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Cajal first described the retraction bulbs, widely considered a hallmark
of CNS regeneration failure. However, he also described other, lesser-
known axonal responses to injury. Using histological samples 1–1.5 h
after experimental spinal cord injury in cats, Cajal described what we
know today as acute axon degeneration, which was conclusively de-
monstrated with in vivo imaging (Kerschensteiner et al., 2005). Cajal
clearly distinguished this bidirectional acute phase degeneration from
Wallerian degeneration (Ramón y Cajal, 1928): “One must distinguish
here two kinds of degeneration, Wallerian or secondary, which occurs
relatively late and is produced in all the fibres that are separated from
their trophic centre; and traumatic degeneration, which is extremely
rapid, and was first described by Schiefferdecker; this extends to a
variable, but always small distance, from the lips of the wound, in the
distal as well as in the proximal stumps.”

Likewise, based on case studies of terminal samples after experi-
mental spinal cord injury (3 days after injury in a cat, see Fig. 4A; also
6 days after injury in a dog and 1.5 months after injury in a rabbit),
Cajal made the observation on the complete elimination of an injured

branch (Ramón y Cajal, 1928): “But the most important change, to which
we have already alluded, is the total transformation near the wound, of
the axons into arciform fibres which penetrate into the grey matter. It is
impossible to see in these regions, in the course of axons coming from
the spinal horns or the posterior root, the well-known bifurcation into
an ascending and a descending branch. All these conductors, as they
encounter the fasciculi, are simply deflected so as to become long-
itudinal and ascendant if one is dealing with the proximal spinal seg-
ment, descendent if one is dealing with the distal segment”. He even
extended this observation to multiple neuronal types (Fig. 4B).

The fact that Cajal considered the complete elimination of the
terminal branch “the most important change” was likely due to his
thinking on the utilitarian nature of this phenomenon (Ramón y Cajal,
1928): “This interesting process of simplification, followed by a com-
pensatory hypertrophy, shows us that traumatic degeneration re-
presents a curious mechanism of reaction of an exquisitely economical
and utilitarian character. Thanks to it, nature gets rid, so to speak, of
useless mouths of protoplasmic segments that serve no useful purpose.”

Fig. 3. Injury location relative to a bifurcation point
impacts the degenerative and regenerative responses
of axons. A) Main axon injury leads to the elimination
of both branches followed by a regenerative response
as detected by in vivo imaging. B, C) Ascending (B) or
descending (C) axon injury close to the branch site
leads to near complete elimination of one branch by
both retrograde and anterograde degeneration,
leading to the preservation of the spared branch but
no detectable regenerative response from the injured
branch as assessed by in vivo imaging. In (A–C), the
bottom panel, adapted from (Lorenzana et al., 2015),
shows an image acquired by in vivo imaging that il-
lustrates the typical outcome for each injury location
five days after injury. Scale bar= 100 � m.
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Compared with Cajal's case studies on terminal histological samples, in
vivo imaging allowed for a definitive demonstration of the degenerative
process and, more importantly, illuminated the ensuing regenerative
response (Lorenzana et al., 2015).

There is one notable difference between the study by Cajal and the
in vivo imaging study. While Cajal observed complete elimination of the
injured branch even when the injury was localized at some distance
away from the branch point, in the in vivo imaging study this was ob-
served only when the laser injury was relatively close to the branch
point. When the laser injury was slightly moved away from the branch
point, retrograde degeneration did not extend close to the branch point,
followed by an intermediate regenerative response (Lorenzana et al.,
2015). Whether this difference reflected the different injury severities
between the two studies (a more traumatic injury in the Cajal study and
a very limited laser injury in the in vivo imaging study) remains to be
tested. It is conceivable that with a more traumatic injury, the initial
intrinsic axon degenerative response would be followed by an en-
vironment-mediated secondary degenerative response (Evans et al.,
2014), leading to the complete branch elimination even when the in-
jury is located at a distance from the branch point. Nevertheless, the
data from the in vivo imaging study suggest a tug-of-war between the
stabilizing, anti-regenerative effect of the spared branch and a pro-re-
generative effect of the remaining segment of the injured branch
(Lorenzana et al., 2015). Future studies are required to systematically
examine the effect of the distance between the injury location and the
branch point (especially at greater distances) on the degenerative and
regenerative outcomes.

7. The synaptic suppression hypothesis and a graded response to
axonal injury

As discussed above, current textbooks typically illustrate an injured
axon as a linear entity even though axons are never purely linear
(Fig. 1). With in vivo imaging data using dorsal column sensory axons as
a model, the considerations presented in this review strongly suggest
that any future textbook illustration of axon injury response would
benefit from the consideration of axon branching patterns (Fig. 5A).
When the main axon is injured (i.e. injury occurs just before a major
bifurcation point), both branches will undergo degeneration, which is
followed by a regenerative response that is detectable with in vivo
imaging. A similar response occurs when both branches are injured
separately. When only one of the two branches is injured close to the
bifurcation point, retrograde degeneration is often limited to the

injured branch and does not propagate to the spared branch. This is
followed by a lack of a detectable regenerative response, resulting in
the stabilization of the remaining axon structure (Lorenzana et al.,
2015). Thus, the spared branch appears to stabilize what is left after
injury to the other branch.

This stabilizing effect of a spared branch after injury can be best
rationalized when synaptic partners are considered (Fig. 5B). When the
main axon is injured (or both branches are injured simultaneously),
both branches will be eliminated sooner or later. The loss of major
synaptic contacts may prompt the neuron to mount a relatively strong
regenerative response. When only one of the two branches is injured,
the retention of significant synaptic contacts may prompt the neuron to
allocate resources to preserve the remaining branch instead of
mounting a detectable but futile regenerative response so that some
function is maintained.

There are several possible cellular mechanisms by which retrograde
degeneration is blocked at the branch point. Cytoskeleton organization
at the branch point differs from that in the axonal shaft, which may
provide the primary stabilizing effect (Armijo-Weingart and Gallo,
2017; Gallo, 2011). For example, microtubules are usually bundled in
axons but splayed at branch points (Ketschek et al., 2015); and some
microtubule-associated proteins (e.g. MAP7) are enriched at branch
junctions (Tymanskyj et al., 2018). Also, mitochondria are often an-
chored at the branch sites, providing additional support for branch
stabilization (Kiryu-Seo and Kiyama, 2019; Smith and Gallo, 2018;
Spillane et al., 2013). Although less evident, other intracellular orga-
nelles (e.g. endoplasmic reticulum) and membrane trafficking may also
be at play (Winkle et al., 2016).

The suppressive effect of a spared branch on the regeneration of the
injured branch (Lorenzana et al., 2015) is consistent with reports in the
literature where synaptic or synaptic-like contacts entrap or immobilize
regenerating axons, thus inhibiting further regeneration (Di Maio et al.,
2011; Filous et al., 2014). Synaptic contacts of the remaining branch
may feed back to the cell body to suppress a regenerative response. In
the most simplistic scenario, the process of synaptic transmission alone
may suppress regeneration. This can be tested by observing the effect of
inhibiting synaptic transmission on the regeneration of the injured
branch following branch axotomy. Indeed, there is molecular evidence
in the literature linking synaptic transmission and the suppression of
axon regeneration. Overexpressing the Alpha2delta2 subunit of the
voltage-gated calcium channels, a modulator of synaptic transmission
(Hoppa et al., 2012), suppresses peripheral axon regeneration in vivo
(Tedeschi et al., 2016). Conversely, pharmacological inhibition of the

Fig. 4. Cajal's description of terminal branch elim-
ination following CNS injury using classical histolo-
gical methods. A) Fig. 196 from Cajal's book. “Piece
of the central stump of the spinal wound of a young
cat, three days after the operation. A, thickened
collaterals which will be transformed into terminal
fibres; a, b, c, longitudinal portion of axons destined
to disappear; B, club with an appendix; C, final glo-
merulus; D, edges of the wound with axonic and li-
poid detritus; e, free balls which are becoming hya-
line.” B) Fig. 195 from Cajal's book. “Schematic
drawing designed to show the resorbed portion of
the mutilated conductors of the white matter. A,
Fibre of the posterior or sensory fasciculus; B, fibre in
continuity with the axon of a funicular neurone; C,
fibre in continuity with the axon of a neurone si-
tuated in superior centres (pyramidal tract of the
cerebrum, etc.); D, plane of the wound; a, b, and c,
segments which have disappeared.” Adapted from
(Ramón y Cajal, 1928).
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Alpha2delta2 subunit weakens synaptic transmission and promotes
dorsal column sensory axon regeneration after spinal cord injury
(Tedeschi et al., 2016). These data support the synaptic suppression
hypothesis of axon regeneration (Meves and Zheng, 2016). It is con-
ceivable that synaptic transmission may also suppress the degeneration
of the spared branch, preventing the invasion of the degenerative
process initiated from the injured branch. Regardless of whether sy-
naptic contact is sufficient or active synaptic transmission is required to
suppress regeneration, retrograde molecular signaling may be an im-
portant element. However, rather than a typical retrograde signal from
an injured branch that promotes regeneration (Rishal and Fainzilber,
2014), this would involve a growth inhibitory signal originating from
the spared branch to suppress regeneration.

On a broader perspective, the stabilizing effect of a spared branch
on the axonal response to injury may help explain some well-known
phenomena in the field of CNS injury and repair. Given the ordered
structure of axon branching, it is conceivable that neurons exhibit a
graded response to axonal injury depending on the order of the branch
that is injured (Fig. 6). At one end of the spectrum, optic nerve injury,
often applied close to the cell bodies, is known to elicit a high level of
cell death in retinal ganglion cells. This may represent a drastic re-
sponse where no or few axonal branches have been spared. Indeed, both
axon regeneration and cell death may exemplify a strong injury re-
sponse. The choice between these two apparently divergent responses
may depend on certain intrinsic state of the neurons. Molecular

evidence for this context-dependent response came from studies
showing that Dual Leucine zipper-bearing Kinase (DLK, or MAP3K12),
an important regulator of neuronal responses to injury, promotes both
axon regeneration and cell death in retinal ganglion cells (Watkins
et al., 2013).

At the other end of the spectrum, a very limited, self-preservative
response occurs when the very terminal branch of a complex neuron is
injured (Fig. 6). Many intermediate responses are possible depending
on the branch structure and, directly or indirectly, the distance to the
cell body (Fig. 6). The observation that following spinal cord injury,
corticospinal neurons for the most part do not exhibit significant cell
death (Nielson et al., 2010; Nielson et al., 2011) is likely due to the fact
that a typical spinal cord injury would spare other axonal branches
proximal to the injury site, especially those in the brain. Indeed, when
the injury is placed much closer to the cell bodies in the brain, sig-
nificant corticospinal neuron death occurs (Giehl and Tetzlaff, 1996;
Hollis II et al., 2009). Furthermore, this proximal axotomy-induced cell
death can be rescued by the delivery of neurotrophic factors such as
BDNF and IGF-1, indicating a role for trophic factors in cell survival
(Giehl and Tetzlaff, 1996; Hollis II et al., 2009). Taken together, the
branch structure prior to axonal injury likely has widespread and pro-
found impact on the neuronal response to injury, much of which re-
mains to be discovered.

Fig. 5. The stabilizing effect of the spared axonal
branch and the synaptic suppression hypothesis of
axon regeneration. A) Diagram of key observations
on axonal responses to branch injury from
(Lorenzana et al., 2015). When an axon is injured just
before a major bifurcation point, both branches will
degenerate sooner or later, and the proximal end
mounts a regenerative response that is detectable by
in vivo imaging. When an axon is injured right after a
major bifurcation point so that only one branch is
injured, the injured branch will be eliminated for the
most part by retrograde (acute and subacute) de-
generation and anterograde (Wallerian) degenera-
tion. In most cases, retrograde degeneration does not
breach the bifurcation point so the other branch and
the main axon are preserved, and no regenerative
response is detected by in vivo imaging. B) Same as
(A) but with synaptic partners drawn to illustrate the
synaptic suppression hypothesis of axon regenera-
tion. Maintaining synaptic output may help preserve
the remaining axon structure by suppressing both the
expansion of degeneration into the spared branch and
the regeneration of the injured branch. Blue boxes
highlight the fact that no synaptic output remains
following main axon injury while some synaptic
output remains following branch injury. Note that
this is a simplified working model when the injury
location is close to the branch point. When the injury
location is moved further away from the branch
point, the remaining segment of the injured branch
may exert a destabilizing effect, counteracting the
stabilizing effect of the spared branch. See text for
details. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)

B. Zheng, et al. Experimental Neurology 318 (2019) 277–285

283



8. Concluding remarks

Data from in vivo spinal cord imaging have demonstrated that ax-
onal injury relative to a branch point significantly impacts the degen-
erative and regenerative response such that a spared branch stabilizes
the remaining axon structure. The exact mechanisms underlying the
stabilizing effect of a synaptic branch await future investigation. It is
conceivable that both synaptic activities and retrograde signaling may
be at play. Further studies are required to understand the commonal-
ities and differences among different types of axonal branches (bi-
furcation, collaterals and terminal arbors) on how they impact injury
responses. Regardless, in vivo imaging, as has been illustrated in other
contributions of this special issue, will continue to provide new biolo-
gical insights on the neuronal response to axonal injury.
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