
Journal Club

Editor’s Note: These short reviews of recent JNeurosci articles, written exclusively by students or postdoctoral fellows, summarize
the important findings of the paper and provide additional insight and commentary. If the authors of the highlighted article have
written a response to the Journal Club, the response can be found by viewing the Journal Club at www.jneurosci.org. For more
information on the format, review process, and purpose of Journal Club articles, please see http://jneurosci.org/content/
preparing-manuscript#journalclub.

Restoring Lost Excitability: Regenerating CNS Axons Inch
Toward Electrogenicity

X Randa Abu-Youssef
Department of Clinical Pharmacology, Faculty of Medicine, University of Alexandria, Alexandria, Egypt

Review of Marin et al.

More than 2000 years ago, Hippocrates
reported that a severed nerve neither
grows nor unites (Hippocrates and Lloyd,
1978), but �100 years ago evidence of
CNS neuroregeneration began to see the
light of day with the discovery by Tello
and Ramón y Cajal (1913) that an injured
optic nerve can extend its axon into an
adjoining peripheral nerve graft. This
work revealed that CNS axons can re-
generate if provided with a permissive
environment. Nonetheless, more recent
studies have confirmed that in attempting
to block unbridled inflammation by se-
cluding injured neurons from surround-
ing tissue (Faulkner et al., 2004), the CNS
of higher vertebrates provides an environ-
ment that stifles axon growth (Davies et
al., 1997). In particular, inhibitory myelin-
associated factors contribute to the non-
permissive environment of adult CNS
injury (Caroni and Schwab, 1988).

While great strides have been made in
promoting axonal growth by neutraliz-
ing extrinsic, myelin-associated inhibi-
tion (Caroni and Schwab, 1988), these
successes have revealed a new hurdle: CNS
neurons shut down their intrinsic growth

program soon after the animal is born
(Goldberg et al., 2002). Although such
growth repression enables proper synap-
tic development (Tedeschi et al., 2016), it
comes at a price: CNS neurons resist exter-
nal growth-promoting strategies. Hence, to
achieve full functional recovery, prospec-
tive therapies will likely need to overcome
the intrinsic resistance to growth of CNS
neurons, as well as to suppress the inhibi-
tory nature of the growth environment.

Attempts to overcome the intrinsic in-
hibition of axonal growth have identified
several pathways that may be manipulated
to promote regeneration. Vitreal inflam-
mation can trigger retinal ganglion cells
(RGCs) to adopt a growth state similar to
that in embryonic development (Yin et al.,
2003). In addition, PTEN expression,
which has been shown to begin in the
mouse brain on the day of birth, limits
regeneration by inhibiting PI3K-
mediated promotion of protein synthe-
sis, which is required for growth
(Lachyankar et al., 2000). Levels of cAMP,
another molecule that regulates protein
expression, also fluctuate in parallel with
the developmental switch in CNS regen-
erative capacity: cAMP levels are high in
rat neurons on postnatal day 1, but they
decline on postnatal days 3– 4. Notably,
cAMP also blocks the inhibitory role of
CNS myelin in utero, enabling myelin to
be a permissive growth substrate during
embryonic life. The waning levels of
cAMP by postnatal days 3– 4 coincide

with the onset of inhibitory CNS myelin
(Cai et al., 2001). Importantly, combining
PTEN deletion with cAMP elevation and
vitreal inflammation can boost RGC re-
generation �10-fold versus single-agent
therapy (Kurimoto et al., 2010).

Although attempts to stimulate axonal
regeneration have met with increasing
success, whether regenerating CNS neu-
rons can reestablish their axon initial seg-
ment (AIS) and nodes of Ranvier has been
unclear. This is important because the
AIS, in addition to being the site of action
potential initiation, acts as a selective filter
to ensure that somatodendritic and ax-
onal proteins remain in their respective
domains, thus maintaining neuronal po-
larity (Hedstrom et al., 2008). The nodes
of Ranvier are important because they
ensure efficient action potential transmis-
sion with minimal energy taxation. Previ-
ous work suggests that whether the AIS is
damaged is an important determinant of
axonal regeneration: in vitro axotomy
within 35 �m of the soma (i.e., in the re-
gion of the AIS) led to axonal transforma-
tion of a nearby dendrite, while lesions
beyond 35 �m induced normal regenera-
tion of the original axon (Gomis-Rüth et
al., 2008).

Formation of the AIS and nodes of
Ranvier is linked to the establishment of
neuronal polarity, because the function
of the AIS and nodes depends on an ap-
propriately positioned molecular scaffold
for clustering ion channels (Fig. 1). Inter-
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estingly, in addition to regulating axon
growth, cAMP and the PI3K pathway are
involved in neuronal polarity (Barnes
and Polleux, 2009; Muñoz-Llancao et al.,
2015). Consequently, boosting these sig-
naling pathways may help to reestablish
the AIS and nodes of Ranvier as they stim-
ulate the growth of regenerating axons.

In an article published in The Journal of
Neuroscience, Marin et al. (2016) studied
the triple combination of Pten deletion,
cAMP analog administration, and inflam-
mation on AIS and nodal reassembly in
mouse RGCs after optic nerve crush, and
asked whether the reassembly of these
structures is necessary for axonal regener-
ation. In control adult Pten knock-out
mice, optic nerve crush caused a loss of
axons, a decrease in nodal density, and
disassembly of the AIS that increased be-
tween 0.5 and 30 d postlesion (dpl). De-
generation progressed centrifugally from
the injury site, with a greater loss in re-
gions close to the injury. This pattern of
degeneration is similar to what occurs in
acute axonal degeneration (Knöferle et al.,
2010). Because calcium influx occurs early
in acute axonal degeneration, and because
calcium channel inhibitors can double the
number of regenerating axons within
�400 �m of the crush site (Ribas et al.,
2017), axonal and nodal degeneration
described by Marin et al. (2016) might
be attributable to activation of calcium-
dependent calpain proteases near the in-
jury site, as a result of calcium influx in
that region. Because calpain catalyzes
cleavage of �-spectrin (Ribas et al., 2017),
a protein found in paranodal regions
flanking the nodes, immunostaining for

calpain-mediated cleavage products of
�-spectrin to determine whether fluores-
cence intensity is greatest in regions flank-
ing the injury site could shed light on the
mechanism of axonal disintegration in
this region.

Inmice lackingPtenandtreated intravitre-
allywithacAMPanalogandzymosan(which
induces inflammation), regeneration was
detected via neurofilament-M immuno-
staining within 14 dpl. Regeneration was
absent in saline-injected controls with
Pten knockout. A possible confound for
these experiments was the presence of degen-
erating axons, which retain neurofilament-M
staining for 2 weeks after injury. To dis-
criminate between degenerating and re-
generating axons, and thus to enable
accurate quantification of regenerating
axons, it might be helpful to inject a cell-
impermeant fluorescent nucleic acid dye
to identify dying axons (Tsuda et al.,
2016). Nevertheless, a difference between
treated and control nerves was evident af-
ter 6 and 12 weeks (Marin et al., 2016,
their Fig. 4). It is worth noting that the
optic nerve was injured at some distance
from the soma; hence, it is unclear
whether injuring the axon in the vicinity
of the AIS, as was done by Gomis-Rüth
et al. (2008), will affect regeneration
differently.

To investigate the ability of treated
RGCs to reform paranodes (which im-
plies remyelination) and nodes, Marin et
al. (2016) used Caspr and �IV-spectrin
immunostaining, respectively. As an es-
sential cell adhesion molecule of para-
nodes, Caspr forms part of the axoglial
junction with the myelin sheath. Unlike

axon regeneration, which was seen within
14 dpl, remyelination and nodal reassem-
bly were lacking after 2 weeks. With time,
however, remyelination and nodal reas-
sembly were clearly detected. The pattern
of remyelination and nodal reassembly
appeared to progress proximodistally be-
cause nodes and remyelination were de-
tected after 6 weeks both at the injury site
and proximal to the site, while neither was
found distal to the injury after 6 weeks.
After 12 weeks, however, both nodes and
paranodes were detected distally, albeit at
a lower frequency than in more proximal
regions. Because neurons undergo axon–
dendrite specification during migration in
early development (Zolessi et al., 2006;
Barnes and Polleux, 2009), and this mi-
gration responds to axon guidance cues,
such as Netrins, Slits, and Ephrins, which
have been found to constitute gradients
along the migratory path (Kennedy et al.,
2006), these guidance molecules might
play a role in the proximodistal pattern
of nodal reassembly and remyelina-
tion found by Marin et al. (2016, their
Figs. 5, 6).

To address whether neurons require
neuronal polarity for regeneration, Marin
et al. (2016) used a conditional knockout
of Ank3 [the Ankyrin G (AnkG) gene]
combined with treatment with Curdlan, a
strong inducer of inflammation (to avoid
the need to simultaneously delete Pten) to
test whether Ank3 deletion affects RGC
regeneration. AnkG is the “molecular
glue” that holds together the scaffold of
the AIS and nodes (Fig. 1). AnkG in the
AIS is essential for maintaining neuronal
polarity, as indicated by the fact that

Figure 1. Ankyrin G, the molecular glue of the axon initial segment and nodes of Ranvier. AnkG binds to the sodium channels and cell adhesion molecules (NF-186, NrCAM) in the membrane, and
links them to the cytoskeletal actin–�IV-spectrin complex below. Marin et al. (2016) found that knocking out AnkG disrupted nodal structure and the axon initial segment but did not affect
regeneration.
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AnkG loss leads axons to assume dendritic
features (Hedstrom et al., 2008). Marin et
al. (2016) found that regeneration, mea-
sured by growth-associated protein 43
immunostaining, was similar in treated
mice with or without Ank3 deletion 2
weeks after injury, although AnkG was
missing in the nodes of treated knock-out
mice. This is in contrast to the treated Pten
knock-out mouse, where AIS reassembly
(and evident regeneration) was detected
(using �IV-spectrin immunostaining of
the reassembled AIS) after 6 and 12 weeks.
Thus, despite AnkG loss in the AIS,
treated axons maintained regenerative
ability. An important caveat, however,
comes from a recent article (Ho et al.,
2014) showing that if AnkG is lost in adult
RGCs, ion channel clustering and nodal
structure could still be salvaged due to the
presence of a preexisting cellular pool of
AnkR. AnkR binds to ion channels of the
nodes at a lower affinity than AnkG yet, in
the absence of AnkG, can replace its
“glue” function. Thus, testing whether ax-
onal regeneration in treated mice occurs
in the absence of both AnkG and AnkR
would be valuable in dissecting any com-
pensatory role played by AnkR.

In summary, Marin et al. (2016) pro-
vided answers to two critical queries
pertaining to CNS regeneration. By dem-
onstrating that regenerating neurons, un-
der controlled treatment, reassemble their
excitable domains, which are indispens-
able to action potential generation and
propagation, and that regeneration is inde-
pendent of the preservation of AnkG-
dependent neuronal polarity, they have
brought the neural regeneration com-
munity two steps closer to the realization
of functional recovery in the CNS after
devastating injuries.
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Gomis-Rüth S, Wierenga CJ, Bradke F (2008)
Plasticity of polarization: changing dendrites
into axons in neurons integrated in neuronal cir-
cuits. Curr Biol 18:992–1000. CrossRef Medline

Hedstrom KL, Ogawa Y, Rasband MN (2008)
AnkyrinG is required for maintenance of the
axon initial segment and neuronal polarity.
J Cell Biol 183:635– 640. CrossRef Medline

Hippocrates, Lloyd GER (1978) Hippocratic
writings (Chadwick J, Mann WN, transla-
tors). Harmondsworth, UK: Penguin Books.

Ho TS, Zollinger DR, Chang KJ, Xu M, Cooper
EC, Stankewich MC, Bennett V, Rasband MN
(2014) A hierarchy of ankyrin-spectrin
complexes clusters sodium channels at
nodes of Ranvier. Nat Neurosci 17:1664 –
1672. CrossRef Medline

Kennedy TE, Wang H, Marshall W, Tessier-
Lavigne M (2006) Axon guidance by diffus-
ible chemoattractants: a gradient of netrin
protein in the developing spinal cord. J Neu-
rosci 26:8866 – 8874. CrossRef Medline
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