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Abstract (136 words) 

 

In vivo imaging of the spinal cord has allowed the observation of single axons over relatively 

long periods in the living mouse. After spinal cord injury, this methodology has helped to 

differentiate several pathological stages and tissue processes which impact axon morphology. 

In addition, the combination of in vivo imaging techniques with specific molecular intervention 

has shown that specific pathological axon changes can respond to distinct treatments. 

Combining in vivo imaging with molecular interventions is, hence, a powerful approach to 

extend our knowledge of the pathological processes leading to axonal loss. It also allows 

testing possible treatment options to, for example, increase axonal outgrowth. This review will 

provide a detailed description and critical examination of several studies that have combined 

the two methodologies in spinal cord injury research and pinpoints the specificities of the 

approach.  

 

 

1. Introduction 

 

Injuries to the spinal cord have catastrophic consequences for the patients affected. Spinal 

cord injuries trigger a cascade of pathological events affecting axons and surrounding cells 

that can be difficult to follow overtime in animal models, motivating the development of dynamic 

approaches such as in vivo imaging. In human pathology, in particular following accidents that 

compress the spinal cord, significant cavitation can be seen with gray and white matter 

damage. As the superficial white matter tracts of the spinal cord are easily accessible in animal 

models, most in vivo experimental optical imaging of the spinal cord has been performed in 

those superficial layers of the dorsal column. This has allowed obtaining high resolution 

imaging that has extended our knowledge on dynamic injury-induced processes.  

Here we will expand on pre-existing reviews on (i) in vivo imaging of spinal circuits in 

invertebrates and vertebrates (Johannssen and Helmchen, 2013), and on (ii) methodological 

advances in in vivo imaging techniques (Laskowski and Bradke, 2013). In this review, we will 

specifically focus on advances obtained with in vivo imaging studies in the mouse spinal cord 

after injury, spotlighting those studies, which applied therapeutic intervention to better 

understand sequences of pathological and regenerative events. 

The potential of combining an advanced imaging technique with molecular intervention to gain 

insight on pathological mechanisms has already been demonstrated over a decade ago 

(Kerschensteiner et al., 2005). Since this early publication, technical advances have been 

made, which open up a myriad of methodological possibilities related to the specificity of the 

injury, the microscopic setup, and the application of molecular interventions (Horton et al., 



2013; Ylera et al., 2009). All these methods can be applied to genetically modified mice, which 

offer great potential also in combination with viral vectors approaches to perform gene therapy. 

With methodological variety, new questions have become answerable, which will be discussed 

in this review.   

 

 

2. Insights obtained from in vivo imaging on pathological 

processes induced by spinal cord injury 

 

In vivo imaging allows tracking individual axons and the changes they undergo following injury 

in the spinal cord for periods up to 6 months post-injury (Lorenzana et al., 2015). The 

knowledge gained from in vivo imaging in spinal cord injury ranges from the axon’s response 

to injury, i.e. axonal dieback and outgrowth, to the axon’s interactions with other structures or 

cell types, such as glial and immune cells. An understanding of these pathological processes 

is necessary to enable interpretation of results on how molecular interventions affect spinal 

cord injury related mechanisms.  

 

2.1. Axonal dieback 

In vivo imaging reveals that injury to the spinal cord is followed by a short initial phase, during 

which axons remain stable (Horiuchi et al., 2015; Kerschensteiner et al., 2005). The first 

observable morphological change after this stable phase is axonal dieback. Although axonal 

dieback following spinal cord lesions is a phenomenon already described with meticulous detail 

in early ex vivo studies of Ramon y Cajal (Ramon y Cajal, 1928), in vivo imaging studies have 

provided the scientific community with insights on specific phases of degeneration and its 

dynamic change over time. For example, by in vivo imaging, axonal dieback has been shown 

to strongly impact total axon length immediately after injury, but with a gradual decrease over 

time (Farrar et al., 2012). Further in vivo data indicates that this axonal dieback is a very 

heterogeneous process, where some axons dieback as a direct response to injury and others 

only weeks later (Dray et al., 2009; Farrar et al., 2012).  

Axons die back through four different processes depending of the type of injury (i) pore-induced 

axon loss, (ii) acute axonal degeneration,  (iii) slow axonal retraction and  (iv) Wallerian 

degeneration (Dray et al., 2009; Kerschensteiner et al., 2005; Williams et al., 2014), illustrated 

in Fig. 1. These processes occur in isolation but can also affect one single axon consecutively 

or, when it comes to acute axonal degeneration and slow axonal retraction, in alternating 

phases (Lorenzana et al., 2015). This heterogeneity of axonal dieback processes makes it 

interesting to analyze the behavior of individual axons subjected to a single individual dieback 

process. The aforementioned observed gradual decrease in total dieback over time does not 



necessarily imply that the degenerating processes also become slower with time; it might 

simply mean that fewer axons are affected by the process but degenerate at equal or faster 

rate. In fact, acute axonal degeneration and Wallerian degeneration at the beginning of and 

later in the injury, respectively, can occur at similar rates. Multiple in vivo observations and 

analyses of axons undergoing processes of dieback deliver sufficient detail to understand the 

rates and mechanisms (potentially also identify interplay) of individual dieback processes. In 

the following, we summarize the scientific advances made using in vivo imaging to understand 

the four identified processes of axonal dieback induced by different types of spinal cord injury 

models.  

i. Acute Axonal Degeneration  

In vivo imaging after transection or laser spinal cord injuries has shown that acute axonal 

degeneration lasts for less than 5 min and occurs anywhere in a time window of 2 min to 4 h 

following injury. This is a relatively quick process that leads to fragmentation of both the 

proximal and distal axon components (taken in relation to the lesion site) simultaneously. The 

proximal and distal segments fragment in directions opposing the injury, thus, retrogradely and 

anterogradely, respectively (Kerschensteiner et al., 2005; Lorenzana et al., 2015).  

ii. Slow Axonal Retraction 

The subsequent phase of slow axonal retraction also acts on proximal and distal axon 

components but, as the name implies, at slower rates and by retraction rather than 

fragmentation. Whereas fragmentation processes leave bits of axons behind for hours after 

the process is complete, slow axonal retraction is a “clean” process, retracting the entire axon 

end (Lorenzana et al., 2015). Hours after the injury, slow axonal retraction induces the 

formation of large, bulbous structures at the majority of severed axon stumps, termed retraction 

bulbs (Ertürk et al., 2007; He et al., 2016).  

iii. Wallerian Degeneration 

The final phase of degeneration, Wallerian degeneration, has been observed in vivo as early 

as 30 h (Kerschensteiner et al., 2005) and as late as 6 weeks post-injury (Farrar et al., 2012). 

Regardless of the heterogeneity of the lag phase, it leads to the degeneration of very long 

stretches of axons, while having a similar rate of degeneration as acute axonal degeneration 

(Dray et al., 2009). Additionally, Wallerian degeneration differs from acute axonal degeneration 

by merely fragmenting the distal and not proximal end of the axon. It starts at the injured end 

of the distal axon segment, leading to a thinning of the entire axon, progressing distally along 

the axon (Kerschensteiner et al., 2005). Interestingly, Wallerian degeneration is not restricted 

to clearly identified cut axons but can also occur in seemingly uninjured axons where it is 

initiated close to the lesion (Dray et al., 2009).   

 

iv. Pore-Induced Axon Loss 



In the contusion spinal cord injury model axons are not transected but damaged by blunt force. 

A recent in vivo imaging study has shown that this applied force creates mechanopores in 

affected axons, through which calcium can enter immediately after injury. The resulting 

increase in intra-axonal calcium coincides with axonal swelling, initiated mainly in the first 30 

min post-injury, and is a predictor of axonal fragmentation. Although increased intra-axonal 

calcium level mostly precedes axon fragmentation, it does not invariably lead to it (Williams et 

al., 2014). More specifically, when elevated calcium levels become subsequently reduced and 

homeostasis restored by spontaneous sealing of mechanopores, pore-induced axon loss is 

prevented and the axon rescued long-term. In contrast, should mechanopores continue to 

disrupt an axonal membrane after contusion, it becomes increasingly likely for the axon to 

break (Williams et al., 2014).  Whether pore-induced axon loss can be complemented by 

additional mechanisms of axon dieback such as those cited before remains to be explored. 

 

2.2. Axonal outgrowth  

The heterogeneity observed in axons’ immediate dieback response can also be encountered 

in injured axonal outgrowth patterns, as illustrated in Fig. 2. First axonal sprouting has been 

observed as early as 6h following a pin lesion of the spinal cord (Kerschensteiner et al., 2005), 

and the majority of cut axons re-approach the pin lesion site one week post-injury (Fenrich et 

al., 2012). These sprouts can either be initiated at axonal endings, called terminal sprouts, or 

at nodes of Ranvier, called nodal sprouts. Both types of sprouts can grow quickly and produce 

axons with morphologies similar to unlesioned axons, with large caliber and a straight 

trajectory. Often when axons stop or fail to elongate this fast, they start a process of slow 

sprouting that generates rather thin new axons with more side branches. These thin, 

morphologically immature axons have been found to grow more in the center of a lesion, 

whereas regenerated unlesioned-like axons with few side branches grow at the rim of the 

lesion (Fenrich et al., 2012). This observation suggests that outer regenerating axons might 

get some directional information from neighboring intact fibers. In general, though, axons have 

been described to regenerate rather aimlessly (Dray et al., 2009; Kerschensteiner et al., 2005).  

Later elimination of regenerated axon branches has been observed (Dray et al., 2009). Where 

regeneration occurs in an aimless fashion, it is not surprising that some outgrowth might be 

functionally unnecessary and subsequently pruned. To our knowledge, in vivo data linking 

regenerated axonal morphology, such as small or large caliber fibers, with axon branch 

elimination is missing. Elimination of axon branches has been observed to involve fast 

fragmentation and slow retraction, similar to degeneration processes (Dray et al., 2009). The 

selective pruning rather than the total elimination of all regrown branches opposes the notion 

that a general inhibitory environment is the cause; it seems plausible that the origin lies in 

some (yet unidentified) intracellular signaling pathway.  



 

2.3. Changes to the environment surrounding injured axons 

 

Spinal cord injury does not solely cause morphological changes in axons; it also affects 

vasculature, causes immediate inflammatory responses and generates glial scars, which have 

been observed in vivo. Changes in vasculature can be visualized in vivo by dye injection into 

the tail vein. Neuroinflammatory responses have been studied using double transgenic mouse 

lines with neuronal and inflammatory fluorophore expression. The effect of glial scaring on 

axon morphology has been observed indirectly by varying the size of the scar to analyze how 

axons are differentially affected.  

2.3.1. Vascular Changes 

Spinal cord injuries do not solely disrupt neural transmission but also blood supply to the spinal 

cord by damaging blood vessels, leading to an immediate loss of vasculature which can be 

observed in the white matter in vivo (Dray et al., 2009). Hypoxia at the lesion site is reinforced 

by a progressive decrease in blood flow of the remaining vasculature, which has been studied 

in vivo for the first 2h following injury (Tang et al., 2015). As early as 3 days post-injury, 

attempts to compensate this disruption in blood supply occur by spontaneous angiogenesis 

within the first 400 μm surrounding the lesion epicenter, a process coincidental to axonal 

regeneration. There, many new vessel branches with small and medium diameters (from 6 to 

30μm) appeared around the lesion peaking at 7 days. Neurovascular proximity peaks a week 

following injury, and axons proximal to vessels regenerate faster but not with increased 

directionality (Dray et al., 2009). Similar to regenerated axons, newly created vessels of 

varying sizes are not all maintained but undergo pruning, leaving only the stable ones intact 2 

weeks post-injury (Dray et al., 2009). The visualization of axon–blood vessel interactions 

during in vivo imaging can support the evaluation of the efficacy of potential molecular 

interventions and treatments. 

2.3.2. Neuroinflammation 

Spinal cord injury induces blood-spinal cord barrier disruptions and release of inflammatory 

factors with, in particular, blood-derived macrophages attempting to infiltrate the injury site. 

Blood-derived macrophages, together with resident microglia, make up the two key players 

involved in neuroinflammation (Donnelly and Popovich, 2008). In vivo imaging studies have 

been helpful in elucidating the dynamic action of macrophages and microglia in vivo and in 

identifying their specific spatio-temporal distributions and role.  

Microglial cells immediately respond to spinal cord injuries by starting to polarize and by 

extending their processes towards the lesion site, thereby creating a shielding sphere around 

the lesion. Within the next hour not only processes but also microglial and macrophage cell 

bodies start migrating towards the lesion. This migration is quicker in macrophages than in 



microglia, a difference persisting at least for the first week post-injury (Evans et al., 2014). 

Albeit both macrophage and microglia increase in number, their populations peak at different 

times. Whereas the largest blood-derived macrophage population close to the lesion has been 

shown to occur at an early time point (approximately 1 week post-injury, depending on the type 

of lesion) (Evans et al., 2014; Fenrich et al., 2012), the microglia population peaks later 

(approximately at 3 weeks post-injury), where it forms a microglial scar (Dibaj et al., 2010). In 

addition, another in vivo imaging study revealed that migration is not the sole cause of an 

increase in microglial population; microglia also proliferates in proximity to the lesion (Fenrich 

et al., 2013). The contribution of these two processes, migration and proliferation, to increased 

cell population, however, is not yet known.  

Microglial and macrophage interaction with axons in vivo has been analyzed under different 

settings. After a small laser induced lesion, microglia contacted and engulfed retraction bulbs 

in the first hours following injury (Dibaj et al., 2010). However, at later time points, during the 

first week post-injury, destructive interactions of microglia with axons have not been observed, 

and axons only die back when contacted by macrophages (Evans et al., 2014; Fenrich et al., 

2013). This time dependent influence of microglia and macrophages on axonal fate can be 

best observed using in vivo imaging studies, and results could imply that microglia are more 

involved in the process of acute axonal degeneration, whereas macrophages play a larger role 

in Wallerian like degeneration. This hypothesis remains to be tested.  

2.3.3. Glial Scar 

The glial scar that forms in coincidence to the microglia activation also involves 

oligodendrocytes and astrocytes. Ylera and colleagues studied the effect of the glial scar on 

axonal outgrowth in vivo by varying the size of the lesion (2009). More precisely, they described 

how the glial scar can alter an axon’s response to post-conditioned lesions. Conditioning 

lesions are an established lesion model which demonstrates the intrinsic capacity to 

regenerate of dorsal root ganglion (DRG) central axons (Neumann and Woolf, 1999). In a  pre-

conditioned lesion, the central branch of a DRG neuron is cut after a lesion to its peripheral 

branch. This triggers an increased regeneration of the DRG neuron’s central branch (the 

anatomy of DRG neurons is illustrated in Fig. 1). When a peripheral branch, however, is 

lesioned after its central branch (post-conditioned lesion), the glial scar is the principal factor 

determining the regenerative fate of the lesioned axon. Therefore, when the spinal cord injury 

is a transection lesion, generating a large glial scar, the post-conditioned axons do not 

penetrate the lesion. If central axon branches are lesioned with a laser, creating a negligible 

glial scar, post- and pre-conditioned axons regenerate similarly (Ylera et al., 2009).  

Another study showing the influence of the glial scar on regeneration involves lesions of DRG 

axons outside of the spinal cord. In this case, the injured central axon is imaged in vivo at the 

dorsal root entry zone, where the regenerating axons enter the spinal cord. The authors could 



demonstrate in vivo that central axons regenerate until reaching this entry zone border (Di 

Maio et al., 2011). Ex vivo analysis revealed that axons fail to regenerate at the entry zone 

where the oligodendrocytic scar commences (Di Maio et al., 2011). The glial scar has also 

been observed to have beneficial functions following spinal cord injury (Rolls et al., 2009), such 

as tissue stabilization (Faulkner et al., 2004), regeneration induction (Anderson et al., 2016), 

or reparation of the blood brain barrier to inhibit inflammation (Bush et al., 1999). These effects 

have not yet been studied using in vivo imaging following spinal cord injury but astrocytes-

specific transgenic mouse lines could be combined to imaging of the injured spinal cord in vivo 

to shed lights on the role of the glial scar over time as also done in the case of neuro-immune 

diseases (Bardehle et al., 2013; Herwerth et al., 2016). 

 

3. Lessons learned from combining molecular intervention 

with in vivo imaging after spinal cord injury. 

 

3.1. Using in vivo imaging to determine mechanisms of action of 

molecular interventions. 

 

Several in vivo imaging studies demonstrate that treatment with molecular interventions (Table 

1) leads to a shortening of the distance between the cut axon tip and the initial injury site. The 

selected drugs studied include calpain inhibitors and EGTA (Williams et al., 2014), the 

microtubule stabilizing epothilone B (Ruschel et al., 2015), the autophagy inducing agent Tat-

Beclin 1 (He et al., 2016), the transcription factor STAT3 (Bareyre et al., 2011), the inhibitor of 

voltage-gated calcium channels pregabalin (Tedeschi et al., 2016), the corticosteroid 

medication methylprednisolone (Tang et al., 2015) and the neuroprotective steroid hormone 

progesterone (Yang et al., 2017). Which pathological processes are impacted by the 

treatments – prevention of axonal dieback or initiation of sprouting attempts – can only be 

determined accurately using in vivo imaging approaches.  

Many in vivo imaging studies build on existing ex vivo and in vitro data to narrow down the 

question that will be addressed using in vivo imaging techniques. Calpain protease inhibitors 

and EGTA, for example, had been previously shown to be protective against degeneration in 

vitro (Wang et al., 2000; Zhai et al., 2003). However, only results from in vivo imaging 

experiments provided evidence that calpain protease inhibitors prevent acute axonal 

degeneration and pore-induced axonal loss in two separate injury models (Kerschensteiner et 

al., 2005; Williams et al., 2014). These therapeutic interventions therefore underlines that these 

two processes likely involve calpain proteolysis and, thus, elevated intra-axonal calcium 

concentration. Following contusion injury, it was shown that EGTA, which binds extracellular 

calcium, prevented pore-induced intra-axonal calcium elevations and axonal dieback (Williams 



et al., 2014) when pools of axons were followed over time. This direct prevention of calcium 

influx illustrates a potential causal relationship between intra-axonal calcium elevation and 

axonal loss. Interestingly, axons started to degenerate more quickly after EGTA wash out than 

initially (Williams et al., 2014). These results indicate that EGTA does not lead to a recovery of 

the axons but only a temporary pause in axonal dieback. The study is an example of how 

combining molecular intervention with in vivo imaging helps to understand processes of the 

axon’s response to injury.  

Another example of a molecular intervention that was used in combination to in vivo imaging 

is the microtubule stabilizing drug epothilone B (Ruschel et al., 2015). In vitro assays had 

previously shown that microtubule fragmentation is one of the first pathological processes 

observable after axotomy, which can ultimately lead to degeneration (Tang-Schomer et al., 

2010; Zhai et al., 2003). In vivo imaging revealed that stabilizing microtubules with epothilone 

B (Ruschel et al., 2015) and taxol (Ertürk et al., 2007), leads both to a reduction of axonal 

dieback and a decreased number of cut axons with retraction bulbs. Cytoskeletal components 

do not solely play a crucial role in degeneration but also impact axonal outgrowth, during which 

the cytoskeleton needs to supply the growth cones with the necessary machinery and 

membrane for expansion (Dent and Gertler, 2003). Stabilizing microtubules with epothilone B 

has been observed in vivo to also increase the number of regenerating axons following a spinal 

cord lesion (Ruschel et al., 2015).  

Molecular intervention using the autophagy-inducing peptide Tat-Beclin 1 has also been 

combined with in vivo imaging following spinal cord injury. Results indicate this drug’s efficacy 

might also be rooted in microtubule stabilization (He et al., 2016). Under nonpathological 

conditions autophagy upholds cellular homeostasis by recycling unnecessary cytoplasmic 

components into basic building blocks (Yang and Klionsky, 2010), a process very likely to be 

of relevance during axon degeneration and regeneration. Previous studies investigating its 

effect on axonal morphology following central nervous system injury, however, have provided 

conflicting results (Gumy et al., 2010) of either impacting neurodegenerative (Knoferle et al., 

2010; Koch et al., 2010) or regenerative (Rodríguez-Muela et al., 2012) processes.  The in 

vivo imaging results following application of Tat-Beclin 1 directly to the injury site demonstrated 

a shortening of the distance between axon stumps and lesion site, as well as a reduction in 

the number of axons with retraction bulbs (He, et al., 2016). As these results are similar to 

those from direct application of microtubule stabilizing drugs, and because microtubule 

stabilization in vitro after treatment with Tat-Beclin 1 has been observed, a probable hypothesis 

is that Tat-Beclin 1 exerts its neuroprotective effect on axons by increasing autophagy, which 

in turn affects microtubular structure. Comparison of the differences in axon length and 

retraction bulb formation following axotomy reveals an epothilone-induced progressive 

increase (Ruschel et al., 2015), whereas the Tat-Beclin 1-induced increase evolves sharply at 



1h post-injury and then remains approximately unaltered (He et al., 2016). One interpretation 

might be that epothilone largely impacts later stages of axon regeneration, whereas Tat-Beclin 

1 prevents degeneration. A definitive conclusion, however, cannot be made and a more refined 

analysis observing the behavior of individual neurons and their change during different phases 

of axon degeneration and regeneration using in vivo imaging would be necessary.  

A study examining the impact of the transcription factor STAT3 on single axon morphology 

over time following spinal cord injury using in vivo imaging and comparative analysis is 

reported in (Bareyre et al., 2011) and illustrated in Fig. 3. The authors were able to draw firm 

conclusions regarding the phasic regulation of axonal outgrowth by STAT3. By following 

individually labeled neurons after viral overexpression of STAT3 in DRG neurons subjected to 

pin lesions, Bareyre and colleagues demonstrated that the intervention specifically affected 

outgrowth rather than degeneration. Furthermore, the growth-promoting effects were shown 

to primarily target outgrowth initiation rather than extension. By comparing rates of 

regeneration of individual axons via observation at different time points following injury, they 

showed that STAT3 overexpression initiates earlier sprouting but does not affect outgrowth at 

later stages of the outgrowth process (Bareyre et al., 2011). This study pinpointed the mode 

of action of this specific transcription factor and highlighted the fact that in vivo imaging can 

help better understand how different stages of axonal dieback and outgrowth are targeted, 

which is important in finding any spinal cord injury treatments. The authors also investigated 

the role of STAT3 in regeneration of DRG neurons after a peripheral branch lesion. In line with 

the data following pin lesion in the spinal cord, deletion of STAT3 was shown to block 

peripheral regeneration. Again, they could demonstrate that this effect was temporary and that 

STAT3 deletion caused a delayed in outgrowth initiation rather than an impairment of axon 

elongation once the regenerative process had started (Bareyre et al., 2011). Addressing 

different pathological or regenerative stages in such investigations opens new options for 

combinatorial and time-dependent therapies. Previous ex vivo studies implicated STAT3 

(Schwaiger et al., 2000); obtaining information of the speed of axonal outgrowth following 

STAT3 intervention with ex vivo studies would have been impossible. This observation 

stresses the advantages in the approach of following individual axons using in vivo imaging to 

infer axon dynamics. Dynamic analyses are already implemented after brain injury, e.g. 

measurement of spine turnover rate (Brown et al., 2007), and applied in the spinal cord 

following injury could yield in the future even more insights.  

Another study used in vivo imaging in conjunction with pregabalin, a blocker of voltage gated 

calcium channels (Tedeschi et al., 2016), a medication already used for other diseases, such 

as neuropathic pain, epilepsy and anxiety (Shneker and McAuley, 2005). While administering 

pregabalin, which binds to the 22 subunit of voltage gated calcium channels, the authors 

observed pools of axons and could see them closer to the lesion site when compared to vehicle 



treated animals. Again, only refined analysis could prove that the shortening of the distance to 

the lesion was due to increased regeneration, as suggested by data on DRG neurons in culture 

treated with pregabalin.  

The corticosteroid methylprednisolone is another example of a clinically-established 

medication, also in spinal cord injury. Although clinical trials claimed methylprednisolone to be 

effective following spinal cord injury if applied within 8 hours (Bracken et al., 1997, 1990), 

results from further studies in rodents challenged this view (Nash et al., 2002; Wells et al., 

2003). These conflicting results have rendered necessary the unravelling of the precise effects 

of methylprednisolone and in vivo imaging studies have brought some advances. Such 

experiments have observed single axons over time and have revealed, for example, that axons 

of mice treated with methylprednisolone were closer to the injury site, compared to axons of 

vehicle treated mice. This difference was relatively constant from 8h until 48h post-injury (Tang 

et al., 2015), which might imply a role of the steroid hormone in preventing degeneration. This 

hypothesis is supported by the reduced intra-axonal calcium influx in methylprednisolone-

treated axons compared to vehicle-treated axons in vivo (Tang et al., 2015). After injection of 

a tracer into the tail vein, the vasculature was mapped at the edge of the lesion. The authors 

could show that methylprednisolone treatment leads to an increased blood flow in vessels 

close to the lesion site (Tang et al., 2015). This effect of methylprednisolone on blood flow 

might compensate for the aforementioned general loss in vasculature following spinal cord 

injury. Similarly another study evaluated the effect of systemic treatment of mice with 

progesterone, another steroid hormone, on axon tip distance to injury evaluated on single 

labeled axons. They found that axons treated with progesterone were progressively closer to 

the lesion border than following vehicle treatment (Yang et al., 2017).  

 

Most in vivo imaging studies applying molecular interventions focus on the injury-induced 

effects on axons, due to their clear functional relevance in recovery. These results can clearly 

benefit from complementary analysis. Dibaj and colleagues (2010) investigated the effect of 

molecular interventions also on microglia using in vivo imaging. Previous reports suggesting 

that ATP released from astrocytes could be responsible for microglial attraction following brain 

injury (Davalos et al., 2005) and that nitric oxide (NO) levels increase following spinal cord 

injury (Conti et al., 2007) prompted Dibaj and colleagues to investigate a possible interplay 

between purinergic and NO signaling, as well as microglial process attraction. By inhibiting the 

NO pathway and applying enzymes catalyzing the decompositions of ATP in vivo, they could 

completely prevent microglia from responding to spinal cord laser injuries (Dibaj et al., 2010). 

Conversely, the chemotaxis of microglial processes was increased when applying NO donors 

or ATP directly. Interestingly, this increased response was only observable when NO was 



applied via an intraspinal local injection rather than global superfusion, illustrating that the 

mode of drug delivery can be crucial to the outcome.  

 

3.2. Advantages of combining in vivo imaging with molecular 

interventions after spinal cord injury. 

 

As seen in the previous paragraph, In vivo experiments can greatly differ in the way data are 

analyzed either following single axons or bulk of axons over time. Most of the other differences 

between studies lie in their imaging setup. Older studies, for example, used wide-field 

microscopy, whereas more recent studies use two-photon microscopy, which enables working 

with denser labels due to better optical sectioning. The way of administration of the therapeutic 

intervention can differ and in vivo imaging might even allow determining the most 

advantageous drug delivery (Dibaj et al., 2010). Other types of drug administration include 

systemic administrations, through intraperitoneal and subcutaneous injections, and 

overexpression with adeno-associated viruses (Bareyre et al., 2011). Different types of injury 

used in the experiment can yield different results. Differences in observations as to when, for 

example, a pathological process starts might be explainable by differences in lesion models or 

even be specific to one model as the pore-induced axon loss for contusion injuries. Small 

lesions such as laser-induced lesion have the advantage of making the tracking of individual 

objects easier than larger lesions. These are, however, less comparable with clinical spinal 

cord injury, which is better modeled by contusion models. Hence, one needs to weigh benefits 

against disadvantages of each lesion model before designing the experiment.   

 

All in vivo studies presented in this review make use of transgenic mouse lines expressing 

fluorescent proteins under the Thy1 promoter (Thy1-XFP) and exhibiting distinct patterns of 

labeled neurons (Feng et al., 2000). Some in vivo studies have used Thy1 mouse lines with 

sparse DRG labeling, such as the Thy1-GFP-M mouse line, which makes tracking of individual 

axons across long imaging periods easier. In order to visualize microglia (Dibaj et al., 2010), 

CX3CR1-GFP (Jung et al., 2000) were crossed with a Thy1-YFP mouse line. The two studies 

analyzing changes in calcium levels both used mouse lines with genetically encoded calcium 

indicators under the Thy1 promoter, Thy1-TNXXL (Williams et al., 2014) and Thy1-GCaMP 

(Tang et al., 2015). In both calcium indicators fluorescent proteins are bound to a 

calcium/binding domain; in TNXXL mouse lines this is troponin C (Mank et al., 2008) and in 

GCaMP mouse lines calmodulin (Zariwala et al., 2012). In Thy1-TNXXL mice, results are 

obtained as ratiometric measurements of FRET signals while in GCaMP mouse lines, 

outcomes are visualized using single wavelengths. New mouse lines with genetically encoded 

calcium indicators are constantly generated to yield best imaging results with increased 



baseline fluorescence, dynamic range and affinity for calcium (Chen et al., 2013). This new 

state-of-the-art technology could bring new insights into the long-term effect of distinct 

molecular interventions on uninjured or injured axons with the potential to remodel.  

Some in vivo studies combined the in vivo observations with ex vivo analysis. This is a powerful 

way of benefitting from both methodologies. For example, in the in vivo study identifying STAT3 

as a possible initiator of axonal outgrowth following spinal cord injury, the authors were 

successful at re-identifying axons that were scanned in vivo, so that they could complete their 

analysis at a later time point, lying outside of the time realm of in vivo imaging (Bareyre et al., 

2011). The STAT3 also study demonstrated possibilities for therapeutic intervention and 

showed that regeneration initiation and maintenance are two different processes that can be 

targeted individually. Other studies have proven successful to find new treatment options, such 

as the epothilone study (Ruschel et al., 2015), or to reveal new principles of spontaneous 

remodeling, such as application of the calcium chelating agent EGTA (Williams et al., 2014).  

 

In general, combining molecular intervention with in vivo imaging following spinal cord injury 

has several advantages:  

(1) It is optimal to reveal the best drug application paradigm to yield maximal efficacy (Dibaj 

et al., 2010).  

(2)  It is useful for identifying the mode of action of therapeutic intervention on specific 

phases of axonal growth (Bareyre et al., 2011) allowing a better combination of multiple 

treatments following spinal cord injury (Dibaj et al., 2010). Many researchers 

increasingly recognize the importance of sequentially tackling different stages of the 

events after trauma (Alto et al., 2009; Anderson et al., 2018; Fouad et al., 2005; Lu et 

al., 2004). In vivo imaging (either performed continuously or at different time-

resolutions) also offers a powerful tool to understand how cell or tissue response to a 

single molecular intervention is altered by an additional subsequent intervention.  

(3) It allows collecting data at many time points following the injury, thereby allowing for 

the precise determination of an effective window for therapeutic intervention without 

the need to increase the animal sample size. 

(4) It permits discovering new therapeutic interventions targeting a specific pathological 

event. For example, an analysis on calcium recovered axons, as in the study by 

Williams and colleagues, would not have been possible without knowing the axon’s 

history, in this specific case that the axon previously exhibited high intra-axonal calcium 

levels (Williams et al., 2014). Also, measuring the individual axon’s rate of regeneration, 

such as in the STAT3 study, relies on identifying the same structure over time using in 

vivo imaging (Bareyre et al., 2011). Due to the heterogeneity in the pathological 

development following spinal cord injury, one could also think of molecular 



interventions only affecting neurons that have, for example, previously undergone 

acute axonal degeneration but not slow axonal retraction.  

 

 

 

4. Conclusion 

 

Important advances have been made since the first publication combining in vivo imaging of 

the spinal cord with molecular manipulation after injury. These combinatorial studies 

necessarily have to be based on the understanding gained from in vivo studies of spontaneous 

pathological processes affecting axons, glial and immune cells, as well as vasculature. 

Manipulation of these processes yields insight on their differences and expanded information 

on their related chemical and physiological basis. Knowledge necessary to provide new 

therapeutic possibilities could also be expanded, and the validity of already established 

therapeutic interventions, such as methylprednisolone were probed (Tang et al., 2015).  

It must be noted that in vivo microscopy does not offer any improvement in spatial resolution 

compared to confocal microscopy and can also in thin samples produce some non-negligible 

level of photodamage. Therefore, it is always necessary to determine when the use of in vivo 

imaging is appropriate and can lead to new insights.  Hence, when designing in vivo spinal 

cord experiments with molecular manipulation after spinal cord injury one must carefully 

choose the adequate experimental setup when it comes to the type of molecular intervention, 

the timing of intervention, the administration of intervention, the type of injury model, the mouse 

line used and the type(s) of analyses. The development of additional reporter mouse lines and 

genetic labeling with viruses will allow the scientific community to gain new insight on 

pathological events and cell-cell interactions following spinal cord injury in vivo. New labeling 

techniques, together with super resolution imaging such as super-resolution shadow imaging, 

in which extracellular matrix is labeled and, hence, all cell bodies and processes visible 

(Tønnesen et al., 2018), might soon be applicable in an in vivo setting. This would allow direct 

visualization of general tissue response to molecular intervention in spinal cord injury. An 

interesting spinal cord injury-induced mechanism, which has not yet been analyzed using in 

vivo imaging, is remodeling, a process where uninjured axons start sprouting to form detour 

circuits bridging the lesion (Bareyre et al., 2004). So far, data from remodeling after injury 

originate from regions deep in the spinal cord, which are not accessible by conventional in vivo 

methods. Using lenses to reach deeper tissues as in the brain (Barretto et al., 2009) is not 

feasible because removing tissue for lens placement will induce severe spinal cord injury. New 

developments in reaching ventral areas of the spinal cord involve window implantation above 

the lateral spinal cord (Cartarozzi et al., 2018). Combining this with a three-photon microscopy 



approach (Horton et al., 2013) might open the door to observe and understand pathological 

mechanisms of spinal cord injury and neuronal remodeling approaches in the gray matter. In 

vivo imaging in spinal cord injury research is a quickly developing field that has provided new 

insight and discoveries. In combination with molecular intervention this field will target 

fundamental knowledge on pathological processes following injury and provide opportunities 

for development of promising therapies.  

 

 

Acknowledgments 

 

Work in F.M.B.’s lab is supported by grants from the Deutsche Forschungsgemeinschaft (DFG, 

SFB 870), by the Munich Center for Neurosciences (MCN) and the Wings for Life foundation. 

F.M.B. is also supported by the Munich Cluster for Systems Neurology (DFG, SyNergy; EXC 

1010). C.K.D. and A.A. are both students of the Graduate School of Systemic Neuroscience 

in Munich (Germany), and C.K.D. is supported by the German Academic Scholarship 

Foundation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References 

 

Alto, L.T., Havton, L.A., Conner, J.M., Hollis II, E.R., Blesch, A., Tuszynski, M.H., 2009. 

Chemotropic guidance facilitates axonal regeneration and synapse formation after 

spinal cord injury. Nat. Neurosci. 12, 1106. 

Anderson, M.A., Burda, J.E., Ren, Y., Ao, Y., O’Shea, T.M., Kawaguchi, R., Coppola, G., 

Khakh, B.S., Deming, T.J., Sofroniew, M. V., 2016. Astrocyte scar formation AIDS 



central nervous system axon regeneration. Nature 532, 195–200. 

https://doi.org/10.1038/nature17623 

Anderson, M.A., O’Shea, T.M., Burda, J.E., Ao, Y., Barlatey, S.L., Bernstein, A.M., Kim, J.H., 

James, N.D., Rogers, A., Kato, B., Wollenberg, A.L., Kawaguchi, R., Coppola, G., 

Wang, C., Deming, T.J., He, Z., Courtine, G., Sofroniew, M. V., 2018. Required growth 

facilitators propel axon regeneration across complete spinal cord injury. Nature. 

https://doi.org/10.1038/s41586-018-0467-6 

Bardehle, S., Krüger, M., Buggenthin, F., Schwausch, J., Ninkovic, J., Clevers, H., Snippert, 

H.J., Theis, F.J., Meyer-Luehmann, M., Bechmann, I., Dimou, L., Götz, M., 2013. Live 

imaging of astrocyte responses to acute injury reveals selective juxtavascular 

proliferation. Nat. Neurosci. 16, 580–586. https://doi.org/10.1038/nn.3371 

Bareyre, F.M., Garzorz, N., Lang, C., Misgeld, T., Büning, 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. 108, 6282–6287. 

Bareyre, F.M., Kerschensteiner, M., Raineteau, O., Mettenleiter, T.C., Weinmann, O., 

Schwab, M.E., 2004. The injured spinal cord spontaneously forms a new intraspinal 

circuit in adult rats. Nat. Neurosci. 7, 269–77. https://doi.org/10.1038/nn1195 

Barretto, R.P.J., Messerschmidt, B., Schnitzer, M.J., 2009. In vivo fluorescence imaging with 

high-resolution microlenses. Nat. Methods 6, 511–512. 

https://doi.org/10.1038/nmeth.1339 

Bracken, M.B., Shepard, M.J., Collins, W.F., Holford, T.R., Young, W., Baskin, D.S., 

Eisenberg, H.M., Flamm, E., Leo-Summers, L., Maroon, J., 1990. A randomized, 

controlled trial of methylprednisolone or naloxone in the treatment of acute spinal-cord 

injury: results of the Second National Acute Spinal Cord Injury Study. N. Engl. J. Med. 

322, 1405–1411. 

Bracken, M.B., Shepard, M.J., Holford, T.R., Leo-Summers, L., Aldrich, E.F., Fazl, M., 

Fehlings, M., Herr, D.L., Hitchon, P.W., Marshall, L.F., 1997. Administration of 

methylprednisolone for 24 or 48 hours or tirilazad mesylate for 48 hours in the treatment 

of acute spinal cord injury: results of the Third National Acute Spinal Cord Injury 

Randomized Controlled Trial. Jama 277, 1597–1604. 

Brown, C.E., Li, P., Boyd, J.D., Delaney, K.R., Murphy, T.H., 2007. Extensive turnover of 

dendritic spines and vascular remodeling in cortical tissues recovering from stroke. J. 

Neurosci. 27, 4101–4109. 

Bush, T.G., Puvanachandra, N., Horner, C.H., Polito, A., Ostenfeld, T., Svendsen, C.N., 

Mucke, L., Johnson, M.H., Sofroniew, M. V, 1999. Leukocyte infiltration, neuronal 

degeneration, and neurite outgrowth after ablation of scar-forming, reactive astrocytes in 

adult transgenic mice. Neuron 23, 297–308. 



Cartarozzi, L.P., Rieder, P., Bai, X., Scheller, A., Oliveira, A.L.R. de, Kirchhoff, F., 2018. In 

vivo two-photon imaging of motoneurons and adjacent glia in the ventral spinal cord. J. 

Neurosci. Methods 299, 8–15. https://doi.org/10.1016/j.jneumeth.2018.01.005 

Chen, T.W., Wardill, T.J., Sun, Y., Pulver, S.R., Renninger, S.L., Baohan, A., Schreiter, E.R., 

Kerr, R.A., Orger, M.B., Jayaraman, V., Looger, L.L., Svoboda, K., Kim, D.S., 2013. 

Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature 499, 295–300. 

https://doi.org/10.1038/nature12354 

Conti, A., Miscusi, M., Cardali, S., Germanò, A., Suzuki, H., Cuzzocrea, S., Tomasello, F., 

2007. Nitric oxide in the injured spinal cord: Synthases cross-talk, oxidative stress and 

inflammation. Brain Res. Rev. 54, 205–218. 

https://doi.org/10.1016/j.brainresrev.2007.01.013 

Davalos, D., Grutzendler, J., Yang, G., Kim, J. V., Zuo, Y., Jung, S., Littman, D.R., Dustin, 

M.L., Gan, W.B., 2005. ATP mediates rapid microglial response to local brain injury in 

vivo. Nat. Neurosci. 8, 752–758. https://doi.org/10.1038/nn1472 

Dent, E.W., Gertler, F.B., 2003. Cytoskeletal Dynamics and Transport in Growth Cone 

Motility and Axon Guidance. Neuron 40, 209–227. 

https://doi.org/10.1002/app.1991.070420528 

Di Maio, A., Skuba, A., Himes, B.T., Bhagat, S.L., Hyun, J.K., Tessler, A., Bishop, D., Son, 

Y.-J., 2011. In Vivo Imaging of Dorsal Root Regeneration: Rapid Immobilization and 

Presynaptic Differentiation at the CNS/PNS Border. J. Neurosci. 31, 4569–4582. 

https://doi.org/10.1523/JNEUROSCI.4638-10.2011 

Dibaj, P., Nadrigny, F., Steffens, H., Scheller, A., Hirrlinger, J., Schomburg, E.D., Neusch, C., 

Kirchhoff, F., 2010. NO mediates microglial response to acute spinal cord injury under 

ATP control in vivo. Glia 58, 1133–1144. https://doi.org/10.1002/glia.20993 

Donnelly, D.J., Popovich, P.G., 2008. Inflammation and its role in neuroprotection, axonal 

regeneration and functional recovery after spinal cord injury. Exp. Neurol. 209, 378–388. 

Dray, C., Rougon, G., Debarbieux, F., 2009.   Proc. Natl. Acad. Sci. U. S. A. 106, 9459–64. 

https://doi.org/10.1073/pnas.0900222106 

Ertürk, 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. https://doi.org/10.1523/JNEUROSCI.0612-07.2007 

Evans, T.A., Barkauskas, D.S., Myers, J.T., Hare, E.G., You, J.Q., Ransohoff, R.M., Huang, 

A.Y., 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. 

https://doi.org/10.1016/j.expneurol.2014.01.013 

Farrar, M.J., Bernstein, I.M., Schlafer, D.H., Cleland, T.A., Fetcho, J.R., Schaffer, C.B., 2012. 



Chronic in vivo imaging in the mouse spinal cord using an implanted chamber. Nat. 

Methods 9, 297–302. https://doi.org/10.1038/nmeth.1856 

Faulkner, J.R., Herrmann, J.E., Woo, M.J., Tansey, K.E., Doan, N.B., Sofroniew, M. V, 2004. 

Reactive astrocytes protect tissue and preserve function after spinal cord injury. J. 

Neurosci. 24, 2143–2155. 

Feng, G., Mellor, R.H., Bernstein, M., Keller-Peck, C., Nguyen, Q.T., Wallace, M., Nerbonne, 

J.M., Lichtman, J.W., Sanes, J.R., 2000. Imaging neuronal subsets in transgenic mice 

expressing multiple spectral variants of GFP. Neuron. https://doi.org/10.1016/S0896-

6273(00)00084-2 

Fenrich, K.K., 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. 

https://doi.org/10.1113/jphysiol.2012.230532 

Fenrich, K.K., Weber, P., Rougon, G., Debarbieux, F., 2013. Long- and short-term intravital 

imaging reveals differential spatiotemporal recruitment and function of myelomonocytic 

cells after spinal cord injury. J. Physiol. 591, 4895–4902. 

https://doi.org/10.1113/jphysiol.2013.256388 

Fouad, K., Schnell, L., Bunge, M.B., Schwab, M.E., Liebscher, T., Pearse, D.D., 2005. 

Combining Schwann cell bridges and olfactory-ensheathing glia grafts with 

chondroitinase promotes locomotor recovery after complete transection of the spinal 

cord. J. Neurosci. 25, 1169–1178. 

Gumy, L.F., Tan, C.L., Fawcett, J.W., 2010. The role of local protein synthesis and 

degradation in axon regeneration. Exp. Neurol. 223, 28–37. 

https://doi.org/10.1016/j.expneurol.2009.06.004 

He, M., Ding, Y., Chu, C., Tang, J., Xiao, Q., Luo, Z.-G., 2016. Autophagy induction stabilizes 

microtubules and promotes axon regeneration after spinal cord injury. Proc. Natl. Acad. 

Sci. 113, 11324–11329. https://doi.org/10.1073/pnas.1611282113 

Herwerth M, Kalluri SR, Srivastava R, Kleele T, Kenet S, Illes Z, Merkler D, Bennett JL, 

Misgeld T, Hemmer B. 2016. In vivo imaging reveals rapid astrocyte depletion and axon 

damage in a model of neuromyelitis optica-related pathology. Ann Neurol. 79(5):794-

805. https://doi.org/10.1002/ana.24630.  

Horiuchi, H., Oshima, Y., Ogata, T., Morino, T., Matsuda, S., Miura, H., Imamura, T., 2015. 

Evaluation of injured axons using two-photon excited fluorescence microscopy after 

spinal cord contusion injury in YFP-H line mice. Int. J. Mol. Sci. 16, 15785–15799. 

https://doi.org/10.3390/ijms160715785 

Horton, N.G., Wang, K., Kobat, D., Clark, C.G., Wise, F.W., Schaffer, C.B., Xu, C., 2013. In 

vivo three-photon microscopy of subcortical structures within an intact mouse brain. Nat. 



Photonics 7, 205. 

Johannssen, H.C., Helmchen, F., 2013. Two-photon imaging of spinal cord cellular networks. 

Exp. Neurol. 242, 18–26. https://doi.org/10.1016/j.expneurol.2012.07.014 

Jung, S., Aliberti, J., Graemmel, P., Sunshine, M.J., Kreutzberg, G.W., Sher, A., Littman, 

D.R., 2000. Analysis of fractalkine receptor CX3CR1 function by targeted deletion and 

green fluorescent protein reporter gene insertion. Mol. Cell. Biol. 20, 4106–4114. 

Kerschensteiner, M., Schwab, M.E., Lichtman, J.W., Misgeld, T., 2005. In vivo imaging of 

axonal degeneration and regeneration in the injured spinal cord. Nat. Med. 11, 572–

577. https://doi.org/10.1038/nm1229 

Knoferle, J., Koch, J.C., Ostendorf, T., Michel, U., Planchamp, V., Vutova, P., Tonges, L., 

Stadelmann, C., Bruck, W., Bahr, M., Lingor, P., 2010. Mechanisms of acute axonal 

degeneration in the optic nerve in vivo. Proc. Natl. Acad. Sci. 107, 6064–6069. 

https://doi.org/10.1073/pnas.0909794107 

Koch, J.C., Knöferle, J., Tönges, L., Ostendorf, T., Bähr, M., Lingor, P., 2010. Acute axonal 

degeneration in vivo is attenuated by inhibition of autophagy in a calcium-dependent 

manner. Autophagy 6, 658–659. 

Laskowski, C.J., Bradke, F., 2013. In vivo imaging. A dynamic imaging approach to study 

spinal cord regeneration. Exp. Neurol. 242, 11–17. 

https://doi.org/10.1016/j.expneurol.2012.07.007 

Lorenzana, A.O., Lee, J.K., Mui, M., Chang, A., Zheng, B., 2015. A Surviving Intact Branch 

Stabilizes Remaining Axon Architecture after Injury as Revealed by InVivo Imaging in 

the Mouse Spinal Cord. Neuron 86, 947–954. 

https://doi.org/10.1016/j.neuron.2015.03.061 

Lu, P., Yang, H., Jones, L.L., Filbin, M.T., Tuszynski, M.H., 2004. Combinatorial therapy with 

neurotrophins and cAMP promotes axonal regeneration beyond sites of spinal cord 

injury. J. Neurosci. 24, 6402–6409. 

Mank, M., Santos, A.F., Direnberger, S., Mrsic-Flogel, T.D., Hofer, S.B., Stein, V., Hendel, T., 

Reiff, D.F., Levelt, C., Borst, A., Bonhoeffer, T., Hübener, M., Griesbeck, O., 2008. A 

genetically encoded calcium indicator for chronic in vivo two-photon imaging. Nat. 

Methods 5, 805–811. https://doi.org/10.1038/nmeth.1243 

Nash, H.H., Borke, R.C., Anders, J.J., 2002. Ensheathing cells and methylprednisolone 

promote axonal regeneration and functional recovery in the lesioned adult rat spinal 

cord. J. Neurosci. 22, 7111–7120. 

Neumann, S., Woolf, C.J., 1999. Regeneration of dorsal column fibers into and beyond the 

lesion site following adult spinal cord injury. Neuron 23, 83–91. 

Ramon y Cajal, S., 1928. Degeneration and regeneration of the nervous system. Oxford 

Univ. Press. 



Rodríguez-Muela, N., Germain, F., Marĩo, G., Fitze, P.S., Boya, P., 2012. Autophagy 

promotes survival of retinal ganglion cells after optic nerve axotomy in mice. Cell Death 

Differ. 19, 162–169. https://doi.org/10.1038/cdd.2011.88 

Rolls, A., Shechter, R., Schwartz, M., 2009. The bright side of the glial scar in CNS repair. 

Nat. Rev. Neurosci. 10, 235. 

Ruschel, J., Hellal, F., Flynn, K.C., Dupraz, S., Elliot, D.A., Tedeschi, A., Bates, M., Sliwinski, 

C., Brook, G., Dobrit, K., Peitz, M., Brustle, O., Norenberg, M.D., Blesh, A., Weidner, N., 

Bunge, M.B., Bixby, J.L., Bradke, F., 2015. Systemic Administration of Epothilone B 

Promotes Axon Regeneration and Functional Recovery after Spinal Cord Injury. 

Science (80-. ). 348, 347–352. https://doi.org/10.1038/ja.2013.113.Venturicidin 

Schwaiger, F., Horvat, A., Hager, G., Streif, R., Spitzer, C., Gamal, S., Breuer, S., Brook, 

G.A., Nacimiento, W., Kreutzberg, G.W., 2000. Peripheral but not central axotomy 

induces changes in Janus kinases (JAK) and signal transducers and activators of 

transcription (STAT). Eur. J. Neurosci. 12, 1165–1176. 

Shneker, B.F., McAuley, J.W., 2005. Pregabalin: A new neuromodulator with broad 

therapeutic indications. Ann. Pharmacother. 39, 2029–2037. 

https://doi.org/10.1345/aph.1G078 

Tang-Schomer, M.D., Patel, A.R., Baas, P.W., Smith, D.H., 2010. Mechanical breaking of 

microtubules in axons during dynamic stretch injury underlies delayed elasticity, 

microtubule disassembly, and axon degeneration. FASEB J. 24, 1401–1410. 

https://doi.org/10.1096/fj.09-142844 

Tang, P., Zhang, Y., Chen, C., Ji, X., Ju, F., Liu, X., Gan, W.B., He, Z., Zhang, S., Li, W., 

Zhang, L., 2015. In vivo two-photon imaging of axonal dieback, blood flow, and calcium 

influx with methylprednisolone therapy after spinal cord injury. Sci. Rep. 5, 1–10. 

https://doi.org/10.1038/srep09691 

Tedeschi, A., Dupraz, S., Laskowski, C.J., Xue, J., Ulas, T., Beyer, M., Schultze, J.L., 

Bradke, F., 2016. The Calcium Channel Subunit Alpha2delta2 Suppresses Axon 

Regeneration in the Adult CNS. Neuron 92, 419–434. 

https://doi.org/10.1016/j.neuron.2016.09.026 

Tian, L., Hires, S.A., Mao, T., Huber, D., Chiappe, M.E., Chalasani, S.H., Petreanu, L., 

Akerboom, J., McKinney, S.A., Schreiter, E.R., Bargmann, C.I., Jayaraman, V., 

Svoboda, K., Looger, L.L., 2009. Imaging neural activity in worms, flies and mice with 

improved GCaMP calcium indicators. Nat. Methods 6, 875–881. 

https://doi.org/10.1038/nmeth.1398 

Tønnesen, J., Inavalli, V.V.G.K., Nägerl, U.V., 2018. Super-Resolution Imaging of the 

Extracellular Space in Living Brain Tissue. Cell 172, 1108–1111.e15. 

https://doi.org/10.1016/j.cell.2018.02.007 



Wang, M.S., Wu, Y., Culver, D.G., Glass, J.D., 2000. Pathogenesis of axonal degeneration: 

Parallels between Wallerian degeneration and vincristine neuropathy. J. Neuropathol. 

Exp. Neurol. 59, 599–606. https://doi.org/10.1093/jnen/59.7.599 

Wells, J.E.A., Hurlbert, R.J., Fehlings, M.G., Yong, V.W., 2003. Neuroprotection by 

minocycline facilitates significant recovery from spinal cord injury in mice. Brain 126, 

1628–1637. https://doi.org/10.1093/brain/awg178 

Williams, P.R., Marincu, B.N., Sorbara, C.D., Mahler, C.F., Schumacher, A.M., 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, 1–11. 

https://doi.org/10.1038/ncomms6683 

Yang, Z., Klionsky, D.J., 2010. Mammalian autophagy: core molecular machinery and 

signaling regulation. Curr. Opin. Cell Biol. 22, 124–131. 

Yang, Z., Xie, W., Ju, F., khan, A., Zhang, S., 2017. In vivo two-photon imaging reveals a 

role of progesterone in reducing axonal dieback after spinal cord injury in mice. 

Neuropharmacology 116, 30–37. https://doi.org/10.1016/j.neuropharm.2016.12.007 

Ylera, B., Ertürk, 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. https://doi.org/10.1016/j.cub.2009.04.017 

Zariwala, H.A., Borghuis, B.G., Hoogland, T.M., Madisen, L., Tian, L., De Zeeuw, C.I., Zeng, 

H., Looger, L.L., Svoboda, K., Chen, T.-W., 2012. A Cre-dependent GCaMP3 reporter 

mouse for neuronal imaging in vivo. J. Neurosci. 32, 3131–3141. 

Zhai, Q., Wang, J., Kim, A., Liu, Q., Watts, R., Hoopfer, E., Mitchison, T., Luo, L., He, Z., 

2003. Involvement of the ubiquitin-proteasome system in the early stages of Wallerian 

degeneration. Neuron 39, 217–225. https://doi.org/10.1016/S0896-6273(03)00429-X 

 

 

 

 

 

Figure and table descriptions 

 

Figure 1: Axonal dieback following spinal cord transection and contusion injuries as 

observed using in vivo imaging studies. In vivo imaging studies in the spinal cord are 

performed on central branches of DRG neurons (top). Contusion injuries (left) have been 

observed using in vivo imaging to cause calcium influx through mechanopores. These 

mechanopores either seal, and the axon is rescued, or they are maintained and the axon 



breaks. Injury by laser or transection can cause acute axonal degeneration and slow axonal 

retraction with retraction bulb formation consecutively or in alternating phases. Wallerian 

degeneration occurs later and only affects the distal part of the axon. Times indicated are 

earliest and latest observations of the respective pathological processes taken from different 

in vivo imaging studies. In vivo imaging is commonly performed on large superficial myelinated 

axons originating from sensory neurons in the dorsal root. Those neurons can be visualized in 

transgenic mouse line, in which a neuron-specific fragment of the Thy1 promoter drives 

cytoplasmic expression of specific fluorophores (Thy1-XFP) in subsets of neurons, including 

the dorsal root (DRG). Axons in this figure (also in the following figures) are represented 

without their myelin sheath. 

 

Figure 2: Axonal outgrowth and pruning following spinal cord injury as observed using 

in vivo imaging studies. Limited axonal regeneration can occur at nodes (left) or at distal 

ends of axons (right). Sprouting has been observed to occur aimlessly, generating axon 

branches with high caliber and straight trajectory and axon branches with small caliber and 

more side branches. Both types of axon branches are pruned at a later time point while the 

exact mechanism of axon branch elimination remains unknown.  

 

Figure 3: In vivo imaging reveals that STAT3 initiates axonal outgrowth but does not 

cause increased axonal extension rates at later time points after spinal cord injury. In 

vivo imaging of a transected peripheral branch of the DRG shows maintained axonal outgrowth 

with growth cone formation (blue). Deleting STAT3 in those neurons inhibits outgrowth 

initiation following injury but axons still extend similarly as unaltered axons at later time points 

(dark green). In central branches of DRG neurons, transection is only followed by very limited 

axonal outgrowth and subsequent extension. STAT3 overexpression in DRG neurons, though, 

initiates outgrowth but does not maintain increased rates of outgrowth later (bright green). 

Hence, during the axon extension phase, normal axons and STAT3 overexpressing axons 

regenerate similarly.  

 

Table 1: Summary of methodological setups, analysis and results for experiments 

combining in vivo imaging with molecular intervention. Experiments are arranged by 

publishing date. Observational analysis (o) refers to descriptive changes without 

quantifications in the original publication. Same samples analysis (ss) refers to studies in which 

the same single structures are followed and analyzed across time for control and treatment 

group. Variable sample analysis (vs) refers to samples in control or treatment group that were 

analyzed as bulk and therefore might be more heterogeneous over time. The time interval of 



analysis presented in the table only refers to timepoints used for analysis. Additional scanning 

might have been performed and examples shown in between time points. 
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