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Axotomy can trigger profound alterations in the neuronal polarity of adult neurons in vivo. This can manifest itself in the development of
new axon-like processes emanating from the tips of distal dendrites. Previously, these processes have been defined as axonal based on
their axonal morphology. This study extends this definition to determine whether, more importantly, these processes possess the
prerequisite molecular machinery to function as axons. Using a combination of intracellular labeling and immunohistochemistry, we
demonstrate that the distribution of voltage-gated sodium channels on these processes matches the arrangement of these channels that
is necessary for the initiation and conduction of action potentials. At terminal bouton-like structures they possess key proteins necessary
for the release of synaptic vesicles (SV2 and synaptophysin). Thus, axon-like processes emanating from the tips of distal dendrites
represent a rearrangement of neuronal polarity whereby axotomized neurons can develop additional functional axons in vivo.

Introduction
Neurons are polarized structures with multiple dendrites inte-
grating synaptic signals and, usually, a single axon transmitting
action potentials triggering the release of neurotransmitters. In
vitro manipulations of intracellular signaling cascades responsi-
ble for the development/maintenance of neuronal polarity result
in single neurons with multiple axons (Inagaki et al., 2001; Jiang
et al., 2005; Yoshimura et al., 2005; Witte et al., 2008). After the
establishment of neuronal polarity, these manipulations result in
the conversion of preexisting dendrites to axons. Thus, neuronal
polarity is not fixed. Instead, it appears to be actively maintained
by intracellular signal cascades that suppress a default mechanism
that would otherwise convert dendrites to axons.

There is considerable evidence that proximal axotomy may
trigger a similar reorganization of neuronal polarity both in vitro

(Bradke and Dotti, 2000; Gomis-Rüth et al., 2008) and in vivo
(Lindå et al., 1985, 1992; Havton and Kellerth, 1987; Rose and
Odlozinski, 1998; Rose et al., 2001; MacDermid et al., 2002,
2004). This reorganization is manifested in the emergence of
axon-like processes (ALPs) from the terminals of distal dendrites
(Lindå et al., 1985, 1992; Rose et al., 2001; MacDermid et al.,
2002, 2004; Gomis-Rüth et al., 2008). With time, these ALPs
become myelinated (Lindå et al., 1992; Rose et al., 2001) and
develop fine right-angled branches with bouton-like swellings,
and the dendrites that give rise to these ALPs undergo a process of
apparent axonification (MacDermid et al., 2004). ALPs lack den-
dritic cytoskeletal proteins and initially express the axonal growth
proteins (Rose et al., 2001; MacDermid et al., 2002, 2004). Thus,
the ALPs meet some of the morphological and molecular criteria
of axons; however, it is unknown whether they have the func-
tional capacity of an axon. Our goal was therefore to determine
whether ALPs possess the prerequisite molecular machinery for
action potential initiation and conduction and the release of
neurotransmitters.

Action potentials are initiated at the initial segment of an axon
(Kole et al., 2008) by high-density clusters of the voltage-gated
sodium channels Nav1.1 and Nav1.6 (Van Wart et al., 2007) and,
during development, Nav1.2 (Boiko et al., 2001). Similarly, in
developing and adult unmyelinated axons, action potentials are
conducted along the axon by Nav1.2 channels and in adult my-
elinated axons by Nav1.6 (Boiko et al., 2001, 2003; Kaplan et al.,
2001; Trimmer and Rhodes, 2004). The release of synaptic vesi-
cles is dependent on a number of proteins. Synaptophysin and
SV2 are two integral membrane glycoproteins playing key roles in
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the exocytosis of synaptic vesicles and are widely used as synaptic
markers (Finley et al., 1996; Valtorta et al., 2004).

In the present experiments we demonstrate that dendrite-
derived ALPs on axotomized neurons in adult animals in vivo
possess voltage-gated sodium channels, SV2 and synaptophysin,
in discrete regions of the ALPs. These regions correspond pre-
cisely to the known distribution of these proteins on axons that
initiate and conduct action potentials and release neurotransmit-
ters. Thus, they possess the prerequisite molecular machinery to
function as axons.

Materials and Methods
Axotomy surgery
All experimental protocols were approved by Queen’s University Animal
Care Committee and were consistent with guidelines established by the
Canadian Council of Animal Care. Ten adult cats of both sexes (Harlan)
were premedicated with hydromorphone (0.05 mg/kg), glycopyrrolate
(0.001 mg/kg), and acepromazine (0.13 mg/kg). Anesthesia was then
induced with ketamine (0.25 mg/kg) and midazolam (0.31 mg/kg) and
maintained with isoflurane (2–3%). Under aseptic surgical conditions, a
midline incision was made and the trapezius and splenius neck muscles
were retracted to expose the C2 and C3 nerves innervating the biventer
cervicis and complexus (BCCM) neck muscles. Both the C2 and C3
BCCM nerves were dissected away from the muscle, ligated in two places,
and then cut between the two ties. The proximal stumps were crushed
three times, pulled into a small-diameter Gortex (W.L. Gore and Asso-
ciates) sleeve, and secured with silk ligatures placed at either end of the
sleeve. A second, larger Gortex sleeve was then placed over the first. This
second sleeve was longer and was pulled as far proximally as possible. The
second sleeve was designed to prevent the escape of regenerating axons
from the first sleeve as was sometimes observed in previous experiments
after post-axotomy periods of 35 weeks (MacDermid et al., 2004). The
muscle layers and skin were sutured with Vicryl, and an analgesic, bu-
prenorphine (0.01 mg/kg), was administered as well as an antibiotic,
Tribrissen (24%, 0.13 ml/kg). Further doses of buprenorphine were ad-
ministered as required, and a nonsteroidal anti-inflammatory (Meta-
cam, 3 drops daily) and Tribrissen (dosage as above) were administered
daily for 6 d. The only postoperative complications were bald patches on
the skin, rostral to the injury site, caused by scratching. Treatments with
Panalog topical ointment and a nonsteroidal anti-inflammatory (Meta-
cam, 3 drops daily) usually resolved these bald patches.

Identification and labeling of neurons
After survival times of 8 –12 weeks (4 cats) or 33–38 weeks (6 cats), the
animals were premedicated with a mixture of butorphanol (0.2 mg/kg;
Torbugesic; Pfizer), acepromazine (0.05 mg/kg; Atravet; Ayerst Veteri-
nary Laboratories), and glycopyrrolate (0.01 mg/kg; Sandoz) given sub-
cutaneously. Anesthesia was induced with ketamine (6.25 mg/kg;
Vetalar; Bioniche Animal Health Canada Inc.) and midazolam (0.15 mg/
kg; Sandoz) administered intravenously. Deep anesthesia was main-
tained with supplementary doses of sodium pentobarbital (Ceva Santé
Animale; 2.5–5 mg/kg). The proximal stumps of the BCCM nerves, still
encased in their Gortex sleeves, were dissected from connective tissue,
and bipolar stimulating electrodes were placed immediately proximal to
the sleeve. A laminectomy was performed to access the C2 and C3 spinal
segments. Axotomized motor neurons were identified by intracellular
recordings of antidromic action potentials following stimulation of the
proximal stump. These cells were iontophoretically stained with 12%
Neurobiotin (Vector Laboratories) for 16 –55 nA-min. Filled cells were
separated by at least 5 mm to minimize overlap of the dendritic trees of
adjacent cells.

Animals were given 25,000 IU of heparinized saline and killed with an
overdose of sodium pentobarbitone. The animal was immediately per-
fused, via the ascending aorta, with saline at room temperature followed
by 4% paraformaldehyde (at 4°C) at a drip rate of 3 drops/s for 10 min, if
the antibodies to be used were fixation dependent or, otherwise, for 15
min. Tissue was also collected from two animals that were not injured. In
one of these animals, an intact BCCM motor neuron was intracellularly
stained as described above.

Histology
The spinal cord segments containing labeled cells (C2 and C3) were
stored overnight in buffer with 30% sucrose. Tissue was then postfixed
for 1 h before cutting on a freezing microtome in the horizontal plane
into 50 �m serial sections. Tissue was incubated in sodium borohydride
for 20 min, followed by 3 h in streptavidin conjugated to Alexa 488
(1:100; Invitrogen) in phosphate buffer to visualize the Neurobiotin.
Sections were mounted in serial order on gelatin-coated slides and cov-
erslipped with Vectashield (Vector Laboratories).

All sections containing intracellularly stained processes were system-
atically examined. ALPs were identified using one or more of the follow-
ing criteria (based on the study by MacDermid et al., 2004). They
followed a tortuous trajectory and formed either simple or complex ar-
borizations that consisted of fine branches that emerged at right angles
and had several bouton-like swellings. The parent process could be fol-
lowed to its origin at the soma or proximal dendrite. The original axon
was always identified (by its trajectory toward the ventral roots) and
clearly arose from a different site on the soma.

Tissue sections containing the soma and the immediately adjacent
sections were processed immunohistochemically for sodium channels
using a pan-sodium channel antibody to label initial segments. Tissue
sections containing thick branches of ALPs that did not taper and
matched the staining characteristics of myelinated “dendrites” (indicated
by the disappearance and reappearance of the process as it traveled
through the section) (Cullheim and Kellerth, 1978; Rose and Odlozinski,
1998; Rose et al., 2001) were processed immunohistochemically with
either the pan-sodium channel antibody or an antibody against Nav1.2.
Other tissue sections that contained ALPs that gave off fine branches that
arborized extensively and had structures resembling boutons were pro-
cessed immunohistochemically for SV2 and/or synaptophysin.

Colocalization was initially analyzed using an epifluorescent micro-
scope and then was confirmed using a confocal microscope. Partial re-
constructions were performed using the Neurolucida tracing system
(MicroBrightField). Further colocalization analysis was performed using
NIH ImageJ and Photoshop (Adobe). Images were optimized using the
gain and offset on the confocal microscope. The only post-acquisition
manipulation to images was to enhance the contrast of images that con-
tained the blue fluorochrome, and this was performed using Adobe Pho-
toshop (the confocal microscope was not equipped with the appropriate
lasers for this wavelength).

Immunohistochemistry
Pan-sodium channel immunohistochemistry. Labeling of clusters of so-
dium channels was achieved using a pan-sodium channel antibody
(Sigma, lot number 045K6083) recognizing all types of mammalian so-
dium channels. Labeling using this antibody was highly dependent on the
level of fixation of the tissue and required a perfusion time of 10 min or
less, rendering the tissue fragile and prone to fragmentation. Before pro-
cessing tissue sections containing the process of interest, tissue from the
same experiment was processed using this antibody to confirm that the
fixation level was optimal to label initial segments.

Tissue was incubated for 2 h in PBS with 5% goat serum with 3%
Triton X-100. The pan-Na channel antibody was diluted to a working
concentration of 1:500 and spun on a microcentrifuge for 10 min. The
tissue was incubated for 24 h at 4°C and was followed by a second
incubation with a goat-anti-mouse secondary antibody conjugated to
Cy3 (1:1000; Jackson ImmunoResearch Laboratories) for 24 h at
room temperature.

In our tissue, the pan-sodium channel antibody only labeled struc-
tures that resembled nodes of Ranvier and axonal initial segments, loca-
tions known to possess high densities of sodium channels (Shrager, 1987;
Hedstrom and Rasband, 2006; Kole et al., 2008). The same structures
were labeled in sections collected from the spinal cord of the rat tissue
using an antibody directed against the Nav1.6 protein (NeuroMabs,
1:100, UC Davis/NIH NeuroMab Facility; protocol as for pan-sodium
channel antibody), the sodium channel known to be clustered at nodes of
Ranvier and initial segments (data not shown). Thus, the pan-sodium
channel antibody, in our hands, only labeled regions with a high density
of sodium channels.
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Labeling of presumed initial segments with the pan-sodium chan-
nel antibody was confirmed using the tissue from uninjured animals.
Double immunohistochemical labeling was also performed using the
pan-sodium channel antibody (1:500 protocol as before) along with
an antibody raised against choline acetyltransferase (ChAT) (Milli-
pore Bioscience Research Reagents, 1:100) which was visualized with
the green fluorochrome Alexa 488 conjugated to an anti-rabbit sec-
ondary antibody (1:100, Jackson ImmunoResearch Laboratories).

Nav1.2 immunohistochemistry. Tissue sections containing the ALP and
its fine branches were processed using an antibody directed against the
amino acid residues 467– 485 of the Nav1.2 protein (Millipore Bioscience
Research Reagents; lot number 0607036525). Before blocking, antigen
retrieval was performed using a high-pH, high-temperature sodium ci-
trate buffer. After cooling to room temperature and rinsing, the tissue
was incubated for 2 h in 5% goat serum in PBS with 3% Triton X-100.
The primary antibody was diluted to a final working concentration of
1:250 in PBS with 0.6% Triton X-100 with 5% goat serum and spun on a
minicentrifuge for 10 min. The tissue was incubated in the primary an-
tibody for 24 h. A secondary antibody, goat-anti- mouse, conjugated to
Cy-3 (Jackson ImmunoResearch Laboratories) was diluted to a final
working concentration of 1:500 in PBS with 0.3% Triton X-100. Tissue
was incubated with the secondary antibody for 2 h at room temperature.
Preincubation of the primary antibody with the purified peptide (1:10 for
2 h) abolished all labeling. This suggests that this antibody is specific for
this sequence and, therefore, for Nav1.2. However, the sequence used to
generate the Nav1.2 antibody shares a high degree of homology with the
Nav1.3 protein (12 of 15 aa residues). Western blots on cat tissue using
the Nav1.2 antibody produced a band at the correct molecular weight for
Nav1.2 (�270 kDa) along with another band at 50 kDa. Although BLAST
(basic local alignment search tool) searches revealed no other protein
with high homology to this sequence, Nav1.2 and Nav1.3 have similar
molecular weights. We therefore examined tissue stained with an anti-
body directed specifically at the Nav1.3 protein (1:100, Alomone Labo-
ratories; protocol as for anti-Nav1.2 antibody). Since the pattern of
staining did not match that seen with the Nav1.2 antibody, we concluded
that the Nav1.2 antibody does not bind to Nav1.3.

SV2/synaptophysin immunohistochemistry. SV2 was labeled using a
mouse-anti-SV2 antibody from the Developmental Studies Hybrid-
oma Bank (University of Iowa, Iowa City, IA). Tissue was permeabil-
ized by incubation in a blocking solution of 5% goat serum with 1%
Triton X-100 in PBS for 24 h, followed by a second incubation for 48 h
in the primary antibody (1:50) diluted in PBS with 1% Triton X-100
and saponin. Tissue was incubated for 2 h with the secondary anti-
body, goat-anti-mouse, conjugated to CY-3 (1:500, Jackson Immu-
noResearch Laboratories) diluted in PBS with 6% Triton X-100.
Processing using the synaptophysin antibody (1:100, Zymed) was
performed using the same protocol as for the SV2 antibody with a
goat, anti-rabbit secondary antibody conjugated to aminomethylcou-
marin acetate (Jackson ImmunoResearch Laboratories). Tissue la-
beled with this blue fluorochrome was mounted using Citifluor
mounting medium.

When double labeling was performed using two of any of the dif-
ferent primary antibodies, the tissue was sequentially incubated in
each secondary antibody. Controls for cross-reactivity were per-
formed by incubating tissue in each primary antibody alone and then
with the secondary antibody for the other primary antibodies, and
also with just one primary antibody with both secondary antibodies.
No cross-reactivity was observed.

Electron microscopy
Electron microscopy was performed on two cells. In this case the animal
was perfused with 1% paraformaldehyde and 2.5% glutaraldehyde, and
0.01% CaCl in 0.1 M cacodylate buffer, pH 7.4, and the Neurobiotin was
visualized with an avidin– biotin–peroxidase complex and a diamino-
benzidine reaction. Embedding, sectioning, and postembedding proce-
dures were performed as described previously (Rose and Neuber-Hess,
1991).

Results
Data were collected from 21 proximally axotomized neurons that
previously innervated the BCCM neck muscles of adult cats at
33–38 weeks post-axotomy. In all of these cells, the Neurobiotin
staining extended to the ends of the most distal branches of the
dendritic tree and axon collaterals.

Sixteen of the neurons possessed ALPs in addition to their
original axons. The original axons were clearly identifiable by
their trajectory toward the ventral roots, and the branch points of
their fine collateral branches (which persisted with bouton-like
structures) could be clearly seen, allowing both to be distin-
guished from the ALPs. In total, 22 ALPs were identified on these
cells. The most proximal (to the soma) parts of ALPs were rela-
tively simple (taking a direct trajectory path with little or no
branching) and very fine (�1 �m) compared with proximal den-
drites on the same cell (Fig. 1A). The most proximal parts were
also noticeably thinner than that of the original axons of the
neurons. These processes, however, became thicker (�2 �m)
distally and traveled for considerable distances beyond that nor-
mally observed for dendrites (�2 mm). Distally they remained
thick, did not taper, followed meandering trajectories, and pos-
sessed fine right-angled branches, which arborized extensively
(Fig. 1B, arrows). As far as the Neurobiotin labeling could be
followed, none of the ALPs took a trajectory toward the ventral
roots, the route normally taken by the axons of spinal motor
neurons. Instead, ALPs were widely distributed throughout the
ventral horn (in both the gray and white matter) and the inter-
mediate zone. The fine processes resembled axon collateral
branches, and these branches possessed both en-passant and ter-
minal swellings. The branches had the tendency to arise at con-
siderable distances from the cell body (at least 1 mm) and
appeared to have no one preferred region of termination, occu-
pying regions in the gray matter of the ventral horn and interme-
diate zone (including lamina X), as well as the ventromedial,
ventrolateral, and ventral white matter and ventral commissure.

At 33–38 weeks post-axotomy, ALPs have initial segments as
defined by a clustering of voltage-gated sodium channels
Immunohistochemical labeling of control tissue using a pan-
sodium channel antibody (Sigma) revealed clusters of sodium
channels on structures that resembled initial segments and nodes
of Ranvier (small dots had dimensions that are typical of nodes of
Ranvier, and thicker, longer regions of immunoreactivity
matched the size and known distribution of sodium channels on
the initial segments of neurons). ChAT labeling (data not shown)
confirmed that only one cluster of sodium channels resembling
an initial segment was seen per motor neuron (based on a sample
of �50 cells). On uninjured BCCM motor neurons, only one
initial segment was labeled per cell.

The conditions under which this antibody will work are re-
stricted (see Materials and Methods). As a consequence, only two
of the five 33- to 38-week experiments were processed using this
antibody. Four examples (from three cells) where the most prox-
imal part of an ALP was captured in the same 50-�m-thick tissue
section as the cell body were selected and tested. All four pro-
cesses could be followed distally, through serial tissue sections,
where they became thicker (�2 �m) and had branches with
bouton-like swellings. A discrete cluster of sodium channels co-
localized with all four ALPs close to the soma–ALP junction,
similar to the location of sodium channels on the initial segment
of the axons of intact cells (Fig. 2A,B). No labeling was detected
on processes that resembled dendrites identified by their distinc-
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tive morphology (for example, tapering and acute angled branch-
ing patterns).

It is worth noting that the initial portion of the original axons
(identified by its path toward the ventral roots) had a cluster of

immunoreactivity for sodium channels consistent with an initial
segment, as can be seen in Figure 2Bi. Thus, the initial segment of
the original axon appears to be intact, which is consistent with the
ability to intracellularly record antidromic action potentials
(with both the initial segment and soma-dendritic components)
in all these neurons following stimulation of the peripheral
stump (the method by which all cells were identified).

At 33–38 weeks post-axotomy, the membranes of ALPs are
immunoreactive for the voltage-gated sodium channel
Nav1.2, a prerequisite ion channel for the conduction of
action potentials in nonmyelinated or partially myelinated
axons in the spinal cord.
Clusters of sodium channels resembling mature nodes of Ranvier
were not detected on thick ALPs using the pan-sodium channel
antibody. Thick ALPs, however, were clearly immunoreactive us-
ing an antibody directed against a sequence of amino acids that
forms part of the voltage-gated sodium channel Nav1.2 (Fig. 3).
Labeling was restricted to the edges of the processes and appeared
to surround the Neurobiotin that filled the cells intracellularly,
suggesting that the channels are membrane-bound (Fig. 3B). All
11 ALPs selected from 7 cells displayed immunoreactivity for
Nav1.2. This was confirmed in at least two different regions of
each ALP (usually on different sections). These 11 ALPs in-
cluded the 4 examples that had initial segments labeled with
the pan-sodium antibody (although the presumed initial seg-
ment region was not tested for Nav1.2 immunoreactivity).
Nav1.2 immunoreactivity was observed on both proximal and
very distal regions of the ALPs. Fine collateral-like processes
emanating from these ALPs were also immunoreactive for the
Nav1.2 antibody (Fig. 3C).

Nav 1.2 is usually associated with unmyelinated or sparsely
myelinated axons (Boiko et al., 2001; Kaplan et al., 2001; Trim-
mer and Rhodes, 2004). Yet previous studies have reported
internode-like regions on ALPs at 8 –12 weeks post-axotomy with
up to 24 layers of myelin (Rose et al., 2001). We therefore exam-
ined the distribution of myelin on 2 ALPs at 33–38 weeks post-
axotomy. As in the previous studies, we found a one-to-one
correspondence between faintly stained segments of the ALPs
seen at the microscopic level and myelinated segments seen at the
electron microscopic level (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material). The faintly stained
regions were most commonly associated with thicker processes
and often spanned distances of 50 –100 �m. Some of these re-
gions were separated by short, intensely stained segments. How-
ever, we saw no obvious clustering of Nav1.2 or pan-sodium
channel labeling on dendrite-derived supernumerary axons
(DDSAs) processed with fluorescent markers (except initial seg-
ments), suggesting that nodes of Ranvier have not fully formed at
33–38 weeks post-axotomy.

The original axons of 7 intracellularly labeled axotomized cells
(4 cats) were followed through multiple serial sections in the
ventral funiculus. All 7 were strongly immunoreactive for Nav 1.2
and were adjacent to other Nav1.2-labeled axons that traveled in
discrete bundles toward the ventral root (supplemental Fig. S2,
available at www.jneurosci.org as supplemental material). Based
on their location and trajectory, these bundles likely originate
from other axotomized BCCM motor neurons. The distribution
of the Nav1.2 staining on these axons strongly resembled the
pattern found on ALPs. This distribution is contrary to what is
normally seen on myelinated motor neuron axons, suggesting a
possible disruption of nodes of Ranvier in the original axons.

A

Axon

ALP
ALP

Dendrite

Dendrite

50 μm

50 μm

B

Figure 1. Morphological features of ALPs. A, Confocal images based on a stack of 31, 1-�m-
thick, optical sections of the cell body of an axotomized neuron. The proximal part of an ALP is
shown (arrow). B, Another confocal stack of 37, 1-�m-thick, optical sections showing the distal
portion of an ALP with fine meandering collateral branches (white arrows) branching off of the
main ALP at right angles.
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At 33–38 weeks post-axotomy, bouton-
like structures on fine collateral
processes from ALPs are
immunoreactive for proteins necessary
for the release of synaptic vesicles
Examples of bouton-like structures were
selected from 10 ALPs (9 cells) and were
processed immunohistochemically with
antibodies raised against the SV2 protein.
For each ALP, multiple examples of im-
munoreactive bouton-like structures
were observed. The immunoreactivity
was not observed along the length of the
processes. Labeling was restricted to
bouton-like structures (Fig. 4A,B), both
of the terminal and the en passant kind.
Bouton-like structures at the distal parts
of the branches of the ALP appeared to be
more likely to be immunoreactive than en
passant swellings at more proximal re-
gions. However, we cannot exclude that
this pattern of staining was due to the lim-
ited tissue penetration of the antibody.
Thus, a quantitative analysis was not possi-
ble. Three examples of boutons immunore-
active for SV2 were also processed
immunohistochemically with an antibody
raised against the synaptophysin protein
and were also immunoreactive for synapto-
physin, confirming the appropriateness of
SV2 as a synaptic marker (Fig. 4B).

The time course of the arrival of the
prerequisite proteins is consistent with
the development of the appropriate
morphological structures
At 33–38 weeks post-axotomy, every time
a structure was identified as a putative ini-
tial segment of an ALP or as bouton-like,
it was always immunoreactive for the ap-
propriate protein (i.e., pan-sodium chan-
nel or SV2/synaptophysin) when tested.
The converse is also true; immunoreactive
positive regions (for pan-sodium channel,
Nav.1.2, or SV2/synaptophysin) of the
ALPs were always located in regions consistent with the expected
morphological structures (i.e., initial segment, bouton-like swell-
ing). To determine whether the arrival of these proteins coincides
with the formation of the appropriate morphological structures,
16 motor neurons (4 cats) were labeled at 8 –12 weeks post-
axotomy (in 2 cats the neck motor neurons innervating the
trapezius muscle were axotomized proximally by transecting
the spinal accessory nerve at the C1). All motor neurons had
ALPs consistent with those described at similar time points (see
MacDermid et al., 2004). In these motor neurons the initial por-
tion of the dendrites giving rise to the ALP did not have a clear
cluster of sodium channels as identified with the pan-sodium
channel antibody (although the initial segment of the original
axon was labeled). This was consistent with their morphology, as
the most proximal part of these processes was indistinguishable
from primary dendrites at this time point and did not resemble
initial segments. Thus, the axon initial segment (AIS) must form
on these ALPs somewhere between 8 and 12 and 33 and 38 weeks

post-axotomy. We also observed a different distribution of syn-
aptophysin on ALPs that originated from motor neurons at 8 –12
weeks post-axotomy. At this stage, ALPs do not have bouton-like
structures (MacDermid et al., 2004). Only 3 of 20 ALPs examined
were immunoreactive for synaptophysin (supplemental Fig. S3,
available at www.jneurosci.org as supplemental material). The
immunoreactivity was confined to the terminals or short termi-
nal branches of these ALPs. All of these ALPs formed a small
fan-shaped swelling that was uniformly stained with the synap-
tophysin antibody. Punctate labeling was never observed. The
arrival of sodium channels at the initial segment and a punctate
distribution of synaptic vesicle proteins at bouton-like structures
therefore coincide with the development of the appropriate mor-
phological structures.

Discussion
Previous in vivo studies of ALPs in the adult mammalian ner-
vous system have described these processes in terms of their
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Pan Nav 
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Neurobiotin
Pan Nav 
Channel
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ii ii

25 μm
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Figure 2. Labeling of initial segments. A, Confocal image showing examples of presumed initial segments of two ALPs arising
from an intracellularly labeled axotomized motor neuron taken from a 50-�m-thick tissue section. Both i and ii show a cluster of
sodium channel labeling using the Sigma pan-sodium channel antibody restricted to a location consistent with being an initial
segment (arrows). Inset i, Stack of 6� 1-�m-thick confocal optical slices showing the most proximal part of one ALP from this cell
along with immunohistochemical labeling with a pan-sodium channel antibody that colocalizes at a restricted region of the
process, consistent with that of an initial segment (white arrow). Inset ii, Stack of 3� 1-�m-thick confocal optical slices of a
second ALP with an initial segment on this cell (white arrow). B, Confocal image showing another example of a presumed initial
segment of an ALP arising from an intracellularly labeled axotomized motor neuron taken from 20� 1-�m-thick confocal optical
slices. Inset i, The original axon was easily identifiable and its initial segment (white arrow) is immunoreactive using a pan-sodium
channel antibody (confocal stack of 4� 1-�m-thick sections). Inset ii, The most proximal part of the ALP (white arrow) is also
immunoreactive for the pan-sodium channel antibody (confocal stack of 4� 1-�m-thick sections).
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similarity to the cytoskeletal and anatomical features of axons
(Lindå et al., 1992; Rose et al., 2001; MacDermid et al., 2004).
We now demonstrate that ALPs that emerge from the distal
dendrites of axotomized neurons also possess the prerequisite
molecular machinery for action potential initiation, action
potential propagation, and the release of synaptic vesicles. All
of these features are functional hallmarks of axons. Data from
a shorter post-axotomy interval confirms that the arrival of
these proteins coincides with the formation of the appropriate
morphological structures.

Changes in polarity due to axotomy depend on the
experimental model
Changes in neuronal polarity following axotomy have also been
previously demonstrated in both culture and slice preparations
(Bradke and Dotti, 2000; Hayashi et al., 2002; Gomis-Rüth et al.,
2008). Despite the fact that proximal axotomy leads to the con-

version of dendrites into axons regardless
of the type of experimental preparation, in
vivo or in vitro, or the age of the neurons,
there are major differences in the time
course of the conversion (being consider-
ably slower in vivo), the conditions that lead
to the conversion (requiring a less proximal
axotomy in vivo), and the consequences of
axotomy to the original axon (which is lost
in vitro but persists in vivo). Thus, in vivo, the
neuron gains one or more new axons lead-
ing to a multi-axon neuron.

The in vitro studies have been per-
formed using embryonic or early postna-
tal neurons (Bradke and Dotti, 2000;
Hayashi et al., 2002; Gomis-Rüth et al.,
2008). The finding that axotomy on the
adult nervous system in vivo leads to
changes in polarity that mimic some,
but not all, of the changes seen in in vitro
studies therefore suggests that axotomy-
driven changes in neuronal polarity are de-
termined, in part, by the maturity of the
nervous system. If factors maintaining neu-
ronal polarity during development are the
same in the adult, then the distribution and
timing of changes in the expression of these
factors must be appropriately adjusted in
the adult nervous system. It is also plausible,
however, that the underlying mechanisms
responsible for the regulation of polarity fol-
lowing axotomy may be fundamentally dif-
ferent in the adult nervous system, in vivo.

Nomenclature: dendroaxons or
supernumerary axons?
In the current experiments all ALPs had
proximal processes morphologically re-
sembling axons rather than dendrites.
At post-axotomy intervals of �12
weeks, all ALPs emerge from the tips of
distal dendrites (MacDermid et al.,
2002). This suggests that dendrites giv-
ing rise to ALPs lose their dendritic
identity over the course of �20 weeks
and are transformed into the proximal

segments of the new axon. This is consistent with the gradual
distal to proximal retrograde loss of the dendritic cytoskeletal
protein MAP2a/b from the dendrite (Hayashi et al., 2002;
MacDermid et al., 2004; Takahashi et al., 2007). We now dem-
onstrate the axonification of the original dendrite giving rise
to the ALP at a functional level as indicated by the presence of
an initial segment (defined by a clustering of sodium chan-
nels). This suggests that the term dendroaxon (Lindå et al.,
1985) that has been used to define these processes is only
appropriate during the early stages of the development of
ALPs and represents a transitory stage. At longer post-
axotomy intervals, ALPs are largely indistinguishable from
additional axons which sometimes emanate from cell bodies
following distal axotomies (Havton and Kellerth, 1987). These
axons were called “supernumerary axons.” In keeping with
this nomenclature, ALPs are best described as dendrite-
derived supernumerary axons (DDSAs).
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Figure 3. Nav1.2 on new dendrite-derived axon-like processes of an axotomized motor neuron. A, Partial reconstruction
of an intracellularly labeled axotomized motor neuron showing a thick meandering ALP with fine collaterals branches (blue
arrow indicates the proximal part of the original axon which was identified by its trajectory toward the ventral roots). B,
Confocal stack (from 29� 1-�m-thick optical sections) of a distal region of the ALP (indicated by the green box in Fig. 3A).
Inset i, Single 1-�m-thick confocal images used to generate the stacked image (green) with immunohistochemical
labeling of the voltage-gated sodium channel Nav1.2 (red) showing the Nav1.2 labeling on the edge of the process. Inset
ii, Another single 1-�m-thick confocal image of the above ALP (green) with immunohistochemical labeling of the voltage-
gated sodium channel Nav1.2 (red) showing the Nav1.2 labeling in and surrounding the process. C, Fine collateral-like
process (white arrows) from the ALP labeled with Neurobiotin (i) and Nav1.2 labeling in red (ii), which colocalize (iii).
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Functional capacity and
density/distribution of proteins
essential for the initiation and
propagation of action potentials and
synaptic vesicle release
While the presence of voltage-gated so-
dium channels is a prerequisite for the ini-
tiation and conduction of action
potentials, this function depends upon
the absolute density of channels clustered
at crucial locations. While we have no
quantitative data to address this issue, the
intensity/density of labeling of sodium
channels that we observed on the DDSAs
matched what we have observed in our
laboratory on injured axons, which con-
ducted antidromic action potentials, and
on axon collaterals in the gray matter of
uninjured neurons (C. F. Meehan and
P. K. Rose, unpublished observation), sug-
gesting that the density of sodium channels
on DDSAs may be sufficient to conduct ac-
tion potentials. The dispersed distribution
of Nav1.2 along the DDSA is typical of un-
myelinated or partially myelinated axons
(Westenbroek et al., 1992; Boiko et al., 2001;
Craner et al., 2003). While sparse regions of
myelination on DDSAs are present at earlier
post-axotomy time intervals (Lindå et al.,
1992; Rose et al., 2001), the extent of myeli-
nation of DDSAs at 33–38 weeks post-
axotomy is unknown. The fact that Nav 1.2
channels are not confined to discrete zones
at 33–38 weeks post-axotomy suggests that
myelination is incomplete. While this may
affect the conduction velocity of action po-
tentials, it would not impair the ability of
DDSAs to conduct action potentials, as con-
duction in unmyelinated axons is based
solely on dispersed Nav1.2 channels.

To what extent does the labeling of
boutons with the SV2/synaptophysin an-
tibodies represent mature functional syn-
apses? The uniform labeling of distal
structures at short intervals post-axotomy
are consistent with that seen on growth
cones of developing axons and in contrast
with the punctate labeling observed in
mature, functional, synapses (Fletcher et
al., 1991). At 33–38 weeks post-axotomy,
SV2 and synaptophysin immunoreactiv-
ity on DDSAs is punctate and restricted to
terminal and en passant bouton-like struc-
tures. The time-dependent redistribution of
these proteins is consistent with the forma-
tion of functional synapses seen during development (Fletcher et al.,
1991; Quinn et al., 2003), providing strong support that SV2/
synaptophysin-labeled boutons on DDSAs are functional synapses.

Possible functions of DDSAs
It has been suggested that the development of DDSAs on axoto-
mized cells may be a mechanism by which the neuron attempts to
replace the original axon (MacDermid et al., 2004; Gomis-Rüth et

al., 2008). The observation that a single neuron develops more than
one DDSA, however, may speak against this interpretation. Further-
more, in the current experiments, no DDSAs were observed travel-
ing toward the ventral roots. In fact, no preferred trajectory was
apparent, and the DDSAs traveled rostrally or caudally or dorsally
before terminating �2 mm from the cell body. This would suggest
that the potential targets of DDSAs may not be the same as the
original axon and, thus, DDSAs do not replace the injured axon. One
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Figure 4. Synaptic vesicle-associated proteins in bouton-like structures on new dendrite-derived axon-like processes of axo-
tomized motor neurons. A, Intracellular labeling using Neurobiotin (green) of an ALP with bouton-like structures and immunohis-
tochemical labeling using an antibody specific for the SV-2 protein (red). Because of the density of SV-2 labeling in the gray matter,
an example was selected from the white matter for clarity of illustration. The main figure is from a confocal stack of 40�
1-�m-thick optical slices. Inset i, 1-�m-thick confocal section showing a bouton-like structure (indicated with white arrow)
intracellularly labeled with Neurobiotin (i), SV-2 labeling (ii), and with colocalization performed using ImageJ software (iii). B,
Another example of an ALP with bouton-like structures (indicated with white arrow) in the white matter. Immunohistochemical
labeling using the SV-2 protein (red) colocalizes with the bouton-like structures (arrows). Immunohistochemical labeling using an
antibody specific for the synaptophysin protein (blue) also colocalizes with the same bouton-like structures (arrows). The images
in B were taken using an epifluorescent microscope and a 50-�m-thick tissue section, and colocalization was performed using
Adobe Photoshop software.
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possibility is that DDSAs convert the motor neuron into a new type
of interneuron combining the connections of the axon collaterals
from the original axon with a new set of connections provided by the
DDSAs. The function of these new connections is unclear, but they
could provide a route to convey descending excitatory drive to other
motor neurons that may not be axotomized. It is unknown what
neurotransmitters are released by DDSAs, although they are immu-
noreactive for ChAT at 6 weeks post-axotomy (Hoang et al., 2005).
However, it is known that axon collaterals of spinal motor neurons
can corelease glutamate (to excite Renshaw cells and other motor
neurons) and acetylcholine (Mentis et al., 2005; Nishimaru et al.,
2005).

It is also plausible that DDSAs may play a role in the survival of
the injured cell via the retrograde transport of neurotrophic fac-
tors such as brain-derived neurotrophic factor (BDNF). BDNF is
retrogradely transported by axons of spinal motor neurons and
exerts a neuroprotective effect on spinal motor neurons follow-
ing axotomy, promoting cell survival and enhancing regenera-
tion (Yan et al., 1992; Novikov et al., 1997). The usual source of
BDNF is muscle. However, there are other sources of BDNF that
are in the spinal cord, including primary afferents (Walker et al.,
2001; Li et al., 2009), the motor neuron itself (Kobayashi et al.,
1996; Johnson et al., 2000), and noradrenergic axons (Fawcett et
al., 1998).

Mechanisms underlying the formation of DDSAs
Several studies have described the intracellular signal cascades
responsible for the development and maintenance of neuronal
polarity (Inagaki et al., 2001; Jiang et al., 2005; Yoshimura et al.,
2005; Witte et al., 2008). Proximal axotomies may indirectly in-
terfere with these cascades in vivo. Both upstream effectors in
these signaling cascades, for example brain-derived neurotrophic
factor and its receptor trkB, and downstream effectors, for exam-
ple, CRMP-2 (collapsin response mediator protein 2), are up-
regulated following axotomy (Kobayashi et al., 1996; Suzuki et
al., 2003).

Recent work has also suggested a crucial role for the AIS in the
maintenance of neuronal polarity (Rasband, 2010). Loss of the
AIS scaffolding protein ankyrin G disrupts the axon initial seg-
ment causing axons to acquire the molecular and structural char-
acteristics of dendrites (Hedstrom et al., 2008). Disruption of the
axon initial segment has been demonstrated both in vitro and in
vivo following ischemic injury and optic nerve crush (Schafer et
al., 2009), and it has been hypothesized from these studies that
disruption of the axon initial segment following peripheral nerve
injury may explain other alterations in neuronal polarity in axo-
tomized neurons such as we report here. However, in our injury
model there is both anatomical and electrophysiological evidence
that the original axon initial segment is functionally intact. All of
the motoneurons in this study were antidromically activated,
similar to previous studies at post-axotomy intervals as short as 2
weeks. Since DDSAs started to form at 2 weeks post-axotomy
(albeit at a very immature stage) (see MacDermid et al., 2004), we
cannot preclude a disruption of the initial segment at times be-
fore 2 weeks. However, at no time points studied thus far have we
seen any indication of the original axon acquiring dendritic fea-
tures, either morphological or molecular. These observations are,
in fact, consistent with the concept of the axon initial segment as
a physical/molecular barrier protecting the axonal identity of the
axon by excluding dendritic components as has been suggested
(Rasband, 2010). However, although disruption of the axon ini-
tial segment may be a prerequisite for the conversion of axons to

dendrites, our results suggest that disruption of the AIS does not
appear to be necessary for the conversion of dendrites to axons.

Implications for the injured nervous system
In the present study, axotomies were experimentally induced and
specific measures were taken to prevent regeneration. This leads
to the question: could DDSAs form in response to peripheral
nerve damage as a consequence of traumatic injuries, such as
damage to the brachial plexus? While it is well established that
injured peripheral nerves have the capacity to regenerate, regen-
eration is rarely 100% successful and is often much less following
proximal or more severe injuries (Krarup et al., 2002; Reyes et al.,
2005). Thus, it is likely that a population of permanently axoto-
mized motor neurons will be a common outcome of many types
of proximal peripheral nerve injuries. It has also been demon-
strated that following a midsagittal transection of the spinal cord,
some distal dendritic processes of axotomized commissural spi-
nal interneurons were immunoreactive for the axonal growth
protein GAP-43 (Fenrich et al., 2007). These were only observed
on cells whose axons failed to regenerate. Thus, the conversion of
dendrites to axons may also occur following axotomy caused by
spinal cord injuries. Given that DDSAs possess the molecular
machinery necessary to function as axons, it is now vital to deter-
mine their synaptic connections, the intracellular signaling cas-
cades responsible for their formation, and their ultimate fate.
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