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Abstract

Understanding the basic properties of how axons respond to injury in the mammalian central 

nervous system (CNS) is of fundamental value for developing strategies to promote neural repair. 

Axons possess complex morphologies with stereotypical branching patterns. However, current 

knowledge of the axonal response to injury gives little consideration to axonal branches, nor 

do strategies to promote axon regeneration. This article reviews evidence from in vivo spinal 

cord imaging that axonal branches markedly impact the degenerative and regenerative responses 

to injury. At a major bifurcation point, depending on whether one or both axonal branches are 

injured, neurons may choose either a more self-preservative response or a more dynamic response. 

The stabilizing effect of the spared branch may underlie a well-known divergence in neuronal 

responses to injury, and illustrates an example where in vivo spinal cord imaging reveals insights 

that are difficult to elucidate with conventional histological methods.
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The first in vivo optical imaging study in the mouse spinal cord was performed with wild

field fluorescent microscopy, which demonstrated acute axon degeneration and subacute 

axon regeneration following a small mechanical injury (Kerschensteiner et al., 2005). Since 

then, a number of studies have been reported using advanced microscopy and especially 

multi-photon microscopy that either revealed new biological insights and/or propelled 
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technological advances (Bareyre et al., 2011; Davalos et al., 2008; Di Maio et al., 2011; 

Dray et al., 2009; Erturk et al., 2007; Evans et al., 2014; Farrar et al., 2012; Fenrich et al., 

2012; Ran et al., 2016; Sekiguchi et al., 2016; Williams et al., 2014; Ylera et al., 2009). 

Many of these studies will be covered in this Special Issue. Some of these articles will 

cover methodological aspects such as surgical preparations, chronic window implants and 

fluorescent labeling of both neural and non-neural cell types (Cheng et al., this issue; Evans 

et al., this issue). Here we focus on the biology, and in particular the study that demonstrated 

the importance of axonal branches in the degenerative and regenerative responses to injury 

(Lorenzana et al., 2015), which utilized the three primary advantages of in vivo imaging 

we discuss below. We will place this finding in historical context and also discuss potential 

implications on the basic understanding of the axonal response to injury.

1. The advantages of in vivo imaging as an experimental paradigm to 

study the axonal response to injury in the mouse spinal cord

A major incentive to develop in vivo optical imaging in the mouse spinal cord as 

an experimental paradigm was to elucidate the events following injury to the axons 

(Akassoglou et al., 2017; Laskowski and Bradke, 2013; Misgeld and Kerschensteiner, 2006). 

Axons in the mammalian central nervous system (CNS) have limited innate ability to 

regenerate following injury, which to a large extent underlies the permanent paralysis and 

functional deficits in people with spinal cord injury (He and Jin, 2016; Silver et al., 2015; 

Sofroniew, 2018). For over a century, generations of neuroscientists have been endeavoring 

to understand how axons in the CNS respond to injury and how axon regeneration can be 

enhanced in order to promote functional restoration.

Animal models (especially rodent models) of spinal cord injury have been extensively used 

to study the axonal response to injury and to investigate the underlying molecular and 

cellular mechanisms (Lee and Lee, 2013; Zheng et al., 2006). In a typical experiment, at 

a certain time point after experimental spinal cord injury and other manipulations (e.g. for 

axon tracing and/or molecular and cellular interventions), mice or rats are killed to collect 

tissues for histological examination (e.g., to detect axons). While these models are designed 

to mimic human conditions, there are a few inherent limitations for histological examination 

of injured spinal cord tissues, referred to here as conventional methods (Table 1).

First, it is difficult, if not impossible, to distinguish regenerating axons from spared axons 

with conventional methods. Many positive findings in the literature could not be reproduced 

or substantiated later on (Steward et al., 2012; Steward et al., 2003; Tuszynski and Steward, 

2012). While this is partly due to the complexity of such injury models, a major underlying 

cause is the inability to distinguish regenerating axons from spared ones. Spared axons 

are often mistakenly construed as regenerating axons, leading to erroneous conclusions. In 

principle, in vivo imaging can bypass this limitation by visually verifying the injury before a 

regenerative response is assessed.

Second, there is limited temporal resolution with conventional methods. Histological 

examination of terminal samples only allows for snapshots of a potentially dynamic process. 

Temporal resolution is lost when only the last time point can be examined. In order to 
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construct a time sequence, a large number of samples need to be collected at many time 

points, which translate into high cost and low efficiency. A time sequence can only be 

deduced, but not absolutely established. Individual variations will be overlooked over group 

behaviors. Even erroneous conclusion can be drawn. For example, an injured axon that is 

static would be equated to an axon that has undergone both regeneration and retraction so 

the final outcomes appear similar in both cases. Missed opportunities will arise as a result. 

The higher temporal resolution of in vivo time-lapse imaging allows for a greater ability 

to detect small changes in axonal morphologies, even though the optical resolution remains 

the same. For instance, an intervention that elicits small (e.g. ~100–200 μm) but consistent 

axon regeneration may be masked by the inherently large variability (e.g. ~200–600 μm) in 

axonal retraction early after injury with conventional methods. By contrast, in vivo imaging 

can resolve this small new axon regeneration by taking into account individual variability in 

axonal retraction so that a small amount of regeneration may be detected.

Third, it is difficult to isolate experimental variables with conventional methods. Because 

experimental spinal cord injury typically involves larger complex lesions such as 

transections, crushes and contusions, a high number of variables may influence the 

anatomical and functional outcomes. It is often not straightforward to pinpoint which one 

of the many variables is key to a particular molecular and/or cellular intervention that has 

impacted the outcome. With in vivo imaging, one may introduce a more defined axon 

injury, e.g. with laser axotomy or a small pinprick, such that certain aspects of traumatic 

spinal cord injury can be minimized to allow for the investigation of neuron-intrinsic 

properties in the absence of far-reaching environmental changes. Thus, opportunities exist 

with in vivo imaging to isolate experimental variables and to study them one at a time for 

their contribution to the final outcome. It should be noted, however, that laser injuries or 

pin-pricks do not recapitulate clinical conditions of spinal cord injury well, and thus it is 

important to also study clinically relevant spinal cord injury models (e.g. contusions) with in 
vivo imaging (Williams et al., 2014).

Other differences exist. In vivo imaging does not suffer from fixation and sample 

preparation-induced artifacts, although its implementation in the spinal cord presents its 

own technical challenges due to heartbeats and breathing movements (Davalos et al., 

2008). On the other hand, tried-and-true histological methods are more likely to be 

robust across different experimental conditions, e.g., in immunohistochemical detections 

of macromolecules and cellular structures. Furthermore, technological advances in tissue 

clearing and 3D imaging are giving new life to histological methods (Richardson and 

Lichtman, 2015; Seo et al., 2016). Thus, histological methods remain the primary approach 

in characterizing tissue and cellular responses to injury and disease in the CNS, which is 

complemented by in vivo imaging. Readers are referred to excellent reviews by others in 

this Special Issue for extensive discussions on the challenges of in vivo imaging and ways to 

overcome them.

2. Axonal branches are a cardinal feature of neurons

The complexity of the nervous system underlies complex behavior. A cardinal feature of 

neurons is their complex and often stereotypical axon branching patterns. Axonal branches 
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form an important foundation for information distribution and integration in a functional 

nervous system. At a minimum, branches allow neurons to connect with multiple synaptic 

targets at different anatomical locations. Based on their location and morphology, axonal 

branches can be divided into three major types. The most recognized type is terminal arbors. 

Located at axonal terminals, these structures have exuberant branches that cover a large area 

of synaptic targets (Gibson and Ma, 2011). Examples are found in the terminals of retinal 

ganglion cells, dorsal root ganglion (DRG) sensory neurons, and many motor neurons. More 

simplified forms of axon branching include collateral branches and bifurcation.

Collaterals are defined as axonal branches emerging from the main axonal shaft. Again, 

DRG neurons provide a good example, as collateral branches arise from both ascending 

and descending axons, thereby allowing the sensory neurons from one body location to 

synapse with motor neurons either directly or indirectly in different spinal cord segments. 

Another example is the pyramidal neurons in cortical layer II/III, which send their only 

axons ventrally into the callosal tract to innervate their contralateral targets, and in the 

meantime also innervate layer II/III and layer V in the ipsilateral side with the formation of 

collateral branches (Kalil and Dent, 2014).

Axon bifurcation appears as two axons splitting from a common axonal shaft. This is best 

exemplified by the central projections of the DRG sensory neurons that form the dorsal 

column in the spinal cord (also see below). There, the axons from the dorsal root split into 

two, thereby forming ascending branches that synapse with higher order relay neurons in the 

brainstem and descending branches that often terminate in cauda equina. Although studies 

in cultured neurons have suggested that axon bifurcation results from growth cone splitting 

(Acebes and Ferrus, 2000), in vivo studies based on mutant phenotypes argue that they may 

be formed as a special case of collateral branches (Gibson and Ma, 2011).

These different types of branches often have stereotypic patterns, pointing to the critical 

roles they play in shaping functional neural circuits. Work from multiple laboratories around 

the world has led to significant advances in understanding the cellular mechanisms of 

their development. It is now well accepted that developmental axon branching is precisely 

controlled by both extracellular factors and intrinsic genetic programs, including pathways 

that are known to regulate axon growth and guidance (Armijo-Weingart and Gallo, 2017; 

Bilimoria and Bonni, 2013; Gibson and Ma, 2011; Kalil and Dent, 2014; Winkle et al., 

2016). It remains to be seen how the knowledge gained on developmental axon branching 

may be translated to axonal repair after injury in the adult CNS.

3. Lack of knowledge on the injury response of axonal branches

While neurons exhibit complex and varied morphologies with intricate and often 

stereotypical axonal (and dendritic) patterns (Fig. 1A), current neuroscience textbooks 

typically illustrate an injured axon to begin as a linear entity (Fig. 1B). Following axonal 

injury, there is an acute phase of bidirectional axon degeneration for a limited distance, 

as described in the first in vivo spinal cord imaging study (Kerschensteiner et al., 2005). 

This is followed by a later phase of the extensively studied Wallerian degeneration distal 

to the injury site. The proximal end of the injured axon mounts a regenerative response. 
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In the peripheral nervous system (PNS), this regeneration can often be successful, reaching 

appropriate synaptic targets and leading to functional recovery. In the CNS, however, this 

regenerative attempt typically fails, resulting in permanent functional deficits and paralysis, 

as in spinal cord injury.

The literature has given ample consideration to axon branching as a neural repair mechanism 

known as sprouting (Geoffroy and Zheng, 2014; Schwab and Strittmatter, 2014; Sofroniew, 

2018; Tuszynski and Steward, 2012). Collateral sprouting, or branching from either 

uninjured axons or injured axons (in the latter case, proximal to the injury site) is a 

well-known form of axonal repair that could be harnessed to promote functional restoration. 

However, how the branching patterns of axons prior to injury impact their injury response 

is usually not considered. Much of the textbook knowledge on Wallerian degeneration and 

axon regeneration originated from studies of peripheral nerve injury, where there is minimal 

branching along the uninjured nerve. What happens when branched axons are injured, which 

likely constitute the majority of cases when CNS axons are injured? This complexity also 

applies to dendrites but we focus on axons here.

4. Dorsal column sensory axons as a model to examine branch structure 

in the axonal response to injury

Dorsal column sensory axons serve as an excellent model to investigate branch structure 

in the axonal response to injury (Fig. 2A) (Lorenzana et al., 2015). The cell bodies of 

these axons reside in the dorsal root ganglia (DRG) outside of the spinal cord. A primary 

axon bifurcates into a peripheral branch that innervates the peripheral organs (skin, muscle 

etc.), while the central branch enters the spinal cord via the dorsal root entry zone (DREZ). 

Once inside the spinal cord, the central branch bifurcates again, with an ascending branch 

extending up the spinal cord towards the brain and a descending branch that synapses in the 

spinal cord. It is at this secondary bifurcation point that a highly localized laser injury can 

be precisely directed at the axon to assess the effect of the injury location on the outcome 

(Fig. 2A). Specifically, an injury can be applied either just before or just after the branch 

point to assess the effect of the injury location relative to the branch point with in vivo 
imaging (Fig. 2A, B). These injury locations can be kept well within the CNS so that the 

primary differences among them are their relative positions in reference to the branch point. 

It is conceivable that when the main axon is injured, both the ascending and descending 

branches will degenerate sooner or later due to Wallerian degeneration. When the ascending 

or descending branch is injured close to the branch point, it is less predictable what will 

happen to the injured branch, the branch point and the remaining uninjured branch (Fig. 2B). 

This question would be difficult to assess with conventional experimental spinal cord injury 

and histological methods because it is difficult to precisely pinpoint (or pre-determine) the 

injury location along a particular axon. An in vivo imaging paradigm offers the opportunity 

to guide a highly localized injury to a precise location and to visualize the axon over time 

before and after injury.
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5. Branch structure impacts the degenerative and regenerative response 

of injured axons

Equipped with a femtosecond two-photon laser, one can localize an injury to sever one 

fluorescently labeled axon at a time with in vivo imaging. Such highly localized injuries 

allow for the effect of the injury location along the axon to be assessed with a high degree 

of accuracy and precision. Specific axonal injuries can be verified visually before the axonal 

responses are followed at acute (minutes to hours), subacute (days) and more chronic time 

points (weeks to months) (Lorenzana et al., 2015). Observations at the subacute or later 

time points require the re-opening of the imaging site, unless a chronic window is implanted 

for repetitive long term follow-up (Farrar et al., 2012; Fenrich et al., 2012) (see article by 

Schaffer and colleague in this issue).

The initial incentive to localize the laser injury near a branch point was simply to use 

the branch point as a convenient fiducial marker in order to facilitate the identification 

of the injury location at later time points. Branch patterns and morphologies remain 

relatively stable over an extended period of time even considering the immune response 

that is unavoidable with invasive optical imaging. However, it quickly became clear that 

the injury location relative to the bifurcation point would be an important scientific 

variable to investigate (Lorenzana et al., 2015). At the time, Kerschensteiner et al. had 

reported the bidirectional acute axon degeneration minutes and hours after a pinprick lesion 

(Kerschensteiner et al., 2005). The same bidirectional axon degeneration was seen with laser 

injury (Lorenzana et al., 2015). Axon degeneration, in the form of fragmentation and to a 

lesser degree retraction, propagated from the laser injury site bidirectionally for hours after 

injury. This degeneration subsided a few hours after laser injury, but often continued for a 

limited extent days after injury. Over time, anterograde Wallerian degeneration expectedly 

took over and eliminated the distal axonal segment. Temporally, the distinction between the 

bidirectional acute degeneration and the unidirectional Wallerian degeneration was not clear 

cut (Lorenzana et al., 2015). Regardless, within days after injury, axon regeneration could be 

observed by in vivo imaging that consists of both branching and elongation.

Strikingly, the injury location relative to the (secondary) bifurcation point had a dramatic 

effect on the ensuing degenerative and regenerative responses following a laser-induced 

axonal injury (Lorenzana et al., 2015). At both the acute (hours after injury) and 

subacute (5 days after injury) time points, retrograde degeneration after an ascending or 

descending branch injury close to the branch point was typically blocked from further 

progression when encountering the bifurcation point, often leaving a short stub (Fig. 3B, C). 

Retrograde degeneration rarely breached the branch point. When it did, the other branch also 

degenerated as expected. This was in direct contrast to the anterograde degeneration, as in 

the case of main axon injury, which was not influenced at all by the presence of a branch 

point even at acute time points (Fig. 3A). Thus, the branch point appeared to serve as a 

barrier for retrograde but not anterograde degeneration (Lorenzana et al., 2015).

The next obvious question was how axon regeneration is impacted by the branch 

structure? After main axon injury, most axons (~90%) exhibited a regenerative response (a 

combination of branching and elongation) as detected by in vivo imaging 5 days after injury 
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(Lorenzana et al., 2015). This regenerative response dramatically declined to ~10% when 

the ascending or descending branch was injured close to the branch point. In most cases, 

retrograde degeneration proceeded to the branch point without breaching it, followed by no 

detectable regeneration. In each of the rare cases where retrograde degeneration breached 

the branch point, regeneration ensued. Double branch injury also led to a high rate of 

regeneration (~70%), indicating that it is not the branch point itself, and rather the presence 

of a spared branch that suppresses regeneration. Taken together, spinal cord in vivo imaging 

enabled the discovery that the presence of a spared axonal branch suppresses the spread of 

retrograde degeneration from the injured branch as well as the latter’s regeneration, thus 

stabilizing the remaining axon structure (Lorenzana et al., 2015).

6. Precedents in the literature

It turned out that there have been precedents for an axonal branch suppressing the 

regeneration of an injured branch. In C. elegans, the effect of the injury location relative 

to a branch point on axon regeneration has been reported for multiple neuronal subtypes 

also using laser injury and in vivo imaging, providing evidence that a spared synaptic 

branch actively suppresses the regeneration of the injured branch (Wu et al., 2007). Thus, 

the suppressive effect of a spared axonal branch on the regeneration of an injured branch 

appears to be phylogenetically conserved.

Another homologous phenomenon may be the process of synaptic branch elimination 

at the developing neuromuscular junctions. During development, motor axons initially 

innervate many more muscle fibres than they do in the adult. The excessive connections are 

permanently removed by extensive pruning of terminal branches after birth so that in the end 

each muscle fibre is innerved by only one motor neuron (Gan and Lichtman, 1998; Tapia 

et al., 2012). Terminal rather than proximal branches selectively degenerate, are absorbed 

into the main axon, and do not regenerate. The total amount of axoplasm does not decrease, 

reflecting a redistribution of axonal resources (Tapia et al., 2012).

Within the mammalian CNS, it was Cajal who made the first reference to terminal branch 

elimination following injury, along with other, more well known phenomena (Ramón 

y Cajal, 1928). By examining histological samples following experimental spinal cord 

injury, 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 

demonstrated 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.”
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Likewise, based on case studies of terminal samples after experimental 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 longitudinal and ascendant if one is dealing with the 

proximal spinal segment, 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 compensatory hypertrophy, shows us that traumatic degeneration represents 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.” 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 observed 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 

environment-mediated secondary degenerative response (Evans et al., 2014), leading to the 

complete branch elimination even when the injury 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-regenerative 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.
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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 anchored 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 organelles (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 

Zheng et al. Page 9

Exp Neurol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 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 

conceivable 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 synaptic contact is sufficient or active synaptic transmission 

is required to suppress regeneration, retrograde molecular signaling may be an important 

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 response where no or few axonal branches have been spared. Indeed, 

both axon regeneration and cell death may exemplify a strong injury response. 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, significant 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 profound impact on the neuronal response to injury, much of which 

remains to be discovered.

8. Concluding remarks

Data from in vivo spinal cord imaging have demonstrated that axonal injury relative to a 

branch point significantly impacts the degenerative and regenerative response such that a 

Zheng et al. Page 10

Exp Neurol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 commonalities and differences among different types of axonal 

branches (bifurcation, 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 biological insights on the neuronal response to axonal 

injury.

Acknowledgment

Supported by NIH/NINDS NS093055, NS054734, NS062047; VA RX002483; grants from Wings for Life, Craig 
H. Neilsen Foundations. Microscopy imaging supported by NS047101 (UC San Diego Neuroscience Microscopy 
Imaging Core). The contents do not represent the views of the U.S. Department of Veterans Affairs or the United 
States Government.

References

Acebes A, Ferrus A, 2000. Cellular and molecular features of axon collaterals and dendrites. Trends 
Neurosci. 23, 557–565. [PubMed: 11074265] 

Akassoglou K, Merlini M, Rafalski VA, Real R, Liang L, Jin Y, Dougherty SE, De Paola V, Linden 
DJ, Misgeld T, Zheng B, 2017. In vivo imaging of CNS injury and disease. J. Neurosci 37, 10808–
10816. [PubMed: 29118209] 

Armijo-Weingart L, Gallo G, 2017. It takes a village to raise a branch: cellular mechanisms of the 
initiation of axon collateral branches. Mol. Cell. Neurosci 84, 36–47. [PubMed: 28359843] 

Bareyre FM, Garzorz N, Lang C, Misgeld T, Buning H, Kerschensteiner M, 2011. In vivo imaging 
reveals a phase-specific role of STAT3 during central and peripheral nervous system axon 
regeneration. Proc. Natl. Acad. Sci. U. S. A 108, 6282–6287. [PubMed: 21447717] 

Bilimoria PM, Bonni A, 2013. Molecular control of axon branching. Neuroscientist 19,16–24. 
[PubMed: 22179123] 

Davalos D, Lee JK, Smith WB, Brinkman B, Ellisman MH, Zheng B, Akassoglou K, 2008. Stable 
in vivo imaging of densely populated glia, axons and blood vessels in the mouse spinal cord using 
two-photon microscopy. J. Neurosci. Methods 169, 1–7. [PubMed: 18192022] 

Di Maio A, Skuba A, Himes BT, Bhagat SL, Hyun JK, Tessler A, Bishop D, Son YJ, 2011. In vivo 
imaging of dorsal root regeneration: rapid immobilization and presynaptic differentiation at the 
CNS/PNS border. J. Neurosci 31, 4569–4582. [PubMed: 21430157] 

Dray C, Rougon G, Debarbieux F, 2009. Quantitative analysis by in vivo imaging of the dynamics 
of vascular and axonal networks in injured mouse spinal cord. Proc. Natl. Acad. Sci. U. S. A 106, 
9459–9464. [PubMed: 19470644] 

Erturk A, Hellal F, Enes J, Bradke F, 2007. Disorganized microtubules underlie the formation of 
retraction bulbs and the failure of axonal regeneration. J. Neurosci 27, 9169–9180. [PubMed: 
17715353] 

Evans TA, Barkauskas DS, Myers JT, Hare EG, You JQ, Ransohoff RM, Huang AY, Silver J, 
2014. High-resolution intravital imaging reveals that blood-derived macrophages but not resident 
microglia facilitate secondary axonal dieback in traumatic spinal cord injury. Exp. Neurol 254, 
109–120. [PubMed: 24468477] 

Farrar MJ, Bernstein IM, Schlafer DH, Cleland TA, Fetcho JR, Schaffer CB, 2012. Chronic in 
vivo imaging in the mouse spinal cord using an implanted chamber. Nat. Methods 9, 297–302. 
[PubMed: 22266542] 

Fenrich KK, Weber P, Hocine M, Zalc M, Rougon G, Debarbieux F, 2012. Long-term in vivo imaging 
of normal and pathological mouse spinal cord with subcellular resolution using implanted glass 
windows. J. Physiol 590, 3665–3675. [PubMed: 22641787] 

Zheng et al. Page 11

Exp Neurol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Filous AR, Tran A, Howell CJ, Busch SA, Evans TA, Stallcup WB, Kang SH, Bergles DE, Lee SI, 
Levine JM, Silver J, 2014. Entrapment via synaptic-like connections between NG2 proteoglycan+ 
cells and dystrophic axons in the lesion plays a role in regeneration failure after spinal cord injury. 
J. Neurosci 34, 16369–16384. [PubMed: 25471575] 

Gallo G, 2011. The cytoskeletal and signaling mechanisms of axon collateral branching. Dev. 
Neurobiol. 71, 201–220. [PubMed: 21308993] 

Gan WB, Lichtman JW, 1998. Synaptic segregation at the developing neuromuscular junction. Science 
282, 1508–1511. [PubMed: 9822385] 

Geoffroy CG, Zheng B, 2014. Myelin-associated inhibitors in axonal growth after CNS injury. Curr. 
Opin. Neurobiol 27C, 31–38.

Gibson DA, Ma L, 2011. Developmental regulation of axon branching in the vertebrate nervous 
system. Development 138, 183–195. [PubMed: 21177340] 

Giehl KM, Tetzlaff W, 1996. BDNF and NT-3, but not NGF, prevent axotomy-induced death of rat 
corticospinal neurons in vivo. Eur. J. Neurosci 8, 1167–1175. [PubMed: 8752586] 

He Z, Jin Y, 2016. Intrinsic control of axon regeneration. Neuron 90, 437–451. [PubMed: 27151637] 

Hollis II ER, Lu P, Blesch A, Tuszynski MH, 2009. IGF-I gene delivery promotes corticospinal 
neuronal survival but not regeneration after adult CNS injury. Exp. Neurol 215, 53–59. [PubMed: 
18938163] 

Hoppa MB, Lana B, Margas W, Dolphin AC, Ryan TA, 2012. alpha2delta expression sets presynaptic 
calcium channel abundance and release probability. Nature 486, 122–125. [PubMed: 22678293] 

Kalil K, Dent EW, 2014. Branch management: mechanisms of axon branching in the developing 
vertebrate CNS. Nat. Rev. Neurosci 15, 7–18. [PubMed: 24356070] 

Kerschensteiner M, Schwab ME, Lichtman JW, Misgeld T, 2005. In vivo imaging of axonal 
degeneration and regeneration in the injured spinal cord. Nat. Med 11, 572–577. [PubMed: 
15821747] 

Ketschek A, Jones S, Spillane M, Korobova F, Svitkina T, Gallo G, 2015. Nerve growth factor 
promotes reorganization of the axonal microtubule array at sites of axon collateral branching. Dev. 
Neurobiol 75, 1441–1461. [PubMed: 25846486] 

Kiryu-Seo S, Kiyama H, 2019. Mitochondrial behavior during axon regeneration/degeneration in vivo. 
Neurosci. Res 139, 42–47. [PubMed: 30179641] 

Laskowski CJ, Bradke F, 2013. In vivo imaging: a dynamic imaging approach to study spinal cord 
regeneration. Exp. Neurol 242, 11–17. [PubMed: 22836145] 

Lee DH, Lee JK, 2013. Animal models of axon regeneration after spinal cord injury. Neurosci. Bull 
29, 436–444. [PubMed: 23893429] 

Lorenzana AO, Lee JK, Mui M, Chang A, Zheng B, 2015. A surviving intact branch stabilizes 
remaining axon architecture after injury as revealed by in vivo imaging in the mouse spinal cord. 
Neuron 86, 947–954. [PubMed: 25937174] 

Meves JM, Zheng B, 2016. Synaptic suppression of axon regeneration. Neuron 92,267–269. [PubMed: 
27764657] 

Misgeld T, Kerschensteiner M, 2006. In vivo imaging of the diseased nervous system. Nat. Rev. 
Neurosci 7, 449–463. [PubMed: 16715054] 

Nielson JL, Sears-Kraxberger I, Strong MK, Wong JK, Willenberg R, Steward O, 2010. Unexpected 
survival of neurons of origin of the pyramidal tract after spinal cord injury. J. Neurosci 30, 11516–
11528. [PubMed: 20739574] 

Nielson JL, Strong MK, Steward O, 2011. A reassessment of whether cortical motor neurons die 
following spinal cord injury. J. Comp. Neurol 519, 2852–2869. [PubMed: 21618218] 

Ramón y Cajal S, 1928. Degeneration and Regeneration of the Nervous System. Hafner,New York.

Ran C, Hoon MA, Chen X, 2016. The coding of cutaneous temperature in the spinal cord. Nat. 
Neurosci 19, 1201–1209. [PubMed: 27455110] 

Richardson DS, Lichtman JW, 2015. Clarifying tissue clearing. Cell 162, 246–257. [PubMed: 
26186186] 

Rishal I, Fainzilber M, 2014. Axon-soma communication in neuronal injury. Nat. Rev. Neurosci 15, 
32–42. [PubMed: 24326686] 

Zheng et al. Page 12

Exp Neurol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Schmidt H, Rathjen FG, 2010. Signalling mechanisms regulating axonal branching in vivo. Bioessays 
32, 977–985. [PubMed: 20827677] 

Schwab ME, Strittmatter SM, 2014. Nogo limits neural plasticity and recovery from injury. Curr. Opin. 
Neurobiol 27C, 53–60.

Sekiguchi KJ, Shekhtmeyster P, Merten K, Arena A, Cook D, Hoffman E, Ngo A, Nimmerjahn A, 
2016. Imaging large-scale cellular activity in spinal cord of freely behaving mice. Nat. Commun 7, 
11450. [PubMed: 27121084] 

Seo J, Choe M, Kim SY, 2016. Clearing and labeling techniques for large-scale biological tissues. Mol. 
Cell 39, 439–446.

Silver J, Schwab ME, Popovich PG, 2015. Central nervous system regenerative failure: role of 
oligodendrocytes, astrocytes, and microglia. Cold Spring Harb. Perspect. Biol 7, a020602.

Smith GM, Gallo G, 2018. The role of mitochondria in axon development and regeneration. Dev. 
Neurobiol 78, 221–237. [PubMed: 29030922] 

Sofroniew MV, 2018. Dissecting spinal cord regeneration. Nature 557, 343–350. [PubMed: 29769671] 

Spillane M, Ketschek A, Merianda TT, Twiss JL, Gallo G, 2013. Mitochondria coordinate sites of axon 
branching through localized intra-axonal protein synthesis.Cell Rep. 5, 1564–1575. [PubMed: 
24332852] 

Steward O, Zheng B, Tessier-Lavigne M, 2003. False resurrections: distinguishing regenerated from 
spared axons in the injured central nervous system. J. Comp. Neurol 459, 1–8. [PubMed: 
12629662] 

Steward O, Popovich PG, Dietrich WD, Kleitman N, 2012. Replication and reproducibility in spinal 
cord injury research. Exp. Neurol 233, 597–605. [PubMed: 22078756] 

Tapia JC, Wylie JD, Kasthuri N, Hayworth KJ, Schalek R, Berger DR,Guatimosim C, Seung HS, 
Lichtman JW, 2012. Pervasive synaptic branch removal in the mammalian neuromuscular system 
at birth. Neuron 74, 816–829. [PubMed: 22681687] 

Tedeschi A, Dupraz S, Laskowski CJ, Xue J, Ulas T, Beyer M, Schultze JL, Bradke F, 2016. The 
calcium channel subunit Alpha2delta2 suppresses axon regeneration in the adult CNS. Neuron 92, 
419–434. [PubMed: 27720483] 

Tuszynski MH, Steward O, 2012. Concepts and methods for the study of axonal regeneration in the 
CNS. Neuron 74, 777–791. [PubMed: 22681683] 

Tymanskyj SR, Yang BH, Verhey KJ, Ma L, 2018. MAP7 regulates axon morpho-genesis by recruiting 
kinesin-1 to microtubules and modulating organelle transport. Elife 7.

Watkins TA, Wang B, Huntwork-Rodriguez S, Yang J, Jiang Z, Eastham-Anderson J, Modrusan Z, 
Kaminker JS, Tessier-Lavigne M, Lewcock JW, 2013. DLK initiates a transcriptional program that 
couples apoptotic and regenerative responses to axonal injury. Proc. Natl. Acad. Sci. U. S. A 110, 
4039–4044. [PubMed: 23431164] 

Williams PR, Marincu BN, Sorbara CD, Mahler CF, Schumacher AM, Griesbeck O, Kerschensteiner 
M, Misgeld T, 2014. A recoverable state of axon injury persists for hours after spinal cord 
contusion in vivo. Nat. Commun 5, 5683. [PubMed: 25511170] 

Winkle CC, Taylor KL, Dent EW, Gallo G, Greif KF, Gupton SL, 2016. Beyond the cytoskeleton: 
the emerging role of organelles and membrane remodeling in the regulation of axon collateral 
branches. Dev. Neurobiol 76, 1293–1307. [PubMed: 27112549] 

Wu Z, Ghosh-Roy A, Yanik MF, Zhang JZ, Jin Y, Chisholm AD, 2007.Caenorhabditis elegans 
neuronal regeneration is influenced by life stage, ephrin signaling, and synaptic branching. Proc. 
Natl. Acad. Sci. U. S. A 104, 15132–15137. [PubMed: 17848506] 

Ylera B, Erturk A, Hellal F, Nadrigny F, Hurtado A, Tahirovic S, Oudega M, Kirchhoff F, Bradke F, 
2009. Chronically CNS-injured adult sensory neurons gain regenerative competence upon a lesion 
of their peripheral axon. Curr. Biol 19, 930–936. [PubMed: 19409789] 

Zheng B, Lee JK, Xie F, 2006. Genetic mouse models for studying inhibitors of spinal axon 
regeneration. Trends Neurosci 29, 640–646. [PubMed: 17030430] 

Zheng et al. Page 13

Exp Neurol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
The dichotomy between the complexity of neuronal morphology and the linear model 

of axon degeneration and regeneration following injury. A) The complexity of neuronal 

morphology as illustrated by the intricate branching patterns of axons (blue) and dendrites 

(black) of this layer 2/3 rat barrel cortical interneuron. Modified from (Schmidt and Rathjen, 

2010). Scale bar = 100 μm. B) Current textbook illustration of the degenerative and 

regenerative response of an axon as a linear entity to injury. Myelin and myelinating cells 

(e.g. oligodendrocytes) are omitted for simplicity. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. 
Using dorsal column sensory axons as a model to study the effect of branch structure on the 

axonal response to injury. A) The secondary branch or bifurcation point (marked as “Branch 

Point) of dorsal column sensory axons gives rise to an ascending branch and a descending 

branch in the CNS. DRG, dorsal root ganglion. Red cross marks the location of a possible 

laser injury. B) A laser injury can be directed just before or after the branch point, with 

axonal responses assessed with in vivo imaging to determine if the injury location relative to 

the branch point impacts the outcome, and if so, how. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.)
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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 illustrates the typical outcome for 

each injury location five days after injury. Scale bar = 100 μm.
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Fig. 4. 
Cajal’s description of terminal branch elimination following CNS injury using classical 

histological 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 glomerulus; D, edges of the wound with 

axonic and lipoid 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 situated 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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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) degeneration and anterograde (Wallerian) 

degeneration. 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 regeneration. 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 
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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.)
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Fig. 6. 
A working model on the graded response to axonal injury. For axons that have multiple 

orders of branches, an injury to the primary, secondary, tertiary etc. branch would elicit 

a response of different strengths. Injury to a lower order branch would generally elicit a 

stronger response as compared with a higher order branch. A strong response could be a 

strong regenerative response or cell death, depending on other cellular context. A weak 

response would be self-preservation without a detectable regenerative response. A spectrum 

of intermediate responses are possible.
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