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@ PERSPECTIVE

Calcium channel inhibition-mediated
axonal stabilization improves axonal
regeneration after optic nerve crush

Axonal projections are specialized neuronal compartments and
the longest parts of neurons. Axonal degeneration is a common
pathological feature in many neurodegenerative disorders, such as
Parkinson’s disease, amyotrophic lateral sclerosis, glaucoma, as well
as in traumatic lesions of the central nervous system (CNS), such
as spinal cord injury. In many neurological disorders, the axon is
the first neuronal compartment affected, preceding the death of cell
bodies. Following a lesion to the CNS, damaged axons degenerate
and usually fail to regenerate past the point of the original injury,
resulting in permanent deficits.

The process of axonal degeneration is a regulated self-destructing
cellular mechanism, which involves different steps. In the spinal
cord and optic nerve, a focal traumatic lesion to the axons results
in a sudden axonal disintegration extending for about 500 pm on
both sides of the lesion that is termed acute axonal degeneration
(Knoferle et al., 2010). After the fast disintegration of the adjacent
parts of the lesioned axon during acute axonal degeneration, the
rest of the axon remains morphologically stable within the follow-
ing hours. At later time points the distal part of the axon undergoes
Wallerian degeneration characterized by a widespread breakdown
of the axonal cytoskeleton, destruction of internal organelles and
ultimately axonal disintegration, while the proximal part of the
axon starts the so-called slow dying back. At the molecular level, the
initial axonal injury leads to a rapid calcium influx into the axon.
Downstream of calcium, calpain proteases, which are key mediators
of cytoskeletal degradation, are activated. In addition to calpain acti-
vation, autophagy is another important mechanism downstream of
calcium that is increased in the course of axonal degeneration in the
optic nerve and the spinal cord (Knoferle et al., 2010; Ribas et al.,
2015). Channel-mediated influx of extracellular calcium is critical
for initiating acute axonal degeneration, as calcium channel blockers
prevent the early intra-axonal rise in calcium and almost completely
prevent the following axonal degeneration. Moreover, addition of a
calcium ionophore significantly increases the speed of axonal dis-
integration (Knoferle et al., 2010). Therefore, calcium influx is an
important priming process regulating axonal degeneration.

Numerous studies aiming at the improvement of outcome after
traumatic axonal CNS lesions focused on neurorestorative approach-
es, such as stimulation of sprouting and axonal regeneration. The
preservation of axonal integrity could be beneficial to improve such
strategies. For example, increased axonal stabilization could lead to
a shorter distance for the regenerating axons to regrow. Moreover,
preserved and still connected axons, which would otherwise undergo
secondary degeneration, could serve as guide structures for regener-
ating axons. Thus, failure to preserve axonal integrity could be one
reason for limited functional recovery following traumatic lesions.
However, it has not been systematically assessed whether the attenu-
ation of axonal degeneration indeed improves the ability of axons to
regenerate past a lesion site. Recently we addressed this question by
blocking acute axonal degeneration using calcium channel inhibitors
in a model of optic nerve crush (ONC) lesion and analyzing axon
regeneration at later time points (Ribas et al., 2016).

The optic nerve injury model is a widely used paradigm, which
offers the big advantage of an easy surgical access to the optic nerve
itself and the vitreous permitting to target retinal ganglion cells (RGC)
in order to assess their survival and regenerative properties. Our
group showed previously, by optic nerve live-imaging experiments,
that topical application on the optic nerve of a combination of the
two calcium channel inhibitors (L-/N-type channel blocker amlodip-
ine, T-type channel blocker amiloride) and the AMPA receptor block-
er NBQX was able to block calcium influx and almost completely
stabilize superficial axons after crush lesion (Knoferle et al., 2010).

We attempted to stabilize the maximum number of optic nerve
axons by using a dual strategy to deliver calcium channel inhibitors
to RGC axons: intravitreal injection and topical application on the
optic nerve (Ribas et al., 2016). We found that our strategy was
able to almost completely prevent the acute axonal degeneration of
superficial axons after ONC assessed by in vivo live-imaging, cor-
roborating previous results of our group. We additionally showed
axonal stabilization localized in deeper regions of the optic nerve,
although complete axonal protection in the inner optic nerve was
not achieved. This incomplete axonal protection in deeper regions
can be explained because superficial axons are more easily reachable
by topical inhibitor application than the axons in the inner optic
nerve. In addition, traumatic lesions can induce an increase in in-
traaxonal calcium concentration via different mechanisms, including
influx from extracellular sources through mechanopores, as well as
from intracellular stores such as mitochondria or the endoplasmic
reticulum. Thus, this strategy might not completely block the rise in
intraaxonal calcium concentration in all lesioned optic nerve axons.

It has been previously established that preventing calcium influx
after traumatic lesion protects axons from degeneration. However,
experiments that addressed the question of whether the specific
blockage of acute axonal degeneration by calcium channel inhibi-
tion facilitates subsequent axonal regeneration distal to the lesion
site were missing. We now showed that axonal stabilization by cal-
cium channel inhibition significantly increases axon regeneration
up to 2-fold distal to the crush lesion site, thus confirming this hy-
pothesis. However, the increase in axonal regeneration was limited
to the area close to the crush site, at larger distances from the crush
site (> 400 um), the treatment was not effective. In the adult CNS,
a lesion to the axons results in axonal degeneration and the axons
fail to regenerate past the point of the original injury. The failure in
the regenerative response of adult CNS neurons is predominantly
caused by the weak intrinsic growth capacity of adult neurons and
the presence of growth-repressing molecules in the CNS environ-
ment. In our study we did not target the inhibitory environment
neither the intrinsic capabilities for axonal outgrowth. Thus, the
effect we observed on axonal regeneration is only due to the in-
creased axonal stabilization. In conclusion, our proof-of-principle
study showed that axonal stabilization by inhibition of calcium
channels facilitates axonal regeneration and it could be combined
with additional strategies in order to elicit a more robust effect.

In addition to axonal protection, promoting cell survival is essen-
tial for successful regeneration. We therefore also evaluated neuronal
survival and found that inhibition of calcium channels increases RGC
survival after ONC. We targeted AMPA receptors and these receptors
have been linked to excitotoxic neuronal death which involves in-
creased calcium influx. In addition, previous studies also found that
inhibition of calcium channels increased RGC survival. Now, our
study showed that in addition to the effect on RGC survival, calcium
channel inhibition decreases axonal degeneration and improves ax-
onal regeneration. These effects mediated by calcium channel inhi-
bition seem to be specific and were not observed in previous studies
targeting other mechanisms involved in axonal degeneration. For
example, the Wallerian degeneration (Wlds) mutation, which protects
axons from degeneration through a completely different mechanism,
does not increase RGC survival (Beirowski et al., 2008). Thus, our
study points to calcium channels as therapeutic targets, which in ad-
dition to axonal protection also regulate RGC survival.

We next evaluated the molecular downstream cascade involved in
the effects of calcium channel inhibition. Here we found that inhi-
bition of calcium channels reduces calpain activity in the lesioned
optic nerve. Calpain is a calcium-dependent protease, which cleaves
a variety of vital cellular components. Calpain inhibitors protect ax-
ons from degeneration, indicating that calpain activity is important
for axonal degeneration. Moreover, calpain inhibition has a neuro-
protective effect against axonal damage-induced RGC death. Thus,
the reduction of calpain activity by calcium channel inhibition could
provide a mechanistic link to the effect on axonal degeneration and
RGC survival. We also found that the activity of the c-Jun N-terminal
kinase (JNK)/c-Jun signaling pathway was attenuated by inhibition
of calcium channels. JNK is a serine/threonine kinase that regulates
RGC death and axon degeneration after optic nerve lesion. The tran-
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Figure 1 Scheme of the proposed cellular and molecular effects of calcium
channel inhibition on RGC cell body and axons after optic nerve crush
(ONC).

(A) In untreated animals, ONC lesion leads to a rapid influx of calcium
through different calcium channels, which induces axonal degeneration
and retinal ganglion cells (RGC) death. These effects were accompanied by
an increase in the activity of calpain and the JNK/c-Jun signaling pathway
that most likely contribute to axonal degeneration and cell death. (B) Ap-
plication of calcium channel inhibitors (amlodipine, NBQX and amiloride)
decreased axonal degeneration, increased RGC survival and improved axo-
nal regeneration. Mechanistically, calcium channel inhibition decreased the
activities of calpain, JNK/c-Jun signaling pathway and increased the activity
of Akt, which suggest that these mechanisms could be involved in the effects
of calcium channel inhibitors.

scription factor c-Jun is the major target of JNK and regulates RGC
apoptosis after optic nerve lesion. The activation of JNK/c-Jun sig-
naling pathway can be activated by a variety of cellular stresses. For
example, ONC induces activation of JNK signaling pathway in RGC
via TNFa. Our study now points to calcium influx as an additional
mechanism involved in activation of the JNK/c-Jun signaling path-
way. Therefore, decreased activity of JNK/c-Jun by calcium channel
inhibition could be an additional mechanism contributing to attenu-
ated axonal degeneration and RGC death. Finally, we showed that the
activation (phosphorylation) of the pro-survival serine/threonine
protein kinase Akt was increased in the ganglion cell layer of retinas
treated with calcium channel inhibitors. Akt has a pivotal function
in mediating survival signaling in neuronal cells, as well as, axonal
outgrowth, including in RGC. Thus, the increase in Akt activation
induced by calcium channel inhibition could explain the effects on
RGC survival and axonal regeneration (Figure 1).

Several previous studies focused on axonal stabilization after
traumatic injury to the CNS. For example, the Wlds mutation or
the expression of nicotinamide mononucleotide adenylyltransfer-
ase 3 both decrease axonal degeneration, but axon regeneration
was not evaluated here (Beirowski et al., 2008; Kitaoka et al., 2013).
Taxol, a microtubule stabilization agent, significantly stabilizes
axons after traumatic injury to the CNS acting directly on the af-
fected cytoskeleton (Ertiirk et al., 2007). More recently, Hellal et al.
described robust increase in axon regeneration by Taxol treatment
in a model of dorsal spinal cord injury (Hellal et al., 2011). In ad-
dition, Taxol increases axon regeneration after optic nerve crush
lesion, but did not influence the survival of RGCs (Sengottuvel et
al,, 2011). Although, axonal stabilization partially accounts for the
effect of Taxol on axon regeneration, decreased fibrotic and glial
scar formation also contribute to it (Hellal et al., 2011; Sengottuvel
et al., 2011). Moreover, a recent study trying to reproduce the data
from Hellal et al. (2011) could not observe an increase in axonal
regeneration despite showing a decrease in fibrotic scar forma-
tion (Popovich et al., 2014). Our study now showed that calcium
channel inhibition-mediated axonal stabilization improves RGC
survival and axonal regeneration. Although calcium influx is a very
rapid event after traumatic lesion to the CNS, even delayed block-
ing of calcium influx was shown to decrease secondary axon loss
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after a contusive spinal cord injury (Williams et al. 2014). Thus,
our study contributes to an improved understanding of the value
of calcium influx blockers in the limitation of axonal degeneration
and neuronal death, as well as improved axonal regeneration. In a
translational approach, additional studies will be required to titrate
the optimal dosage, the exact timing, the best localization to apply
the treatment and any to implement combinatorial strategies.

Taken together, in our study, using a rat ONC model, we found
that application of calcium channel inhibitors preserved axonal in-
tegrity from acute degeneration and consecutively increased survival
of RGCs and improved axonal regeneration. Moreover, we showed
that calcium channel inhibitors decreased lesion-induced calpain
activation, attenuated the activation of the JNK/c-Jun signaling
pathway and increased the activation of the pro-survival kinase Akt,
suggesting that these mechanisms could be involved in the effects of
calcium channel inhibitors. In conclusion, our study shows that an
intervention targeting axonal integrity could be an important step in
a combinatorial therapeutic strategy to promote functional recovery
after traumatic injury to the CNS and points to calcium channel in-
hibitors as valuable therapeutic agents in CNS trauma.
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