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Axon regeneration is crucial for recovery after trauma to the nervous system. For neurons to recover from complete axon
removal they must respecify a dendrite as an axon: a complete reversal of polarity. We show that Drosophila neurons in
vivo can convert a dendrite to a regenerating axon and that this process involves rebuilding the entire neuronal
microtubule cytoskeleton. Two major microtubule rearrangements are specifically induced by axon and not dendrite
removal: 1) 10-fold up-regulation of the number of growing microtubules and 2) microtubule polarity reversal. After one
dendrite reverses its microtubules, it initiates tip growth and takes on morphological and molecular characteristics of an
axon. Only neurons with a single dendrite that reverses polarity are able to initiate tip growth, and normal microtubule
plus-end dynamics are required to initiate this growth. In addition, we find that JNK signaling is required for both the
up-regulation of microtubule dynamics and microtubule polarity reversal initiated by axon injury. We conclude that
regulation of microtubule dynamics and polarity in response to JNK signaling is key to initiating regeneration of an axon
from a dendrite.

INTRODUCTION

Neurons are highly polarized cells; many neurons have
several dendrites that receive information and a single axon
to send information. Axons and dendrites have distinct pro-
teins targeted to them, as well as different cytoskeletal ar-
rangements (Craig and Banker, 1994). Unlike many other
cell types, most neurons are not replaced during an animal’s
lifetime, yet they can be damaged by physical traumas or
immune attack. Complete axon removal is the most severe
type of axon injury a neuron can sustain, and it renders the
cell nonfunctional as it can no longer send signals. Studies
performed in several systems suggest that neurons have a
tremendous capacity for axon regeneration, even in re-
sponse to total axon removal.

In sea lampreys, complete removal of axons from hind-
brain neurons triggers new growth from dendrites that ex-
tends beyond the normal dendritic field (Hall and Cohen,
1983). This is in contrast to axon injuries further from the cell
body that induce regrowth from the axon as well as in-
creased dendritic growth. Subsequent analysis showed that
at the ultrastructural level the new processes emerging from
dendrites after axon removal had axonal features, for exam-
ple, abundant neurofilaments (Hall et al., 1989). Similar ob-
servations of growth of axon-like processes from dendrites
in vivo have been made in cat motoneurons and interneu-
rons after proximal axotomy (Rose et al., 2001; MacDermid et
al., 2002; Fenrich et al., 2007), as well as several types of
rodent neurons (Cho and So, 1992; Hoang et al., 2005). Axon

removal experiments have also been performed in cultured
neurons. Axons of mouse hippocampal neurons in dissoci-
ated and slice culture were severed at different distances
from the cell body (Gomis-Ruth et al., 2008). As in earlier in
vivo studies, close axotomy induced new growth from den-
drites. These new processes contain tau immunoreactivity,
like axons, and are presynaptic (Gomis-Ruth et al., 2008).
Thus in several systems, neurons initiate regeneration after
axon removal by converting a dendrite to a new axon, or at
least growing a new axon from the tip of a dendrite.

It is not known how neuronal polarity is completely rear-
ranged after axon removal to allow a dendrite to become or
grow a new axon. Microtubules in axons and dendrites have
different polarity, and several different approaches have
suggested that this arrangement is crucial for overall neuro-
nal polarity. In cultured mammalian neurons, axons have
uniform polarity microtubules with plus ends distal to the
cell body (plus-end-out), whereas dendrites have mixed po-
larity with about half plus-end-out and half minus-end-out
microtubules (Baas et al., 1988; Stepanova et al., 2003). The
minus-end-out microtubules in dendrites have been linked
to dendritic identity. In dissociated hippocampal neurons,
dendrite specification and growth occurs at the same time
that minus-end-out microtubules enter dendrites (Baas et al.,
1989), and loss of the minus-end-out population of microtu-
bules from dendrites results in overall loss of dendritic
character (Yu et al., 2000). Thus if a dendrite becomes or
grows an axon one might expect that microtubule polarity
would have to be rearranged.

In fact, the process of regenerating an axon from a den-
drite does seem to be accompanied by changing the micro-
tubule cytoskeleton from the dendritic polarity to the axonal
one. When cortical neurons from newborn rat are dissoci-
ated, the axon is lost, but a region of the apical dendrite that
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has mixed microtubule polarity can remain attached to the
cell body. Thus dissociation of the cells causes total axon
removal. Within 24 h of plating in culture, growth initiates
from the tip of the dendritic process, and the process has
switched to the axonal plus-end-out microtubule polarity
(Takahashi et al., 2007). It was suggested that this shift in
microtubule polarity is accomplished by loss of the minus-
end-out microtubules from the growing process (Takahashi
et al., 2007). It has also been suggested that an increase in
microtubule stability in the growing process is key to the
conversion of a dendrite to a regenerating axon (Gomis-Ruth
et al., 2008). So the best current model for conversion of a
dendrite to an axon after complete axotomy is loss of the
minus-end-out microtubules from the mixed population and
a concomitant increase in stability of the remaining plus-
end-out ones. As this model derives from examining the
arrangement of microtubules in fixed preparations at single
time points, we wanted to determine how microtubules are
rearranged over time as neurons respond to axon injury. We
also wanted to examine neurons in vivo in their normal
environment to eliminate any confounding changes induced
by cell culture.

Like vertebrate neurons, Drosophila neurons are very po-
larized (Sanchez-Soriano et al., 2005; Rolls et al., 2007); more-
over their cytoskeleton can be studied in vivo. We and
others have previously used live imaging to study the layout
of Drosophila microtubules in neurons in living larvae (Rolls
et al., 2007; Satoh et al., 2008; Stone et al., 2008; Zheng et al.,
2008) and have found that microtubules in all major classes
of Drosophila neurons have opposite polarity in axons and
dendrites (Stone et al., 2008). The axonal arrangement of
microtubules is plus-end-out, as in other animals, but the
dendrites have a more polarized microtubule cytoskeleton
than cultured mammalian neurons and have greater than
90% minus-end-out microtubules. This arrangement of den-
dritic microtubules suggests either that Drosophila neurons
will not be able to regenerate an axon from a dendrite
because they do not have a significant population of plus-
end-out microtubules in dendrites, or that the current model
for conversion of a dendrite to a regenerating axon is incom-
plete. Using this tractable model system, we tested whether
highly polarized neurons in vivo can really reverse polarity
and identified major microtubule rearrangements that are
required for initiation of regeneration of an axon from a
dendrite.

MATERIALS AND METHODS

System to Study Neuronal Responses to Injury
Drosophila dendritic arborization (da) neurons tile the larval body wall in a
stereotyped manner (Grueber et al., 2002). Class I da neurons have a simple
dendritic tree and exhibit little structural plasticity over the course of larval
life (Sugimura et al., 2003). Two class I da neurons are present in the dorsal
region of each hemisegment. We used ddaE as our model neuron as it is easy
to identify and visualize. EB1-green fluorescent protein (GFP) can be used to
monitor microtubule polarity as it only binds to growing microtubule plus
ends. The direction of EB1-GFP comet movement over time therefore points
toward the plus end. We scored direction of comets that were visible for three
or more consecutive frames. Comets that moved toward the cell body were at
tips of minus-end-out microtubules; comets that moved away from the cell
body were indicative of plus-end-out microtubules.

Axons were severed in larvae with a UV laser. This method has previously
been used to sever da neuron dendrites (Sugimura et al., 2003) and axons of
Caenorhabditis elegans neurons in vivo (Wu et al., 2007). After axon severing,
we acquired movies of EB1-GFP and then put the animals back in food to
recover. They could be mounted for imaging multiple times after this treat-
ment and followed over 4 d, at which point they initiated pupariation.

Genetic Background, Imaging, and Culturing Conditions
Whole, live larvae heterozygous for the class I da neuron specific driver
221-Gal4 and UAS-EB1-GFP were collected 48–72 h after egg laying, mounted

on a microscope slide with a dry agarose pad, and covered with a glass
coverslip. Animals containing 221-Gal4, UAS-EB1-red fluorescent protein
(RFP), and UAS-Apc2-GFP transgenes were collected similarly. Dendrites and
axons of class I dendritic arborization neurons were severed in these larvae
using a Micropoint UV laser (Photonic Instruments, St. Charles, IL). Live
imaging was performed using an LSM510 confocal microscope (Carl Zeiss,
Thornwood, NY). Single frames were collected every 2 s to image EB1
dynamics in the cell bodies, dendrites, and axons of injured and uninjured
neurons. Immediately after imaging, animals were recovered from micro-
scope slides by adding Schneider’s insect media to release them from the
agarose pad and placed into standard Drosophila media for recovery until
further imaging. Images were analyzed using ImageJ software (http://rsb.
info.nih.gov/ij/; NIH).

Quantitation of Microtubule Number and Polarity
For all experiments one neuron per animal was analyzed, and the number of
animals for each condition is indicated in the figures as n’s. To analyze
microtubule orientation, EB1-GFP comets were tracked manually in the re-
gion between the cell body and the first branch point of the dendrite for wild
type and throughout the whole dendrite for bsk RNAi or bskDN (dominant
negative) and only comets that were tracked over a minimum of three
consecutive frames were counted.

Quantitation of number of EB1-GFP comets in the cell body and dendrites
of injured and uninjured neurons was done by taking the first in-focus frame
in a movie and subsequent fifth in-focus frames. This was done until a total
of three frames were analyzed. EB1-GFP comets were counted in the still
images of these frames.

Neuronal RNAi and Dominant Negative Experiments
For the RNAi experiments we crossed a tester line, UAS-dicer2; 221-Gal4,
UAS-EB1-GFP, to lines that express hairpin RNAs under UAS control and
analyzed microtubule dynamics as above in the ddaE neuron in larval prog-
eny. The 221-Gal4 drives expression of the GFP, dicer2, and RNA hairpin only
in class I dendritic arborization neurons and a few other cells, meaning that
most of the animal is normal. The RNA hairpin lines were from the VDRC
collection (Dietzl et al., 2007). The Vienna Drosophila RNAi Center (VDRC,
Vienna, Austria) stock numbers used to target proteins of interest were as
follows: 34138 (bsk) and 21982 (msps). As a control the tester line was crossed
to a line containing a different transgene, UAS-mCD8-RFP.

For bskDN expression we crossed the line w1118, P{UAS-bsk.DN}2 (Bloom-
ington Drosophila Stock Center, Bloomington, IN) to 221-Gal4, UAS-EB1-GFP
to generate larvae heterozygous for all transgenes. As a control for this
experiment, we crossed the 221-Gal4, UAS-EB1-GFP line to a line containing
a different transgene: UAS-mCD8-RFP, so that the 221-Gal4 would be driving
expression of the same number of transgenes in both cases.

RESULTS

The Number of Growing Microtubules Is Dramatically
Up-regulated by Axon, But Not Dendrite, Severing
To test how neurons in vivo respond to axon removal, we
generated Drosophila larvae that express a microtubule
plus end– binding protein tagged with a GFP, EB1-GFP, in
a small subset of dendritic arborization sensory neurons.
These neurons have branched dendrites reminiscent of
mammalian dendrites (Grueber et al., 2002) and are ideal for
live imaging because they lie immediately under the larval
cuticle. Moreover, although these cells are sensory, the ar-
rangement of microtubules in their dendrites is similar to
that in Drosophila central neurons (Stone et al., 2008). To
further simplify the analysis, we focused on the ddaE cell on
the dorsal side of the larva. This cell is one of the class I
dendritic arborization neurons and has a relatively simple
dendrite branching pattern (Grueber et al., 2002).

To sever axons in these neurons in vivo, we mounted
larvae on a slide and focused a pulsed UV laser on the
region of the cell we wanted to cut. This method has previ-
ously been used to sever Drosophila dendrites (Sugimura et
al., 2003) and Caenorhabditis elegans axons (Wu et al., 2007).
Using this method, we successfully generated small cuts in
axons or dendrites (Figure 1A) that resulted in degeneration
of the region distal to the cut site by 24 h (Figure 1A). After
injury larvae were recovered to media and allowed to de-
velop as normal. They were remounted for imaging at 24-h
intervals.

M. C. Stone et al.

Molecular Biology of the Cell768



The first alteration in EB1-GFP dynamics we observed
after axon severing was unexpected. Rather than an increase
in microtubule stability, which would be detected as fewer
growing microtubule ends labeled with EB1-GFP, we saw a
large increase in the number of EB1-GFP comets. This in-
crease was initiated in some cells immediately after axon
severing (Movie 1) and was always seen at 24 h (Figure 1
and Movies 1–3). Before axotomy, EB1-GFP comets at tips of
growing microtubules were seen occasionally in the cell
body. Twenty-four hours after axotomy, many EB1-GFP
comets were seen swirling like a whirlpool in the neuronal
cell body (Figure 1A and Movies 1 and 2). The number of
EB1-GFP comets has previously been used as a readout of
total number of dynamic microtubules (Piehl et al., 2004), so
we interpret this increase in comet number as an increase in
number of growing microtubules, and it is likely that all
neuronal microtubules exhibit growth at their plus ends.

Comparison of the number of EB1-GFP comets in unin-
jured neurons with neurons after axotomy revealed a more

than 10-fold increase in number of comets in the cell body
24 h after axon severing (Figure 1C). The number of comets
also increased throughout the dendritic tree (Figure 1, B and
C). Although the number of EB1-GFP comets was increased
by axon removal, the rate of microtubule growth was not:
before severing the average velocity of EB1-GFP comets was
0.225 �m/s (SD, 0.043, data are from 40 microtubules in six
animals), and after severing it was 0.229 �m/s (SD, 0.068,
data are from 37 microtubules in eight animals).

Because this increase in number of growing microtubules
was unexpected, we wanted to determine whether it was a
general response to neuronal injury or a specific response to
axon severing. We therefore severed dendrites close to the
cell body and monitored EB1-GFP dynamics after this in-
jury. Dendrite severing did not increase number of EB1-GFP
comets in the cell body or remaining dendrites (Figure 1 and
Movie 2), indicating that this is a specific response to axon
injury. Thus although injury to both axons and dendrites is
predicted to cause a breach in the plasma membrane and ion

Figure 1. The number of growing microtubules is up-regulated by axon, but not dendrite, severing. (A) Images of EB1-GFP in the ddaE
neuron were acquired before, immediately after (0 h), and 24 h after axon (top row) or dendrite (bottom row) severing. Two frames are shown
from each movie from the 24-h time point. Arrows indicate the site of UV laser-mediated severing. Arrowheads point out examples of
EB1-GFP comets in the cell body. In all figures dorsal is up. (B) Panels from movies acquired 24 h after axon or dendrite severing are shown.
Images were inverted for ease of identifying EB1-GFP comets in dendrites; examples are marked with arrowheads. (C) The number of
EB1-GFP comets in the cell body or a region of dendrite 2 was counted in single frames from movies of uninjured neurons and from neurons
24 h after axon or dendrite severing. Three frames were averaged for each animal, error bars, SD of the average from all animals. n � number
of animals scored (one neuron per animal). Unpaired t tests were used to determine whether the number of comets was significantly
increased after dendrite or axon cutting. No significant difference between number of dots in the cell body before and after dendrite cutting
was found. Significant differences were found for cell bodies and dendrites before and after axon cutting.
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influx, only axon injury triggers a global increase in dynamic
microtubule number.

Microtubule Polarity Switching in Dendrites after Axon
Removal
As well as monitoring the number of EB1-GFP comets after
axon removal, we monitored their direction of movement in
dendrites to determine whether a change in microtubule
polarity might be triggered by loss of the axon (Figure 2A
and Movie 3). EB1-GFP binds only to growing microtubule
plus ends, so the direction of movement gives a readout of
microtubule polarity (Stepanova et al., 2003; Stone et al.,
2008). To simplify comparisons between neurons, we num-
bered each dendrite of the ddaE dendritic arborization neu-
ron (Figure 2). The dendrite with a comb-like-branching
pattern was numbered 1; the dendrite closest to the axon site
was numbered 2. The presence of a third (or fourth) dendrite
was variable. If these were present, they were numbered 3
and 4.

In uninjured neurons, comets in most dendrites moved
toward the cell body consistent with minus-end-out micro-
tubule orientation (Figure 2). Minus-end-out microtubule
orientation is found in all types of Drosophila dendrites and
distinguishes them from axons that have plus-end-out mi-
crotubules (Stone et al., 2008). Dendrites with plus-end-out

microtubule orientation were never observed before axon
injury (Figure 2B). By 6 h after proximal axon severing,
dendrites were frequently observed to have the axonal plus-
end-out microtubule orientation (Figure 2B). The time pe-
riod from 6 to 24 h seemed to be a transition period; by 48 h
many of the neurons had one dendrite with plus-end-out
microtubules, and the remaining dendrites had reverted to
minus-end-out orientation (Figure 2B). In most cases den-
drite 2 was the one that acquired the axonal microtubule
arrangement. Thus microtubule polarity could be com-
pletely reversed in a dendrite after axon removal.

A Dendrite That Switches to Plus-End-Out Microtubules
Can Become a Growing Axon
To determine whether the dendrite that acquired the axonal
plus-end-out microtubule orientation had other axonal prop-
erties and could initiate growth, we performed experiments
over a longer time course. At 72 and 96 h after axon severing,
many processes with plus-end-out microtubules had a bul-
bous structure at the end. The plus-end-out process also
initiated extension in many cases (Figures 2A and 3, C and
D, and Figure S1B). Six of nine neurons in one experiment
initiated growth from a dendrite tip. The neurons that initi-
ated tip growth were distinguished by having a single pro-
cess that switched to plus-end-out microtubule orientation

Figure 2. Axon injury induces orientation switching of dendritic microtubules. (A) Images of EB1-GFP in a single ddaE neuron at different
times before or after axon injury. Several confocal images were projected to give a complete overview of the dendrite arbor. In zoomed in
movies, the direction of EB1-GFP comet movement was scored. Comets moving toward the cell body represent minus-end-out microtubules
and comets moving away from the cell body represent plus-end-out microtubules. The raw data are shown in the table and represented by
arrows on the overview pictures. A green arrow indicates plus-end-out microtubule orientation, a red arrow indicates minus-end-out
orientation and double arrow indicates mixed orientation. Movie 3 shows microtubule dynamics in this cell. (B) Microtubule orientation was
quantitated in dendrites of uninjured neurons and neurons at different times after axon severing. Comets were scored in each dendrite as in
A: EB1-GFP dots in the region of the dendrite between the cell body and first dendrite branch point were counted; dendrites with four or
more comets were classified as plus-end-out if 75% or more comets moved away from the cell body and minus-end-out if 75% or more moved
toward the cell body. The class in between was classified as mixed and is not shown explicitly in the table. n � number of dendrites classified
for each time point.
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(Figure S2). In these neurons, the remaining minus-end-out
processes did not extend from their tips; they continued the

normal behavior of ddaE dendrites, which is to expand all
over as the animal grows (Sugimura et al., 2003). In this

Figure 3. Axon, but not dendrite, injury induces extensive tip growth from a dendrite. The axon or dendrite of the ddaE neuron was severed
with a UV laser, and EB1-GFP was imaged at different time points. Overview images were compiled from movies of EB1-GFP, and
microtubule orientation was scored as in Figure 2. Yellow arrows, site of laser severing; red arrows, minus-end-out microtubules; green
arrows, plus-end-out microtubules; double arrows, mixed orientation. Stars label tips of processes that have extended by 96 h. Six of nine cells
in which the axon was removed initiated tip growth and 0 of 5 in which a dendrite was removed initiated tip growth. The dendrites are
numbered as in Figure 2. Movie frames were Z projected, maximum method, to show the entire dendritic tree. In some cases several frames
of a movie had to be assembled next to one another to cover the complete area of the dendrites. The images were also rotated and placed
on a black background so that the neuron would be seen in the same orientation at all time points. Scale is the same for all images.
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normal, all-over expansion, the distance between the last
branch point, and dendrite tip does not increase at a greater
rate than the distance between internal branch point. Nor-
mal dendrite expansion rather than tip growth was also
observed in time-course experiments after dendrite removal
(Figure 3, A and B; n � 5; note the same V-shape is seen at
the remaining dendrite tips at all time points). Thus tip
growth is a specific response to axon removal rather than a
general response to injury.

As well as initiating tip growth, the plus-end-out process
generated after axon removal lost key dendritic features.
Class I da neuron dendrites normally exhibit tiling behavior

with one another and do not cross (Grueber et al., 2003).
Growing processes with plus-end-out microtubules could
cross neighboring processes from the same cell (Figure S1B).
Dendrites from these cells are also normally restricted to a
subregion of the larval body, but growing processes often
extended beyond normal dendritic territory (Figure 3C and
Figure S1A).

To test more rigorously whether dendrites that initiated
tip growth had the molecular characteristics of axons, we
tracked the behavior of Apc2-GFP in ddaE after axon sev-
ering. There are very few markers that localize robustly to
axons or dendrites in Drosophila when tagged and overex-

Figure 4. Apc2-GFP is excluded from growing processes. Apc2-GFP and EB1-RFP were expressed in ddaE neurons. (A) Uninjured neurons
were imaged over the same time course used in other experiments. At all times Apc2-GFP is seen in spots throughout the dendritic arbor.
(B and C) Axon-severing experiments were performed as in Figure 3. In both cells shown tip growth is initiated from dendrite 2. Apc2-GFP
is only found in the proximal region of this process at 96 h after axon removal, and this pattern was seen in a total of 12 of 12 neurons which
initiated tip growth. (D) The ddaE neuron extends its axon from the body wall to the ventral ganglion. In live animals expressing Apc2-GFP
and EB1-RFP in class I DA neurons, EB1-RFP can be seen in the distal axons that enter the ventral ganglion. Apc2-GFP is not seen in these
axons. See Figure S4 for greyscale images of Apc2-GFP alone.
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pressed. One of the most robust dendrite markers is Apc2-
GFP (Rolls et al., 2007). In Drosophila there are two APC
(adenomatous polyposis coli) proteins. A tagged version of
one of these, Apc2-GFP, expressed in Drosophila central neu-
rons localizes to spots in dendrites, to the cell body, and to
the first part of the axon, but is cleanly excluded from distal
axons (Rolls et al., 2007). When we expressed Apc2-GFP in
da neurons we saw a similar pattern of fluorescence, with
distinct spots of Apc2-GFP in dendrites, Apc2-GFP in some,
but not all, proximal axons (Figure 4, A–C), but not in distal
axons (Figure 4D). At 96 h after axon removal, when one
process with plus-end-out microtubules exhibited signifi-
cant growth, Apc2-GFP was seen in puncta throughout most
of the dendritic tree, but was not seen in the new region
(Figure 4, B and C; of 12 animals in which tip growth was
initiated, Apc2-GFP was never seen in the new region).
Apc2-GFP was seen at the base of the process with plus-end-
out microtubule orientation, consistent with localization of
Apc2-GFP in proximal axons or failure to clear Apc2-GFP
from the region that was previously a dendrite. This data
strongly argues that the process with plus-end-out microtu-
bules has been respecified as a regenerating axon. Thus even
a mature dendrite in vivo in a cell that normally exhibits no
structural plasticity (Sugimura et al., 2003) can be respecified
as an axon and part of this conversion is total reversal of
microtubule polarity throughout the entire process, includ-
ing the region that was previously a dendrite.

Respecification of a Dendrite to an Axon Requires
msps-stimulated Microtubule Dynamics
As the microtubule cytoskeleton was dramatically rear-
ranged after axon removal, we hypothesized that regulation
of microtubule dynamics would be essential to respecifying
a dendrite as an axon and initiating growth. To test this

hypothesis we searched for genetic methods to reduce mi-
crotubule dynamics. We found that targeting the msps tran-
script by RNAi almost completely eliminated EB1-GFP com-
ets from neurons (Figure 5A and Movie 4). In control (rtnl2)
RNAi neurons EB1-GFP comets are seen frequently through-
out the dendritic tree (Figure 5A and Movie 5), similar to
uninjured neurons that do not express hairpin RNAs or
neurons after dendrite severing (Figure 1 and Movies 1 and
3). This result is consistent with models of microtubule
growth in which msps (or XMAP215 in vertebrates) acts as
a microtubule polymerase (Brouhard et al., 2008; Howard
and Hyman, 2009), and loss of msps in vivo results in
increased microtubule pausing (Brittle and Ohkura, 2005).
We confirmed that although microtubule plus ends do not
behave normally in neurons with reduced msps, stable mi-
crotubules are present (Figure S3A), and neuronal structure
is quite normal throughout larval life, with the exception
that in some larvae increased dendritic branching was ob-
served close to the cell body (Figure S3B).

When ddaE neurons expressing msps RNAi hairpins were
subjected to axon removal, in all cases they failed to initiate
growth from a dendrite tip (Figure 5B, n � 5). As in unin-
jured larvae, the shape of the dendritic tree remained con-
stant through larval life. We therefore conclude that msps-
stimulated microtubule dynamics are not required for
maintenance of normal dendrite structure during larval life,
but are required to convert a dendrite into a regenerating
axon, supporting the role of microtubule plus-end dynamics
in this process.

c-Jun N-terminal Kinase Activation Is Required for All
Identified Responses to Axon Removal
We have identified two major types of microtubule reorga-
nization in response to axon removal: increased number of

Figure 5. RNAi targeting msps blocks regeneration from a dendrite after axon removal. (A) The cell body and proximal dendrite of ddaE
neurons expressing EB1-GFP and hairpin RNAs that target rtnl2 (control) or msps are shown. rtnl2 RNAi was used as a control as its loss
has no known consequences in flies. EB1-GFP comets (red arrows) can be seen in control, but not msps RNAi neurons. (B) An axon-severing
experiment as in Figure 3 was performed on a ddaE neuron expressing EB1-GFP and msps hairpin RNA. Cell shape (but not microtubule
polarity, as no EB1-GFP comets were present) were tracked over time. No tip growth was observed (n � 5).
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growing microtubules and polarity reversal. To identify the
upstream signals that trigger these rearrangements, we took
a candidate approach. c-Jun N-terminal kinase (JNK), or
related mitogen-activated protein (MAP) kinases, have been
implicated in axon regeneration in multiple systems, includ-
ing C. elegans, Drosophila, and mammals (Ayaz et al., 2008;
Hammarlund et al., 2009; Itoh et al., 2009). In each of these
systems these kinases were shown to be important for initi-
ating growth from an axon stump after distal axon severing,
and it has been hypothesized that unidentified rearrange-
ments of microtubules might be important for this growth
(Hammarlund et al., 2009). We therefore hypothesized that
JNK signaling could play a role in the response to proximal
axon severing, although this initiates growth from a den-
drite rather than extension from the axon stump.

We used two methods to block JNK signaling, expression
of RNA hairpins to target bsk, the Drosophila JNK, and
expression of a nonphosphorylatable dominant negative
JNK (bskDN; Adachi-Yamada et al., 1999). Control neurons
expressing a different hairpin RNA (targeting rtnl2) had
normal shape, and the dendrite arbor remained stable

through larval life (not shown). After axon severing, the
increase in number of growing microtubules was signifi-
cantly blocked in bsk RNAi and bskDN neurons compared
with neurons expressing a different transgene, mCD8-RFP
(Figure 6, A and B). We conclude that one of the earliest
changes in the microtubule cytoskeleton induced by axon
injury, up-regulation of dynamic microtubule number, re-
quires JNK activity.

To determine whether the other intracellular events we
mapped during conversion of a dendrite to a regenerating
axon were also initiated by JNK signaling, we assayed neu-
ron shape and microtubule polarity for 4 d after axon re-
moval. Expression of either bsk RNAi or bskDN blocked
growth from the tip of a dendrite (n � 10 for RNAi, n � 6 for
DN, Figure 6, C and D); the only change in shape after injury
was an increase in proximal branching in some animals.
Both treatments also blocked most polarity changes in den-
drites after axon removal. Out of five ddaE neurons assayed
for microtubule polarity, only one had any dendrites that
acquired the axonal plus-end-out microtubule orientation,
and this one actually had two processes that became plus-

Figure 6. JNK is required for up-regulation of microtubule number and initiation of growth in response to axon removal. (A) ddaE neurons
expressing EB1-GFP and mCD8-RFP (control), RNAi hairpins to target bsk, or bskDN, were imaged 24 h after axon removal. Numerous
EB1-GFP comets (arrowheads) were seen in control neurons, and many fewer were seen is bskRNAi or bskDN neurons. (B) EB1-GFP comets
in the cell body were quantitated 24 h after axon injury. Number of comets in individual frames of movies was counted as in Figure 1C.
Genotypes of the larvae in order shown in the table were as follows: 1) UAS-Dicer2/UAS-mCD8-RFP; 221-Gal4, UAS-EB1-GFP/�; 2)
UAS-Dicer2/UAS-bskRNAi; 221-Gal4, UAS-EB1-GFP/�; 3) UAS-mCD8-RFP/�; 221-Gal4, UAS-EB1-GFP/�; and 4) UAS-bskDN/�;; 221-
Gal4; UAS-EB1-GFP. (C and D) A ddaE neuron expressing EB1-GFP and bskDN was tracked over time. The dendrite arbor of these cells
retained the same shape over time as in controls (n � 6). In D, microtubule orientation was determine as in Figure 3, except that comets were
quantitated throughout major dendrites because fewer comets were present. Red arrows, minus-end-out polarity (�75% of comets to the cell
body); double arrows, mixed polarity (25–75% of comets to the cell body).
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end-out. In the rest of the neurons, dendrite microtubule
polarity was mixed or minus-end-out at all time points as
shown in Figure 6D.

As so many dendrites had mixed polarity, we wondered
whether there was any change in polarity in uninjured neu-
rons expressing bskDN. Interestingly, the dendrite 2, which
has a simpler branching pattern than dendrite 1 (or comb)
dendrite, was significantly more mixed in cells expressing
bskDN (Figure 7). This suggests that JNK signaling may
play a role in dendritic microtubule polarity even in unin-
jured neurons. We hypothesize that the difference was only
seen in the dendrite 2 and not the dendrite 1 because another
mechanism is present that relies on dendrite branching to
maintain microtubule polarity (F. Mattie and M. Rolls, un-
published results). Axon polarity was unchanged by expres-
sion of bskDN (not shown). We conclude that activation of
JNK initiates microtubule rearrangements that precede con-
version of a dendrite to a growing axon and that JNK may
also play a role in controlling microtubule polarity in unin-
jured dendrites.

DISCUSSION

Model for Polarity Reversal of a Dendrite to a
Regenerating Axon
Using this simple system to study neuronal responses to
injury, we have found that even mature dendrites that nor-

mally exhibit little plasticity can undergo polarity reversal to
be respecified as axons in vivo. Vertebrate neurons can also
initiate axon formation from a dendrite (Hall and Cohen,
1983; Hall et al., 1989; Cho and So, 1992; Rose et al., 2001;
MacDermid et al., 2002; Hoang et al., 2005; Fenrich et al., 2007;
Takahashi et al., 2007; Gomis-Ruth et al., 2008), and thus this
process is likely to be evolutionarily ancient and widely
conserved.

On the basis of our data, we propose a model for respeci-
fying a dendrite as a regenerating axon (Figure 8). First, axon
injury elicits a specific signal that is not generated by similar
injury to dendrites. This signal turns on a kinase cascade that
leads to JNK activation. Phosphorylated JNK up-regulates
the number of growing microtubules, perhaps by increasing
microtubule nucleation or severing. We hypothesize that
this results in overall shorter microtubules that may be more
likely to undergo complete catastrophe, facilitating polarity
changes. After a transition phase during which multiple
microtubule orientation switches can occur, a single den-
drite takes on the axonal microtubule arrangement. JNK
signaling also regulates the acquisition of plus-end-out mi-
crotubule polarity in this dendrite. Growth from the tip of
the new axon is initiated, presumably as a result of transport
of new components along the reoriented microtubules. We
think that these changes in microtubule dynamics and po-
larity are required to initiate regeneration of an axon from a
dendrite because only those neurons that switch one den-
drite to the axonal microtubule polarity initiate tip growth,
and genetically disrupting normal plus-end microtubule dy-
namics blocks tip growth.

Microtubule Polarity Reversal
Although our results suggest that reversing microtubule
polarity is crucial for respecifying a dendrite as an axon, we
do not yet know how this is accomplished at the molecular
level. In the dendrite that switches from minus-end-out to
plus-end-out polarity, it is unlikely existing microtubules
could be turned around in the narrow dendrite, and so all
the minus-end-out microtubules must be completely depo-
lymerized over the 48-h time period in which respecification
occurs. Depolymerization could be accomplished by sever-
ing minus-end-out microtubules or increasing catastrophe
rates. Alternately, the normal microtubule turnover rate
could be maintained, but addition of new minus-end-out
microtubules could be blocked. During this switchover time,
new plus-end-out microtubules must be added. One way
this could be done is by nucleation of new microtubules in
dendrites, although, for this to result in addition of only
plus-end-out microtubules, orientation of nucleation sites
would need to be controlled. Very little is known about
mechanisms that generate uniform microtubule polarity in

Figure 7. Reduction of JNK signaling affects microtubule polarity
in uninjured neurons. Microtubule polarity was assayed by tracking
direction of EB1-GFP comet movement in uninjured neurons. Com-
ets were counted in main trunk of the comb dendrite (1), and in
dendrite 2 (see Figure 2B). The percent of dots moving toward the
cell body is shown for dendrites. The percent was calculated for
each cell; error bars, SD. An unpaired t test was used to calculate the
significance of the difference between wild type and bskDN. For
axons, the percent of comets moving away from the cell body is
shown.

Figure 8. Model for conversion of a den-
drite to a regenerating axon after axon re-
moval. Before axon injury, microtubules in
dendrites have minus-end-out polarity (red
arrows) and axonal microtubules are plus-
end-out. Axon removal up-regulates JNK
signaling, which switches microtubule po-
larity in dendrites, frequently resulting in
mixed polarity (purple double arrows) and
up-regulates the number of microtubules in
the cell body (white circle) and throughout
the dendrites. Over several days polarity
resolves such that one dendrite takes on the
axonal microtubule polarity and the rest
return to minus-end-out polarity. After this point the process with axonal microtubule polarity initiates tip growth.
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neurons, and so it will be extremely exciting to test whether
oriented nucleation or selective depolymerization could
play a role in determining polarity.

Microtubule Dynamics and Stability in Regenerating
Neurons
Massive up-regulation of the number of growing microtu-
bules, and most likely overall microtubule number, in neu-
rons after axon injury is extremely surprising. The number
of growing microtubules is known to be up-regulated at
centrosomes upon entry into mitosis (Piehl et al., 2004), but
this type of regulation has not been described in terminally
differentiated cells like neurons. Our results suggest that
neurons maintain a pathway to up-regulate microtubule
number and activate it when injured.

A previous study suggested that increased microtubule
stability, rather than an increase in microtubule dynamics,
might be key for axon regeneration from a dendrite (Gomis-
Ruth et al., 2008) consistent with a role for microtubule
stability in initial axon specification (Witte and Bradke, 2008;
Conde and Caceres, 2009). How can we reconcile this with
our finding that increased microtubule dynamics is a robust
early step in the response to axon removal?

The increase in microtubule number that we observe hap-
pens before tip growth is initiated, and number of growing
microtubules generally decreases by 72 h after axon injury
(Movie 3); tip growth is typically first obvious at 72 h, and is
extensive by 96 h. Quantitation of the number of growing
microtubules in dendrites confirms this impression: at 24 h
after axon removal an average of 4.9 (SD 1.8) and 5.0 (SD 2.9)
comets per 20 �m were observed in the comb and no. 2
dendrites, respectively. At 96 h after axon removal these
numbers were reduced to 2.7 (SD 1.9) and 2.1 (SD 1.5)
comets per 20 �m, respectively (the difference between the
number of comets in the comb or no. 2 dendrites at both time
points in unpaired t test; p � 0.05). Microtubule stability
thus increases in the days after the initial up-regulation of
dynamics. Our results support a model in which reduced
microtubule stability plays a role in respecification of a
dendrite to an axon. After respecification, microtubule sta-
bility is increased, and this increase could be important for
growth, although we have not tested this idea in the current
study.

Control of Axon Number
A previous study on responses to axon severing in slice and
dissociated neuronal cultures found that more than one
axon could be generated by respecification (Gomis-Ruth et
al., 2008). In contrast, we find that in vivo the control on axon
number is maintained: in cells that initiated tip growth, only
one process arising from the cell body acquired axonal mi-
crotubule orientation. Importantly, the control on axon num-
ber was in the proximal region of the process: only one
plus-end-out process arose from the cell body, but more
than one tip of this process could have a growth cone and
extend (Figure 3, C and D). In fact, this was often the case,
and the growing tips tended to extend in different directions
across the body wall. This could maximize their chance of
finding the nerve and route to the target in the brain. Be-
cause of the onset of pupariation, we were only able to
follow neurons for 4 d after axon severing, and therefore we
could not determine whether extending axons were ever
successful in finding the nerve or targets.

Most of the time the single dendrite that was respecified
as an axon was the one closest to the site of the previous
axon, dendrite 2. There are several possible models to ex-
plain this. One is that the side of the cell nearest the previous

axon experiences some type of inductive signal so that the
new axon is closest to the original one and thus has the best
chance of finding the target. We prefer an alternative model
as there is no evidence that the respecified process receives
any directional information once it initiates growth. In this
model, the key factor is the branching complexity of the
dendrite. The dendrite opposite the axon has a comb
shape with many more branches off the main trunk than
dendrite 2. It may be more straightforward to generate
uniform plus-end-out polarity in a process with a simpler
branching pattern.

Involvement of JNK Signaling in Respecification of a
Dendrite to a Regenerating Axon
The finding that JNK regulates number of growing micro-
tubules, as well as microtubule polarity and tip growth are
significant for several reasons. JNK, or other similar MAP
kinases, are established initiators of axon regeneration from
an axon stump in other systems (Ayaz et al., 2008; Hammar-
lund et al., 2009; Itoh et al., 2009), and the fact that it is also
required to respond to axon severing near the cell body
suggests these responses may be closely related. In regener-
ation of an axon from its stump the cytoskeletal rearrange-
ments initiated by JNK signaling have not been identified.
Control of microtubule number and polarity are also pos-
sible JNK targets in this response. In fact, in Aplysia cali-
fornica, local polarity reversal of microtubules near axon
cut sites are seen (Erez et al., 2007). Although the classic
role for JNK is modulation of transcription by phosphor-
ylation of transcription factors, it can also phosphorylate
cytoskeletal proteins (Bogoyevitch and Kobe, 2006). The
fact that we observe extremely rapid (�5 min) changes in
microtubule dynamics in some cells (Movie 1) suggests
that JNK may regulate microtubules in injured neurons by
direct regulation of cytoskeletal proteins rather than
through transcription changes.

Regulation of microtubule number by JNK is also significant
because very little is known about what controls the number of
growing microtubules in interphase cells. New work suggests
that reducing levels of the stathmin protein in interphase
cultured cells can increase microtubule nucleation and thus
microtubule number (Ringhoff and Cassimeris, 2009), but no
circumstances have been identified in which regulation of
microtubule number might be important in nondividing
cells. Our results show that studying control of microtubule
number will be key for understanding neuronal responses to
injury and neuronal polarity.
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