubule sliding both in Drosophila S2 cells and in Drosophila 

neurons. Knockdown of Pav-KLP stimulated microtubule sliding producing longer axons, 

while overexpression of Pav-KLP inhibited both sliding and neurite outgrowth. Increased 

length of axons after Pav-KLP depletion was also observed in vivo in Drosophila. Therefore, 

Pav-KLP attenuates neurite outgrowth by downregulation of kinesin-1-powered 

microtubule-microtubule sliding.

Pav-KLP and its orthologs (members of the kinesin 6 family) were originally identified as 

essential components for central spindle assembly and cleavage furrow formation. Pav-KLP 

depletion induces defects in morphology of the mitotic spindle at telophase and failure to 

recruit contractile ring components [9, 10]. However, the work of Baas and colleagues has 

demonstrated that CHO1/MKLP1, the mammalian ortholog of Pav-KLP, has an additional 

function in neurodevelopment. Their data show that CHO1/MKLP1 plays a role in 

establishing dendrite identity in differentiated neurons. Depletion of CHO1/MKLP1 induces 

progressive loss of dendrites. The authors concluded that CHO1/MKLP1 organizes 

microtubules in dendrites by transporting short minus-end-distal microtubule fragments into 

the dendrites [16]. Their more recent work revisited the role of CHO1/MKLP1 in 

developing neurons and suggested that CHO1/MKLP1 can regulate neurite outgrowth. They 

showed that depletion of CHO1/MKLP1 increased transport of short microtubule fragments 

[17]. Our data are in agreement with the idea that Pav-KLP regulates formation of neurites. 

However, the mechanisms reported here are clearly different from the results obtained by 

the Baas group in two significant aspects: First, we have shown that the reorganization of 
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microtubules required for neurite formation is driven by kinesin-1 [1]. Second, our 

visualization technique clearly demonstrates that microtubules in developing Drosophila 

neurons are moved as long polymers. It is possible that the differences between our results 

and the work by the Baas lab are explained by different models (Drosophila versus 

mammalian neurons). A more attractive idea is that similar mechanisms work in both 

systems, but further work is required to understand the role of kinesin-1 in neurite outgrowth 

in mammalian neurons [18].

Interestingly, work by several groups has shown that proteins that function together with 

kinesin-6 in the cytokinesis pathway could also regulate neuronal morphogenesis. For 

example, Tumbleweed [19] or Ect2/Pebble/RhoGEF [20] depletion increase the extent of 

neurite outgrowth suggesting that Tumbleweed and RhoGEF control neurite outgrowth 

through actin reorganization. However, our results demonstrate that the primary regulator of 

neurite outgrowth is the essential partner of these two proteins, the kinesin-6, Pav-KLP. 

Furthermore, the effect of Pav-KLP on neurite formation is independent of actin or small 

GTPases (although we cannot completely exclude more subtle effects of Tumbleweed or 

Ect2 on the actin cytoskeleton in developing neurons). Indeed, a recent work concluded that 

an actin-signaling pathway regulated by the Centralspindlin complex controls protrusive 

activity required for directional neuronal migration [21].

The original idea that mitotic motors regulate cytoplasmic microtubules in neurons was 

proposed by Baas and colleagues, who suggested that microtubule arrays in neurons are 

established by mechanisms that are analogous to those that organize the mitotic spindle [22]. 

Supporting this idea, they demonstrated that inhibition of other mitotic motors, i.e. 

kinesin-5, affected the length axons [23, 24]. Advancing this concept, we propose that Pav-

KLP/kinesin-6 directly regulates cytoplasmic microtubule arrangement by cross-linking 

them. It has been shown that loss of function mutations on ZEN-4/MKLP1, the C. elegans 

form of Pav-KLP, produce longer spindles [25], suggesting that kinesin-6 motors inhibit 

sliding of microtubules against each other during anaphase B. If this is indeed the case, our 

results suggest an important functional similarity between the molecular mechanisms of cell 

division and process formation in neurons. While Anaphase B is driven in part by 

microtubule-microtubule sliding powered by bipolar kinesin-5 and negatively regulated by 

kinesin-6 (mammalian MKLP1/C. elegans Zen-4/Drosophila Pav-KLP), the initial 

formation of neurites requires microtubule-microtubule sliding by kinesin-1 and, similarly to 

Anaphase B, is negatively regulated by kinesin-6. Thus, kinesin-6 motors together with 

other components of the Centralspindlin complex can function as general brakes of 

microtubule-microtubule sliding during both cell division and postmitotic neurite formation.

The fact that microtubule sliding is inhibited by Pav-KLP in mature but not in young 

neurons suggests that Pav-KLP itself is temporally regulated. One potential mechanism that 

could affect the ability of Pav-KLP (MNLP-1) to regulate microtubule sliding is Pav-KLP 

phosphorylation. It has been shown by Mishima and colleagues that phosphorylation of 

Ser710 in MKLP-1 (Ser743 in Drosophila Pav-KLP) promotes its binding to protein 14-3-3, 

preventing MKLP-1 from clustering on microtubules [6]. Future studies using 

phosphomimetic variants of Pav-KLP may help to test this mechanism.
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Supplementary Material

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

Pav-KLP downregulates kinesin-1-powered sliding of long cytoplasmic 

microtubules.

Pav-KLP is a negative regulator of neurite outgrowth in cultured Drosophila 

neurons.

Pav-KLP is required for proper neurite extension of Drosophila neurons in vivo.
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Figure 1. Pav-KLP controls kinesin-1 dependent microtubule sliding and process formation in 
Drosophila S2 cells
(A) Pav-KLP knockdown increased the length of processes in S2 cells treated with CytoD. 

S2 cells were stained for microtubules (green) and nuclei (blue). See also Figure S1. Scale 

bars, 10 μm.

(B) Pav-KLP depletion increased microtubule sliding. Frames from time-lapse sequences of 

photoconverted S2 cells stably expressing tdEOS-αtub untreated (control) or treated with 

Pav-KLP dsRNA. Doted boxes inside the cell body represent the original photoconverted 

area. Scale bars, 10 μm. See Movie S1.

(C) Pav-KLP blocked process formation in a kinesin 1-dependent pathway. Quantification 

of process length of S2 cells untreated (wt) or treated with 3′UTR KHC, Pav-KLP, or KHC 

and Pav-KLP dsRNA (n>100 cells per condition; error bar, SD). *** p < 0.0005, unpaired t 

test.

(D) Pav-KLP blocked microtubule sliding in a kinesin 1-dependent pathway. Quantification 

of microtubule sliding from cells treated as in (C). In KHC 3′UTR knockdown cells, 
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microtubule sliding rates could only be rescued by ectopic expression of KHC-BFP but not 

with KHC(MBD)*-BFP (n>15 cells; error bar, SD). *** p < 0.0005, unpaired t test.

(E) Schematic cartoon of endogenous Pav-KLP and GFP- or BFP- tagged Pavarotti 

constructs used in this work. The red rectangles represent areas where the mutations were 

introduced.

(F) Ectopic expression pattern of Pav-KLP variants. S2 cells stably expressing mCherry-

tubulin were transfected with GFP-Pav.FL or variants. Insets show the apical side of the 

same cells to highlight nuclear localization. Scale bars, 10 μm and 5 μm for main and inset 

images, respectively. Note that interaction of Pav-KLP with cytoplasmic microtubules 

blocks microtubule motility. See corresponding Movie S2.

(G) Ectopic expression of Pav-KLP variants blocked microtubule sliding and process 

formation. Quantification of microtubule sliding (left panel) and process length (right panel) 

in cells ectopically expressing BFP-tagged Pav-KLP variants (n>10 or >20 cells for sliding 

or process length quantification, respectively; error bars, SD). *** p < 0.0001, unpaired t 

test.
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Figure 2. Pav-KLP regulates microtubule sliding both in the soma and neurites of cultured 
Drosophila neurons
(A) Time-lapse images of cultured neurons expressing photoconvertible tdEOS-αtub show 

that Pav-KLP depletion stimulated microtubule sliding in the soma. (a–c) a control neuron 

and (d–f) a pav-RNAi neuron. The first column shows the green channel before 

photoconversion, and the second and third show the red channel after photoconversion. 

Scales bars, 5 μm. See corresponding Movie S3.

(B) Quantification of microtubule sliding in cultured neurons of different genotypes as a 

function of time after plating. Quantification averaged from two independent experiments 

(n>9 neurons per category; error bars, SD).

(C) Time-lapse images of cultured neurons expressing photoconvertible tdEOS-αtub shows 

that Pav-KLP depletion stimulated microtubule sliding in the neurites. Note that in neurons 

plated after 160min, microtubule sliding was not detectable in control neurons, however 

microtubules slid actively in Pav-KLP RNAi neurons. Scales bars, 10 μm. See 

corresponding Movie S3.

del Castillo et al. Page 12

Curr Biol. Author manuscript; available in PMC 2016 January 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Pav-KLP controls axon outgrowth in Drosophila neurons
(A) Pav-KLP depletion induced formation of longer axons. Representative phase contrast 

images of neurons (after 16h in culture with 5 μM CytoD) from three different genotypes 

(+/+, control; pavB200/pavB200; and pavB200/pavB200 +Pav-KLP dsRNA neurons). Scale 

bars, 20 μm.

(B) Pav-KLP knockdown induced the formation of longer axons. Axon length 

measurements of neurons from the three genotypes (+/+;pavB200/+; pavB200/pavB200; and 

pavB200/pavB200 + Pav-KLP dsRNA neurons). The mean and SD are shown from two 

independent experiments (n>29 neurons per category; ***p < 0.0001, unpaired t test).
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(C) Mutations in the NLS of Pav-KLP induced its accumulation on cytoplasmic 

microtubules. Confocal image of neurons expressing GFP-Pav.NLS(4–7)* under control of 

pros-Gal4 after 16h in culture with 5 μM CytoD. Scale bar, 10 μm.

(D) Accumulation of Pav-KLP in the cytoplasm blocked neurite outgrowth. Measurement of 

axon length of neurons ectopically expressing pros>GFP or pros>GFP-Pav.NLS(4–7)*. 

(n>30 neurons per category; error bars, SD ***p < 0.0001, unpaired t test.
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Figure 4. Depletion of Pav-KLP in postmitotic neurons results in overextension of axons 
outgrowth in Drosophila larvae
(A) Postmitotic depletion of Pav-KLP in neurons reduced Drosophila viability. *Note that 

elav>pav RNAi adults died at the few hours after eclosing.

(B) Ventral view of early second instar larvae expressing GFP-Nvr2. Representative wide-

field images of second instar larvae; control (upper panel) or elav>pav RNAi from 

pavB200/+ mothers (bottom panel). Scale bars, 200 μm

(C) Quantification of the motor neuron axon length in Drosophila early second instar larvae. 

Left panel schemically represents the strategy used to quantify axon length in the larvae. The 

length of the longest motor neuron axons of second instar larvae (in green) were normalized 

by the distance between the ventral ganglion and the posterior end (in blue). Right panel 

shows the axon length quantification of control, pavB200, and elav>pav RNAi with maternal 
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pavB200/+. The mean and SD are shown (n>10 axons per category; ***p < 0.0005, unpaired 

t test).
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