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SUMMARY

Injured axons fail to regenerate in the adult central nervous system, which contrasts their vigorous 

growth during embryonic development. We explored the potential of re-initiating axon extension 

after injury by reactivating the molecular mechanisms that drive morphogenetic transformation of 

neurons during development. Genetic loss- and gain-of-function experiments followed by time-

lapse microscopy, in vivo imaging and whole-mount analysis show that axon regeneration is 

fueled by elevated actin turnover. ADF/Cofilin controls actin turnover to sustain axon regeneration 

after spinal cord injury through its actin-severing activity. This pinpoints ADF/Cofilin as a key 

regulator of axon growth competence, irrespective of developmental stage. These findings reveal 

the central role of actin dynamics regulation in this process and elucidate a core mechanism 

*Correspondence: Frank.Bradke@dzne.de.
#These authors contributed equally.
AUTHOR CONTRIBUTIONS
C.L., K.F., and F.B. conceived the project; A.T., S.D., M.C., C.L., B.S., and F.B. designed research; A.T., S.D., M.C., C.L., B.S., K.F., 
T.S., and S.S. performed research; A.T., S.D., M.C., C.L., B.S., K.F., T.S., S.S., M.L., and B.H. analyzed the data; C.G. and W.W. 
provided mutant mice and antibodies; F.B. supervised the research; A.T.,S.D., M.C., C.L., B.S., and F.B wrote the paper. T.S., S.S., 
B.J.H., C.G., and W.W. provided feedback and contributed to editing the manuscript.

DECLARATION OF INTERESTS
The authors declare no competing financial interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neuron. Author manuscript; available in PMC 2020 September 25.

Published in final edited form as:
Neuron. 2019 September 25; 103(6): 1073–1085.e6. doi:10.1016/j.neuron.2019.07.007.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



underlying axon growth after CNS trauma. Thereby, neurons maintain the capacity to stimulate 

developmental programs during adult life, expanding their potential for plasticity. Thus, actin 

turnover is a key process for future regenerative interventions.

Graphical Abstract

In Brief /eTOC Blurb

Tedeschi et al. identify ADF/Cofilin as a key driver of axon regeneration in adult dorsal root 

ganglion neurons. Specifically, enhanced actin turnover by the ADF/Cofilin severing function 

controls axon regeneration in the adult CNS.
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INTRODUCTION

Axons fail to regenerate in the adult mammalian central nervous system (CNS). This limits 

recovery in neurodegenerative diseases or upon CNS injury (Fawcett, 2015). Regeneration 

failure is attributed to both extracellular factors that are inhibitory to axon growth (Schwab 

and Strittmatter, 2014; Silver and Silver, 2014) and the downregulation of neuron-intrinsic 

regenerative programs (He and Jin, 2016; Tedeschi and Bradke, 2017).
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One strategy to induce axon regeneration is to reactivate intracellular processes that drive 

axon growth during development (Hilton and Bradke, 2017). For example, moderate 

pharmacological stabilization of microtubules, which elicits axon growth in developing 

hippocampal neurons (Gomis-Ruth et al., 2008; van Beuningen et al., 2015; Witte et al., 

2008), induces axon regeneration after spinal cord injury and leads to functional recovery 

(Hellal et al., 2011; Ruschel and Bradke, 2017; Ruschel et al., 2015; Sandner et al., 2018). 

However, the molecular mechanisms and the corresponding evidence of the reactivation of a 

developmental program have remained fragmentary.

The formation of a growth cone, the ‘sensory and motor organ’ at the tip of growing axons, 

is critical for axon growth during development and axon regeneration after injury (Bradke et 

al., 2012; Dent et al., 2011). Actin treadmilling, the assembly of actin filaments at the 

leading edge of the growth cone and their disassembly at its central domain, regulates 

growth cone motility (Lowery and Van Vactor, 2009; Rodriguez et al., 2003; Van Goor et al., 

2012), neurite formation (Flynn et al., 2012) and axon growth (Bradke and Dotti, 1999; 

Forscher and Smith, 1988) during development.

Emerging evidence suggests that the actin depolymerizing factor (ADF)/Cofilin (AC) family 

enhances growth cone dynamics and neurite extension during development by directing 

actin retrograde flow (Endo et al., 2003; Flynn et al., 2012). AC proteins bind to the aged 

actin filaments and shorten them by separable severing and depolymerization activities 

(Bamburg and Wiggan, 2002; Chen et al., 2000; Pollard et al., 2000). Thus, following the 

concept that axon regeneration can be elicited by reactivating a developmental growth 

program, AC proteins could be primary candidates to direct axon regeneration in the CNS.

Here we tested the role of actin dynamics in the regeneration of adult rodent dorsal root 

ganglion (DRG) neurons. These neurons regenerate their central axon when their peripheral 

axon is lesioned prior to CNS injury, a procedure termed ‘conditioning’ (Neumann and 

Woolf, 1999; Richardson and Issa, 1984; Tedeschi et al., 2016). While many signaling 

pathways underlying the conditioning-induced growth have been identified, little is known 

about the actual physiological processes regulating regenerative growth (Curcio and Bradke, 

2018). Our results show that conditioning increases actin dynamics by enhancing the actin-

severing activity of AC, which is required for axon regeneration. Thus, AC promotes axon 

regeneration by recapitulating processes that control neurite extension during development, 

revealing that adult neurons retain the capacity of activating developmental programs and 

thereby expanding their potential for plasticity.

RESULTS

Rapid Actin Turnover is Essential for Accelerated Growth After Conditioning

We determined growth cone dynamics of adult conditioned DRG neurons both in cell culture 

and in vivo after spinal cord injury. To condition DRG neurons, we performed unilateral 

sciatic nerve transection in adult rats. One week later, we dissected the conditioned and 

contralateral unconditioned (naïve) lumbar (L) 4 and 5 DRGs, and dissociated and plated the 

neurons to assess growth cone behavior (Figures 1A–D). Time-lapse microscopy showed 

that axons of cultured conditioned rat DRG neurons, which become long and unbranched 
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(Figure 1B) (Smith and Skene, 1997), reached a maximum growth rate of 2 μm/minute, and 

grew in average three times faster than axons of naïve neurons (Figures 1B–1D; Movie S1), 

which are short and branched (Smith and Skene, 1997). Conditioned growth cones were 

dynamic, extended long filopodia, and rapidly changed their morphology (Figures S1A–

S1D). By contrast, growth cones from naïve DRG neurons contained shorter filopodia and 

relatively static lamellipodia (Figures S1A–S1D).

Conditioning also enhanced growth cone dynamics in vivo. We transected single dorsal 

column (DC) axons using a localized laser lesion at the L1 level of the spinal cord in naïve 

or conditioned GFP-M mice as described before (Figure 1E) (Schaffran et al., 2019; Ylera et 

al., 2009). The dynamics of the proximal stump from injured axons were studied within the 

first 4.5 h after lesion using two-photon time-lapse microscopy (Figures 1F and 1G). 

Expectedly, 34% of conditioned axons started growing within this time interval whereas 

only 12% of naïve axons initiated growth. Notably, the growth cones of conditioned axons 

generated twice as many protrusions and three times more filopodia than growth cones of 

naïve axons (Figures 1H and 1I; Movie S2).

To analyze the underlying actin dynamics in the growth cone, we transfected dissociated 

DRG neurons with the F-actin marker Lifeact fused to green fluorescent protein (GFP) 

(Riedl et al., 2008) and performed fluorescent time-lapse microscopy. In growth cones from 

conditioned neurons, actin retrograde flow was increased and actin-based protrusions 

doubled in frequency, when compared to naïve neurons (Figures 1J–1L; Movie S3).

To determine whether high actin turnover is necessary for rapid axon growth after 

conditioning, we treated conditioned adult rat DRG neurons with the F-actin stabilizing drug 

jasplakinolide (Jasp), which suppresses actin dynamics (Figures 2A–2C; Movie S4) (Flynn 

et al., 2012). Indeed, Jasp treatment inhibited axon extension, mimicking the morphology of 

naïve neurons (Figures 2D–2F). Thus, accelerated actin turnover is necessary for the rapid 

axonal growth elicited by a conditioning lesion.

ADF/Cofilin is More Active Following a Conditioning Lesion

Given that AC proteins are critical regulators of actin turnover during neuronal development 

(Bellenchi et al., 2007; Flynn et al., 2012), we investigated whether the activity of Cofilins, 

the prevailing AC members, are modulated after a conditioning lesion. Protein extracts from 

adult conditioned rat L4–5 DRGs showed higher Cofilin activity compared to naïve controls 

evidenced by reduced phosphorylated Cofilin (pCofilin) (Figures 2G–2I) (Moriyama et al., 

1996). Of note, protein levels of the AC family members Cofilin1, Cofilin2 and ADF 

remained unaltered after conditioning (Figures 2H and 2J–2L). The Cofilin phosphatase 

Slingshot homolog 1 (SSH1) was also less phosphorylated after conditioning (Figures 2M 

and 2N), indicating that SSH1 is more active (Figure 2P) (Eiseler et al., 2009), whereas the 

expression of the upstream kinase that phosphorylates and inactivates Cofilin, LIM kinase 

(LIMK) (Arber et al., 1998), remained unchanged (Figures 2M, 2O and 2P). Hence, Cofilin 

is activated after a peripheral nerve lesion and could be involved in conditioning-mediated 

axon regeneration.
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ADF/Cofilin is Required for Conditioning-Mediated Actin Turnover during Axon 
Regeneration

We tested the physiological role of AC proteins in mediating the conditioning response by 

assessing the growth of AC Knockout (KO) DRG neurons by using AC knockout (KO) DRG 

neurons and assessing their growth. To this end, mice deficient in ADF and/or carrying 

floxed alleles of the Cofilin members were transduced with adeno-associated virus (AAV) 

expressing enhanced GFP (AAV-eGFP) or Cre recombinase fused to enhanced GFP (AAV-

Cre-eGFP), followed by conditioning.

During neuronal development, ADF and Cofilin1 have redundant functions (Bellenchi et al., 

2007; Flynn et al., 2012). Furthermore, all three AC family members are expressed in the 

adult CNS (Gurniak et al., 2014). Consistent with the possibility that their function might 

also be redundant in adult DRGs, the ablation of single members of the AC family had no 

effect on axon growth in conditioned neurons (Figure 3). We thus tested the effect of 

pairwise gene deletion. Ablation of ADF and Cofilin1 (AC1 KO) showed only a moderate 

reduction in axon growth (Figure 3) and actin dynamics (Figures S2A–S2E; Movie S5). 

Moreover, conditioned AC1 KO axons regenerated equally as well as conditioned wild-type 

(WT) axons after a spinal cord injury (Figure S3). Similarly, deletion of either ADF and 

Cofilin2 (AC2 KO), or Cofilin1 and Cofilin2 (C1C2 KO) moderately affected axon growth 

and branching (Figure 3). In contrast, the simultaneous depletion of all three AC members in 

conditioned ADF−/−Cofilin1flox/floxCofilin2flox/flox mice transduced with AAV-Cre-eGFP 

(AC1C2 KO, Figure 4A) resulted in a substantial decrease in axon length, increased 

branching (Figure 3), and a robust reduction in actin turnover compared to WT conditioned 

neurons (Figures 4B–4D; Movie S6). Thus, AC proteins function redundantly to drive axon 

elongation in cultured DRG neurons after conditioning.

We therefore tested whether AC proteins are essential for axon regeneration in vivo both in 

the peripheral nervous system (PNS) and in the CNS. To assess PNS regeneration, the L5 

DRG of the adult WT or AC1C2 mice was transduced with AAVs for the expression of Cre 

recombinase and eGFP, followed by a unilateral sciatic nerve crush one week later (Figure 

S4A). Three days after peripheral nerve lesion, injured axons from mutant AC1C2 KO mice 

grew less than 1 mm within the sciatic nerve whereas WT axons grew more than 4 mm 

(Figure S4). Hence, axon regeneration in the PNS requires AC activity.

Importantly, axon regeneration after central injury also depended on AC proteins. In the 

spinal cord, four weeks after a dorsal column injury at thoracic (T) 12 level, we visualized 

regenerating axons of WT and AC1C2 KO conditioned DRG neurons by two photon 

imaging of whole mount spinal cord samples (Hilton et al., 2019; Tedeschi et al., 2016). As 

expected, conditioned WT axons regenerated across the injury site. In contrast, conditioned 

AC1C2 KO axons stalled caudal to the lesion, similar to axons of sham lesioned WT 

animals (Figures 4E–4G). Thus, AC proteins are critical for driving the regenerative 

response in peripheral and central axons.
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The Severing Activity of Cofilin1 is Essential for Axon Regeneration

To assess which function of AC drives axon regeneration, we reintroduced into AC1C2 KO 

neurons wildtype Cofilin1(WT) or Cofilin1 mutants that either exclusively sever or 

depolymerize actin filaments (Moriyama and Yahara, 1999, 2002) (Figure 5A). All of the 

mutant forms were inserted in the same plasmid backbone, packaged in the same AAV 

capsid and displayed similar expression levels (Figure S5A and S5B). In cultured 

conditioned AC1C2 KO neurons, expression of mutant Cofilin1(S94D) fused to red 

fluorescent protein (RFP), which depolymerizes but does not sever actin filaments (Figure 

5A) (Moriyama and Yahara, 1999, 2002), failed to restore actin dynamics (Figures 5B–5D; 

Movie S7) and axon growth (Figures 5E–5G). By contrast, the expression of the mutant 

Cofilin1(Y82F), which severs but does not depolymerize actin filaments (Figure 5A) 

(Moriyama and Yahara, 1999, 2002), restored actin turnover (Figures 5B–5D; Movie S7) 

and axon growth, albeit to a lesser extent than expression of Cofilin1(WT) (Figures 5E–5G). 

We also tested Cofilin1 (S3A), a non-phosphorylatable form of Cofilin1. Phosphorylation on 

Serine at position 3 (S3) not only determines Cofilin deactivation but also its turnover from 

actin-bound to actin-free state (Pak et al., 2008). Therefore in developing neurons, 

overexpression of non-phosphorylatable Cofilin1(S3A) induces a similar enhancement in 

axon growth compared to Cofilin(WT) (Endo et al., 2003). Consistently, overexpression of a 

Cofilin1(S3A) mutant in cultured AC1C2 KO adult naïve neurons showed a comparable 

rescue of axon extension as overexpression of Cofilin1(WT) (Figures S5C and S5D). We 

next tested whether the severing activity of Cofilin1 is critical for axon regeneration in vivo. 

The sciatic nerve of adult AC1C2 mice was transduced with AAVs expressing Cre, eGFP 

and one of the Cofilin1 mutants described above (Figure 6A). One week after conditioning, 

the spinal cord was injured at T12 level and regeneration of centrally projecting DRG axons 

was evaluated 4 weeks later. We found that expression of the Cofilin1(Y82F) mutant but not 

of the Cofilin1(S94D) mutant restores regeneration in conditioned AC1C2 KO axons 

comparably to the effects of Cofilin1(WT) expression (Figures 6B and 6C). Thus, the actin-

severing function of Cofilin1 mediates actin turnover and axon regeneration upon 

conditioning.

Cofilin1 Induces Axon Regeneration

Conditioning triggers various molecular events that ultimately lead to substantial axon 

regeneration (He and Jin, 2016). We asked whether AC overexpression alone would be 

sufficient to induce a regenerative response without prior conditioning. As AC proteins 

compensate for each other, we focused our experiments on Cofilin1, the ubiquitously 

expressed AC-member. In cell culture, naïve rat neurons overexpressing Cofilin1(WT) 

extended longer axons when plated on the growth promoting substrate laminin (Figures 7A 

and 7B) or on the inhibitory substrates chondroitin sulfate proteoglycans (CSPGs) (Silver 

and Silver, 2014) (Figures 7C and 7D) and Nogo-A (Schwab and Strittmatter, 2014) (Figures 

7E and 7F). Based on these findings, we tested whether Cofilin1 overexpression could 

promote axon regeneration in the adult CNS without a prior conditioning lesion. In adult 

naïve WT mice, the sciatic nerve was injected with AAV-Cofilin1(WT) in combination with 

AAV-eGFP to trace regenerating DC axons, followed by a spinal cord injury at T12 level 

two weeks later (Figure 7G). Four weeks after injury, we found that naïve axons expressing 

Cofilin1(WT) successfully regenerate and cross the injury site (Figures 7H and 7I; Movie 

Tedeschi et al. Page 6

Neuron. Author manuscript; available in PMC 2020 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



S8). Overexpression of Cofilin1(S3A) and Cofilin1(Y82F) also evoked a regenerative 

response, while overexpression of the Cofilin1(S94D) mutant failed to induce axon 

regeneration (Figures S6B and S6C). In conclusion, Cofilin1 drives axon regeneration in the 

adult rodent CNS through its actin-severing activity.

DISCUSSION

In this study, we identified ADF/Cofilin-mediated actin turnover as a molecular effector 

mechanism to induce axon regeneration, by recapitulating processes that elicit neurite 

growth during development. Our findings highlight the dormant potential in the adult CNS 

to reactivate developmental programs to expand its plasticity.

Actin Dynamics as a Regulator of Axon Regeneration

During development, a neuron undergoes a rapid series of morphogenetic changes, 

transforming from a spherical cell into one bearing an axon and dendrites (Dotti et al., 1988; 

Takano et al., 2015; Yogev and Shen, 2017). One early step in this transformation is the 

generation of neurites tipped with a highly dynamic growth cone (Flynn et al., 2012; Yogev 

and Shen, 2017). The growth cone probes the cellular environment to guide the axon to its 

target. Upon arrival, the growth cone reduces its dynamics and transforms into a presynaptic 
terminal. This is likely mediated by changes in the actin network. Whereas actin filaments in 

growth cones are dynamic to drive growth cone motility and thereby axon growth (Bradke 

and Dotti, 1999; Dent et al., 2011; Endo et al., 2003; O’Connor and Bentley, 1993), actin 

filaments have relatively little turnover in mature axons integrated in circuits (Coles and 

Bradke, 2015). Are enhanced actin dynamics sufficient to reactivate an axon growth program 

in adult neurons (Blanquie and Bradke, 2018)? Our time-lapse in vivo analysis combined 

with cell culture imaging and pharmacological experiments revealed that increased actin 

turnover underlying enhanced growth cone dynamics is critical for regenerative conditioned 

growth. Adult DRG neurons grow slowly and display the arborizing pattern typically found 

during synaptogenesis (Smith and Skene, 1997; Tedeschi et al., 2016); however, after 

conditioning, they show the enhanced actin dynamics necessary for the elongating growth of 

developing neurons. This suggests that reactivating actin dynamics transforms adult neurons 

back into an active growth state to elicit axon regeneration. We will discuss next how this 

reactivation of actin dynamics is mediated.

ADF/Cofilin is Necessary and Sufficient for Axon Regeneration

In isolation, actin filaments are stable polymers with spontaneous depolymerization that is 

too slow to maintain the fast actin dynamics observed in living cells. Therefore, neurons 

need accessory proteins to trigger a fast disassembly of aging actin networks (Brieher, 2013; 

Coles and Bradke, 2015; Ono, 2007). AC is a well-known regulator of actin dynamics, 

highly expressed in growth cones, and plays a vital role in growth cone motility and axon 

growth during development (Bamburg and Bray, 1987; Endo et al., 2003; Flynn et al., 2012; 

Garvalov et al., 2007; Kuhn et al., 2000; Meberg, 2000; Sivadasan et al., 2016), which 

makes AC a well-suited candidate to control regenerative growth. Upon AC inactivation, the 

actin network may be static while reactivation of AC could lead to growth competence. 

Here, we show that AC is activated upon conditioning. This activation of AC proteins is 

Tedeschi et al. Page 7

Neuron. Author manuscript; available in PMC 2020 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



essential for regeneration of conditioned axons as our genetic ablation analysis combined 

with time-lapse experiments and in vivo studies, revealed that complete loss of AC activity 

in conditioned neurons abrogates both actin dynamics and axon regeneration.

The genetic analysis was challenged by the expression of a third member of the AC family 

in the adult nervous system, Cofilin2, which can compensate for the loss of ADF and 

Cofilin1, but is not expressed in the embryonic nervous system (Gurniak et al., 2014; 

Gurniak et al., 2005; Kremneva et al., 2014; Vartiainen et al., 2002). While the exact 

biochemical differences among the isoforms are still controversial, all three members of the 

AC family have F-actin binding, severing, and depolymerizing activities (Bamburg and 

Bernstein, 2010; Kremneva et al., 2014; Vartiainen et al., 2002). The combinatorial ablations 

of two AC members showed very little difference in their axon growth patterns, implying 

that the three isoforms have redundant functions.

Noteworthy, AC is not only necessary for regenerative growth but overexpression of Cofilin1 

without prior conditioning was also sufficient to induce regeneration, both in cell culture as 

well as in vivo after spinal cord injury. While gene transcription and production of cellular 

material necessary for extensive growth are involved in a full regenerative response triggered 

by conditioning (He and Jin, 2016), AC-mediated actin turnover turns out to be a key 

regulator of regenerative growth.

Conditioning-mediated Regeneration - From Transcriptional Changes to Cytoskeletal 
Effects

The conditioning lesion is the classical regenerative paradigm with arguably the most robust 

and strongest effect on axon regeneration. Pioneering studies performed decades ago 

(McQuarrie et al., 1977; Richardson and Issa, 1984) triggered an immense research effort to 

dissect the associated transcriptional changes (Chandran et al., 2016; Cho et al., 2015; 

Costigan et al., 2002; Hu et al., 2016; Oh et al., 2018; Puttagunta et al., 2014; Tedeschi et al., 

2016; Weng et al., 2018). These efforts revealed numerous pro-regenerative transcription 

factors, including activating transcription factor (Atf3) and signal transducer and activator of 

transcription (Stat3), regenerative associated genes, including growth associated protein 43 

(GAP43) and small proline rich protein 1 (Sprr1a) (Chandran et al., 2016; Cho et al., 2015; 

Costigan et al., 2002; Tedeschi, 2011), as well as growth suppressors, such as Cacna2d2 
(Tedeschi et al., 2016). By focusing on fundamental cell biological processes that drive 

neurite and axon growth during development, our work used a complementary approach to 

help decipher the conditioning response.

Cell biological analysis combined with in vivo molecular manipulation identified the 

severing function of AC as a key molecular process to drive conditioning-mediated axon 

regeneration. Focusing on the effector mechanisms, we present a novel perspective of how 

neurons regenerate, by rendering the actin cytoskeleton dynamic and recapitulating 

molecular processes that drive neurite growth. It is tempting to speculate how actin-

manipulating drugs, including cytochalasins and latrunculins, could stimulate axon 

regeneration as they have proven to stimulate axon elongation in developing neurons 

(Bradke and Dotti, 1999, 2000; Conde et al., 2010; Kunda et al., 2001). Future 

pharmacological actin manipulations need to be well-adjusted so that non-neuronal cells at 
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the lesion site are able to preserve their essential actin-based elements, including tight 

junctions. Upstream signaling events mediating the observed dephosphorylation of the 

Cofilin phosphatase SSH1 could include various pathways (reviewed in Mizuno, 2013) 

involving the phosphatase calcineurin (Wang et al., 2005), protein serine/threonine 

phosphatases (Oleinik et al., 2010), cyclic AMP signaling (Meberg et al., 1998; Neumann et 

al., 2002; Qiu et al., 2002), protein kinase D1 (PKD1), 14–3-3 proteins (Eiseler et al., 2009; 

Kaplan et al., 2017), and phosphatidylinositol 3-kinase (PI3K) (Nishita et al., 2004). 

Understanding how the reported conditioning-mediated transcriptional changes act upstream 

of SSH1 and AC activity will be an important direction for future investigations.

CONCLUSION

Current attempts to reactivate the intrinsic growth program to induce axon regeneration 

focuses on the manipulation of global upstream signaling cascades (Cho et al., 2013; Sun et 

al., 2011; Tedeschi and Bradke, 2017; Tedeschi et al., 2016). These manipulations change 

the regenerative state through largely undefined downstream effectors. Here, we show that a 

single family of actin-regulating proteins, which controls movement and motility in cellular 

processes as diverse as locomotion and invasive protrusion of tumor cells (Bravo-Cordero et 

al., 2013), fibroblast migration (Dawe et al., 2003), Listeria motility (Rosenblatt et al., 

1997), and tip growth in plants (Augustine et al., 2008), acts as a crucial regulator of axon 

regeneration. By recapitulating cytoskeletal changes found in newly born nerve cells that 

break their symmetry to form neurites (Flynn et al., 2012), injured neurons switch to a 

regenerative state. Thus, AC acts as central regulator of neuronal growth competence, 

dictating the regenerative fate. This implies activation of AC in injured CNS axons as a 

promising strategy for future regenerative therapies.

STAR METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate new unique reagents. Further information and requests for 

resources and reagents should be directed to and will be fulfilled by the Lead Contact Frank 

Bradke (Frank.Bradke@dzne.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All animal experiments were performed in accordance with the Animal Welfare 

Act and the guidelines of the Landesamt für Natur, Umwelt und Verbraucherschutz 

(LANUV). Adult female Sprague Dawley rats (RjHan:SD, 175–199 g, Janvier Labs), wild 

type (WT, C57BL/6J, Charles River) and transgenic mice of both genders (7–8 weeks old) 

were used as indicated. Thy1-GFP line M (GFP-M, Stock No: 007788) and the Cre reporter 

strain B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Stock No: 007909) were purchased 

from the Jackson laboratories. ADF−/−, Cofilin1flox/flox and Cofilin2flox/flox models have 

been previously described (Bellenchi et al., 2007; Gurniak et al., 2014; Gurniak et al., 2005). 

Generation of ADF−/−Cofilin1flox/flox, ADF−/−Cofilin2flox/flox, 

Cofilin1flox/floxCofilin2flox/flox, ADF−/−Cofilin1flox/floxCofilin2flox/flox was achieved by 

crossing the appropriate mouse lines. Ablation of AC proteins in the DRG neurons was 
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achieved by injecting mice with AAV expressing Cre recombinase alone (AAV-Cre) or Cre 

fused to eGFP (AAV-Cre-eGFP) into the sciatic nerve or directly into the L5 DRG. For SCI 

regeneration and actin dynamics experiments, ADF−/−Cofilin1flox/flox mice were crossed 

with the B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J line and the CAG promoter-driven 

red fluorescent protein variant tdTomato was expressed following Cre-mediated 

recombination. In this set of experiments, ADF+/+Cofilin1+/+B6.Cg-

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J mice were used as controls.

METHOD DETAILS

Conditioning paradigm—Mice and rats were anesthetized with a mixture of ketamine 

(100 mg/kg body weight) and xylazine (10 mg/kg body weight). The left sciatic nerve was 

exposed at the mid-thigh level, ligated and cut distally to the ligation site. Naïve or sham 

operated animals were used as controls for in vitro and in vivo experiments respectively, as 

indicated in the text. Animals were allowed to recover for 7–14 days before dissecting L4–5 

DRGs or before SCI, as indicated in the text.

DRG culture—Primary DRG neurons from adult naïve and conditioned rats or mice were 

dissected, dissociated and cultured as previously described (Neumann et al., 2002). In brief, 

L4–5 DRGs were dissected, collected and rinsed in ice-cold Hank’s balanced salt solution 

(HBSS, Thermo Fisher, 14025–100) supplemented with 7 mM HEPES (Thermo Fisher, 

15630–056 ). After removing the surrounding connective tissue, the ganglia were transferred 

into a sterile tube, and incubated in collagenase type I (3000 U/ml, Worthington, LS004196) 

for 45 min (mouse DRGs) or 80 min (rat DRGs) at 36.5 °C, washed once with HBSS, 

followed by 15 min with Trypsin (0.25%, Thermo Fisher, 25200–056) at 36.5 °C. Enzymatic 

digestion was stopped by addition of complete Neurobasal-A medium (NB, Thermo Fisher, 

12349–015) containing 5% horse serum (PAN biotech, P300702). Neurons were then 

recovered by centrifugation at 630 rpm for 5 min and gently resuspended in complete NB 

medium. In some experiments, dissociated neurons were electroporated with plasmid DNA 

(1 μg per dissected ganglion) by using the appropriate electroporation buffer with Amaxa 

Nucleofector system (program G-013, Lonza). Dissociated neurons were cultured at low 

density on dishes or coverslips coated with poly-L-lysine (1 mg/ml in borate buffer, 

SigmaAldrich, P2636) and laminin (5 μg/ml in water, Roche, 11243217001) and incubated 

at 36.5 °C in a humidified atmosphere con taining 5% CO2 for the indicated times. For live-

cell imaging, neurons were grown on 35 mm glassbottom dishes (MatTek, P35G-1.5–14-C 

or P35G-1.5–20-C). For immunocytochemistry, cells were cultured on 13 mm glass 

coverslips (Marienfeld, #01–115 30) contained in 4-well dishes (Thermo Fisher, 179820). 

For actin dynamics studies, dissociated rat or mouse DRG neurons were electroporated with 

Lifeact-GFP plasmid DNA (Riedl et al., 2008). For overexpression experiments, dissociated 

rat DRG neurons were electroporated with RFP (referred to as “Ctr”), Cofilin1(WT)-RFP, 

Cofilin1(S94D)-RFP, Cofilin1(Y82F)-RFP expressing plasmid DNA. The electroporation 

medium was replaced with fresh medium 2 h after plating. For drug treatment, 

Jasplakinolide (Jasp, 2.5–10 nM, Biomol, Cay11705) or DMSO (0.2%, Sigma-Aldrich, 

D5879) were added to the culture medium 2 h after plating. For gain-of-function 

experiments, coverslips were coated with chondroitin sulfate proteoglycans (CSPGs; 0.9–1 
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μg/ml, Merck Millipore, CC117); in other experiments, cells were cultured in complete NB 

complemented with laminin (5 μg/ml) and Nogo-A (500 ng/ml, R&D Systems, 3728-NG).

Immunocytochemistry—Prior to fixation, DRG neurons were rinsed once with pre-

warmed phosphate buffered saline (PBS, Applichem, A0965,9050). Neurons were fixed with 

4% paraformaldehyde (Merck Millipore, 104005) and 4% sucrose (Fluka, 84100) for 15 

min. Subsequently, free aldehyde groups were quenched with 50 mM ammonium chloride in 

PBS and the cells were washed repeatedly with PBS. After permeabilization with 0.1% 

Triton X-100 (Sigma-Aldrich, X100–100ML) for 5 min, cells were washed again with PBS. 

Coverslips were then blocked with blocking solution (2% fetal bovine serum, 2% bovine 

serum albumin and 0.2% fish gelatin in PBS) at room temperature (RT) for 30 min. 

Coverslips were subsequently incubated with mouse anti-tubulin beta 3 antibody (1:1000, 

Tuj1, Biolegend, #801201) at RT for 1–2 h. After several rinses in PBS, the coverslips were 

incubated with the appropriate Alexa Fluor conjugated secondary antibodies (1:500, 

Invitrogen) and washed in PBS before mounting onto microscope slides. Images were 

randomly taken with an Axiovert or Axio Observer D1 microscope (Zeiss) and analyzed 

using ImageJ analysis software (NIH, USA). The average length per condition was 

calculated by imaging and measuring the longest neurite of each cell. For quantification of 

the branching frequency, all primary branches were counted along the longest axon and 

expressed as number of branching points/100 μm. This was carried out in at least three 

independent experiments. The number of neurons for each condition is indicated in the 

corresponding figure legend.

Live-cell microscopy

Growth cone dynamics: A heating system (Ibidi) combined with an active gas mixer (Live 

Imaging Services) for live-cell imaging and video microscopy was used to image neurons 

under optimal conditions for growth (36.5 °C and 5% CO2). Living cells were kept on the 

stage of a fluorescence microscope (Axio Observer D1; Zeiss) in dishes filled with complete 

NB medium without phenol red. A Plan-Apochromat 100x NA 1.4 objective (Zeiss) was 

used. Cells were illuminated with the Illuminator HXP 120 C (Zeiss). Halogen light was set 

to minimal intensity to avoid phototoxicity. Images were captured using a CCD camera 

(AxioCam MRm, Zeiss). Pictures were recorded using AxioVision microscope software 

(Zeiss). Growth rate was measured using ImageJ analysis software. The rate of advance of 

individual growth cones was measured every minute over a time period of 1 h. Growth cone 

dynamics were quantified over a time period of 2 min by measuring changes of growth cone 

area every 10 s. Growth cones were outlined manually using MetaMorph Microscopy 

Automation and Image Analysis Software (Molecular Devices). Growth cone outlines were 

pasted onto the following images and changes of growth cone area between single images 

were added together to calculate a total growth cone area change over time. Length of 

membrane protrusions was measured using ImageJ analysis software.

Actin dynamics: Imaging was performed using a 60x NA 1.6 objective (Olympus) on a 

DeltaVision RT (GE Healthcare Life Sciences) live-cell imaging setup based on an Olympus 

IX71 inverted microscope, with a CO2 regulated incubation chamber maintained at 36 °C 

(Solent Scientific). Im ages were acquired for 5 min at 3 s intervals with a Photometrics 
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CoolSnap HQ camera (Roper Scientific) using SoftWoRx 3.5.0 imaging software (Applied 

Precision). The analysis of various parameters for actin dynamics was performed using 

MetaMorph imaging software. Linescans around the perimeter of growth cones were used to 

measure actin retrograde flow and protrusion frequency. Retrograde flow was measured as 

the slope of diagonal lines in kymographs that were acquired by using MetaMorph software 

(Flynn et al., 2012). For protrusion frequency, all protrusions ≥ 1 μm were counted.

In vivo imaging and laser lesion—In vivo imaging and laser lesions were performed as 

described previously (Schaffran et al., 2019; Ylera et al., 2009). Briefly, adult female 

transgenic mice expressing GFP under the control of Thy1 promoter line M (Feng et al., 

2000) were conditioned 1 week before in vivo imaging. Imaging and lesions were performed 

with a two-photon Zeiss LSM7MP microscope equipped with an Insight X3 laser and a 40 x 

NA 1.0 objective (Zeiss). Fluorescence emission was filtered by a dichroic mirror (LP555) 

and a bandpass filter (BP 500–550), detecting the GFP signal with a non-descanned detector 

(NDD).

On the day of lesion and imaging mice were anesthetized with a mixture of ketamine (100 

mg/kg body weight) and xylazine (10 mg/kg body weight). An L1 laminectomy was 

performed and the spinal cord was clamped at the adjacent vertebrae with an STS-A spinal 

cord holder (Narishige). The site of the laminectomy was covered with silicone elastomer 

(Kwik Sil, World Precision Instruments) and a 5 mm, round cover glass (Harvard 

Apparatus). The lesions were done with a 40x water immersion objective at 920 nm at 

maximum power of 130 mW for 2 – 4 s and a pixel dwell time of 121.02 μs. Images were 

acquired every 2 min from the time of lesion of lesion up to 4.5 hours post-lesion. Imaging 

was stopped to adjust the focus or field of view, applying water as an immersion, or to 

supplement with additional anesthesia. After the imaging session mice were transcardially 

perfused with PBS and ice-cold 4% PFA. The spinal cord and DRGs were dissected and 

axons were confirmed to arise from DRGs L4–5. Analysis was conducted on maximum 

intensity projections of z-stacks spaced by 1 μm. Images were filtered with a median filter in 

ImageJ analysis software.

Protrusion frequency: Protrusions were counted from kymographs over timelapse series 

every 2 min in dynamic areas of the axons for 30 min to 1 hour, around 2–4 hours post 

lesion.

Filopodia frequency: Filopodia-like structures were counted manually after lesions for all 

images acquired within 4.5 hours.

AAV-transduction—Mice were anesthetized with a mixture of ketamine (100 mg/kg body 

weight) and xylazine (10 mg/kg body weight). Approximately 2 μl of AAV1 particles (>4e12 

genome copies (GC)/ml, UPenn Vector Core Facility) were injected into the sciatic nerve 

using a Hamilton syringe connected to a pulled glass micropipette. After 14 days, DRGs 

were dissected or animals subjected to further surgeries (e.g. conditioning lesion, sciatic 

nerve crush or SCI). The following commercially available AAVs were used: 

AAV1.CMV.PI.Cre.rBG (AAV-Cre, AV-1-PV1090), AAV1.CMV.HI.eGFP-Cre.WPRE.SV40 

(AAV-Cre-eGFP, AV-1-PV2004) and AAV1.CMV.PI.eGFP.WPRE.bGH (AAV-eGFP, AV-1-
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PV0101). The following custom-made (UPenn Vector Core, Philadelphia) AAVs were used: 

AAV1.CMV.PI.RFP.WPRE.bGH, AAV1.CMV.PI.hCofWT-RFP.WPRE.bGH, 

AAV1.CMV.PI.hCofS3A-RFP.WPRE.bGH AAV1.CMV.PI.hCofY82F-RFP.WPRE.bGH and 

AAV1.CMV.PI.hCofS94D-RFP.WPRE.bGH which were referred to as AAV-RFP “AAV-

Ctr”, AAV-Cof1(WT), AAV-Cof1(S3A), AAV-Cofi1(Y82F) and AAV-Cof1(S94D) 

respectively. For in vitro studies (evaluation of axon length or actin dynamics), the left 

sciatic nerve of ADF−/− mice was injected with AAV-eGFP, while the left sciatic nerve of 

Cofilin1flox/flox, Cofilin2flox/flox, ADF−/−Cofilin1flox/flox, ADF−/−Cofilin2fflox/flox, 

Cofilin1flox/floxCofilin2flox/flox and ADF−/−Cofilin1flox/floxCofilin2flox/flox mice was injected 

with AAV-Cre-eGFP. For the CNS regeneration experiments, dorsal column (DC) axons 

were traced by injecting AAV-Cre into the left sciatic nerve of ADF
−/−Cofilin1flox/floxtdTomatoflox/flox (AC1 KO) mice or by co-injecting AAV-Cre and AAV-

eGFP (1:1 mixture) into ADF−/−Cofilin1flox/floxCofilin2flox/flox (AC1C2 KO). The rescue 

experiments of in vivo axon regeneration in AC1C2 KO animals were performed by co-

injecting into the left sciatic nerve of AC1C2 animals AAV-Cre, AAV-eGFP and one of the 

following AAVs: AAV-Ctr, AAV-Cofilin1(WT)-RFP, AAV-Cofilin1(Y82F)-RFP or AAV-

Cofilin1(S94D)-RFP. For PNS regeneration AAV-Cre and AAV-eGFP (1:1 mixture) were 

injected into the left L5 DRG of WT and AC1C2 mice. For the rescue experiments in vitro, 

the sciatic nerve of AC1C2 animals was injected with a 1:1 mixture of AAV-Cre-eGFP and 

AAV-Cofilin1(WT)-RFP, AAV-Cofilin1(Y82F)-RFP or AAV-Cofilin1(S94D)-RFP, 

respectively. For the overexpression experiments, the sciatic nerve of naïve WT mice was 

injected with a 1:1 mixture of AAV-eGFP and AAV-Ctr or AAV-Cofilin1(WT)-RFP, 

respectively.

Spinal cord injury—Mice were anesthetized with an intraperitoneal injection of ketamine 

(100 mg/kg body weight) and xylazine (10 mg/kg body weight) mixture. SCI was performed 

as previously described (Tedeschi et al., 2016). Briefly, a T11-T12 laminectomy was 

performed and the spinal cord was crushed with modified #5 forceps (Dumont, FST) to 

sever DC axons completely. Mice were transcardially perfused with 4% paraformaldehyde 

one to four weeks following SCI. The spinal cord was then dissected and post-fixed in 4% 

paraformaldehyde overnight and then transferred to 30% sucrose in 0.1 M PBS. Imaging of 

the unsectioned spinal cord was performed using a 2-photon microscope (LSM 7MP, Zeiss). 

The presence of infiltrating macrophages containing autofluorescent phagocytic material 

was used to accurately locate the lesion epicenter. Quantification of DC axon regeneration 

was performed as previously described (Tedeschi et al., 2016). Briefly, the number of 

regenerating axons at different distances from the lesion epicenter was normalized to the 

number of labeled axons caudal (200–400 μm) to the lesion. The completeness of the lesion 

and tracing efficiency were confirmed using transverse sections of the spinal cord (3 mm 

caudal and 7–8 mm rostral to the lesion). Mice with incomplete lesions were excluded from 

further analysis. In a set of experiments, quantification of axon regeneration in vivo was 

performed on sagittal sections of the spinal cord following standard protocols (see also 

immunohistochemistry section). In these samples, the lesion epicenter was identified by 

axon morphology and glial fibrillary acidic protein (GFAP) staining. Videos of 3D rendered 

dorsal column sensory axons were constructed using the Imaris Animation function.
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Immunohistochemistry—Mice were transcardially perfused with 4% paraformaldehyde 

at defined end points. The spinal cord was carefully dissected and post-fixed in 4% 

paraformaldehyde overnight and then transferred to 30% sucrose in 0.1 M PBS. The tissue 

was embedded in optimum cutting temperature (OCT) compound (Tissue-Tek), frozen and 

sectioned using a cryostat (CM3050 S, Leica) at 60 μm. Sections were subsequently warmed 

at 37 °C for 30 m in and OCT was washed away with PBS. A solution containing 10% 

normal goat serum (NGS), 0.2% Triton X-100 in PBS was used for blocking at room 

temperature for 1 h. Sections were then incubated with primary antibodies at 4 °C overnight. 

After washing three times with PBS, cryosections were incubated with the appropriate Alexa 

Fluor conjugated secondary antibodies (1:500, Invitrogen). When necessary, sections were 

counterstained with 4´,6-diamidino-2-phenylindole (DAPI, 1:10000, Thermo Fisher, 

D1306). The following primary antibody was used: rabbit anti-GFAP (1:1000, Dako, 

#Z0334). Images were taken using a LSM700 confocal or AxioVision inverted fluorescence 

microscope (Zeiss).

Protein extraction and immunoblotting—L4–5 DRGs from adult rats or mice were 

dissected, rinsed shortly in ice-cold HBSS and snap frozen in liquid nitrogen. The samples 

were mechanically ground with a micropistille in liquid nitrogen and the procedure repeated 

until the DRGs were powdery. The samples were then lysed on ice in 

radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% 

Triton X-100, 0.25% sodium deoxycholate, 0.1% sodium dodecyl sulfate) containing 

phosphatase (PhosSTOP, Roche, 04906845001) and protease inhibitors (cOmplete, Roche, 

11836170001), centrifuged and the supernatant collected. The protein concentration of the 

lysate was determined using the Precision Red protein assay (Cytoskeleton, Inc.). Total 

lysates (15–20 μg) were fractionated by 10–12% SDS-polyacrylamide gel electrophoresis 

(PAGE) and then transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, 

ISEQ00010). The membranes were stained with Ponceau S (Applichem, A2935,0500) to 

confirm equal loading and transfer of the samples. After blocking with 5% nonfat dry milk 

in TBS-T or 5% BSA in TBS-T at RT for 1 h, membranes were then probed with the 

appropriate primary antibodies at 4 °C overnigh t, washed 3 times in TBS-T and then 

incubated with horseradish peroxidase conjugated secondary antibodies (1:20000, GE 

Healthcare, NA931 or NA934) for 1 h. For protein detection, the membrane was incubated 

with enhanced chemiluminescence (Pierce™ ECL, Thermo Fisher, 32106) solution. 

Custom-made primary antibodies have been previously described (Gurniak et al., 2014) and 

were used as follows: rabbit anti-Cofilin1 (1:2000, KG60), rabbit anti-Cofilin2 (1:2000, 

FHU1) and mouse monoclonal anti-ADF (1:5, raw supernatant from hybridoma, 7D10). The 

following commercial primary antibodies were used: rabbit anti-phospho Cofilin1/2, which 

does not detect phospho-ADF (1:1500, Cell Signaling Technology, #3313), rabbit anti-

SSH1L (1:500, ECM Biosciences, SP1711), rabbit anti-phospho SSH1L (1:500, ECM 

Biosciences, SP3901), mouse anti-LIMK1 (1:250, BD Biosciences, 611748), rabbit anti-

phospho LIMK1/2 [pYpT507/508] (1:400, Thermo Fisher, 44–1076G). Rabbit anti-Tuj1 

(1:10000, Sigma, T2200) antibody was used as protein loading control.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using one-way ANOVA analysis of variance, followed by 

Bonferroni post test, or using unpaired Student’s t-test, as indicated in the figure captions. 

Statistical analysis of axon regeneration in vivo was performed by permutation test, as 

previously described (Tedeschi et al., 2016).

DATA AND CODE AVAILABILITY

The datasets supporting the current study have not been deposited in a public repository. The 

reported data is archived on file servers at the German Center for Neurodegenerative 

Diseases (DZNE), and are available from the corresponding author on request.

Permutation tests were performed using a custom script “permutation_test 0.18” 

implemented in Python (2.7.3 version) including Pandas and NumPy libraries. The script is 

available for download in the Python Package Index (https://pypi.python.org/pypi/

permutation_test).

KEY RESOURCES TABLE

See the Key Resources Table file.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

1. Elevated actin turnover is essential for regenerative growth

2. ADF/Cofilin activity increases during conditioning-mediated regeneration

3. ADF/Cofilin is necessary and sufficient for axon regeneration

4. The severing activity of ADF/Cofilin is critical for axon regeneration
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Figure 1. Actin Dynamics are Required for Fast Axonal Growth Induced by Conditioning Lesion
(A) Scheme of the conditioning effect.

(B) Live-cell imaging of naïve and conditioned rat DRG neurons 15–16 h after plating. 

Asterisks indicate stable landmarks. Scale bar, 10 μm.

(C and D) Average and maximum growth rate of (B). Values are plotted as mean and SEM 

(**p < 0.01, ***p < 0.001 by Student’s t test. (C) n = 13 to 15 neurons;

(D) n = 5 neurons from three independent experiments.

(E) Timeline of in vivo laser ablation of axons.
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(F and G) In vivo imaging after laser-induced lesion in naïve (F) and conditioned

(G) DRG axons in the spinal cord of GFP-M mice. Kymographs represent the protrusion 

dynamics in the analyzed area (white box). Green and white arrowheads indicate the 

proximal axon stump and axon dieback respectively. Scale bar, 20 μm.

(H) Protrusion frequency in growth cones of naïve and conditioned DRG axons observed in 

kymographs from 30 min to 1 h-long movies. Values are plotted as mean and SEM (*p<0.05 

by Student’s t test. n = 6 to 17 axons from 8 different mice).

(I) Filopodia frequency up to 4.5 hours after lesion. Values are plotted as mean and SEM 

(*p<0.05 by Student’s t test. n = 4 to 12 axons from 8 different mice).

(J) Kymographs from live-cell imaging of naïve and conditioned rat DRG neurons 

expressing Lifeact-GFP. Yellow arrows indicate actin translocation and white arrowheads 

highlight sites of actin protrusion.

(K and L) Actin retrograde flow (K) and protrusion frequency (L) of (F and G). Values are 

plotted as mean and SEM (***p < 0.001 by Student’s t test. n = 36 to 49 neurons from three 

independent experiments).
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Figure 2. ADF/Cofilin Activity Increases Following a Conditioning Lesion
(A) Kymographs from live-cell imaging of conditioned rat DRG neurons expressing Lifeact-

GFP with indicated treatments. Yellow arrows highlight actin translocation and white 

arrowheads sites of actin protrusion.

(B and C) Actin retrograde flow and protrusion frequency of (A). Values are plotted as mean 

and SEM (*p < 0.05, ***p < 0.001; ns, not significant by one-way ANOVA followed by 

Bonferroni post test. n = 38 to 57 neurons from four independent experiments).
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(D) Beta-3 tubulin (Tuj1) immunolabeling of naïve and conditioned rat DRG neurons 

cultured for 15–16 h with the indicated treatments. Scale bar, 100 μm.

(E and F) Maximal axon length and branching frequency of (D). Values are plotted as mean 

and SEM (**p < 0.01, ***p < 0.001; ns, not significant by one-way ANOVA followed by 

Bonferroni post test. n > 90 neurons from three independent experiments).

(G) Timeline to assess AC protein levels following conditioning lesion.

(H and M) Immunoblots of indicated proteins in rat L4–5 DRG extracts. Tuj1 is shown as 

loading control (n = 3 animals per group; each line represents an independent animal).

(I, J, K, L) Normalized protein levels shown in (H). Values are plotted as mean and SEM 

(**p < 0.01 by Student’s t test).

(N and O) Normalized protein levels shown in (M). Values are plotted as mean and SEM (*p 

< 0.05 by Student’s t test).

(P) Signaling pathways regulating Cofilin activity.

Bar color-code for panels B, E, F, J, K, L, N, O follows the legends displayed in panels C 

and I: black and white refers to naïve and conditioned neurons, respectively. See also Figure 

S1; Movies S1, S2 and S4.
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Figure 3. ADF/Cofilin Activity is Required for Axon Elongation
(A) Tuj1 immunolabeling of conditioned dissociated mouse DRG neurons from different 

mouse lines transduced with AAVs. Scale bar, 100 μm.

(B and C) Maximal axon length and branching frequency of (A). Values are plotted as mean 

and SEM (***p < 0.001 by one-way ANOVA followed by Bonferroni post test. n = 74 to 

200 neurons from at least three independent experiments). See also Figures S2 and S3; 

Movie S5.
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Figure 4. ADF/Cofilin Activity is Required for Actin Dynamics and Axon Regeneration
(A) Immunoblots of AC proteins in WT and AC1C2 KO mouse L4–5 DRG extracts.

(B) Kymographs from live-cell imaging of conditioned WT and AC1C2 KO DRG neurons 

expressing Lifeact-GFP. Yellow arrows indicate actin translocation and white arrowheads 

highlight sites of actin protrusion.

(C and D) Actin retrograde flow and protrusion frequency of (B). Values are plotted as mean 

and SEM (***p < 0.001 by Student’s t test. n = 25 to 38 neurons from three independent 

experiments).
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(E) Timeline to assess axon regeneration and scheme of the experimental paradigm. SCI, 

sciatic nerve crush injury; R, rostral; C, caudal.

(F) Automated multiphoton tile scanning of the unsectioned adult spinal cord 4 weeks after 

SCI. Dorsal column axons were visualized by AAV-eGFP signal. Asterisks indicate the 

lesion epicenter, arrowheads indicate stalled (red) and regenerating (green) axons. R, rostral; 

C, caudal. Scale bar, 200 μm.

(G) Quantification of (F). Scatter plot with mean (*p < 0.05, **p < 0.01, ***p < 0.001; ns, 

not significant by permutation test. n = 6 to 9 animals per group). See also Figure S4 and 

Movie S6.
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Figure 5. The Severing Activity of Cofilin1 Promotes Actin Turnover and Axon Extension
(A) Scheme of the Cofilin1 mutants.

(B) Kymographs from live-cell imaging of conditioned AC1C2 KO neurons expressing 

either Cofilin1(WT) or Cofilin1 mutants, as indicated, and Lifeact-GFP. Yellow arrows 

indicate actin translocation and white arrowheads highlight sites of actin protrusion.

(C and D) Actin retrograde flow and protrusion frequency of (B). Values are plotted as mean 

and SEM (*p < 0.05, ***p < 0.001; ns, not significant by one-way ANOVA followed by 

Bonferroni post test. n = 28 to 38 neurons from three independent experiments).
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(E) Tuj1 immunolabeling of conditioned dissociated mouse AC1C2 KO DRG neurons 

expressing either Cofilin1(WT) or Cofilin1 mutants, as indicated. Scale bar, 100 μm.

(F and G) Maximal axon length and branching frequency of (E). Values are plotted as mean 

and SEM (*p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA followed by Bonferroni 

post test. n = 93 to 110 neurons from three independent experiments). See also Movie S7.

Tedeschi et al. Page 29

Neuron. Author manuscript; available in PMC 2020 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. The Severing Activity of Cofilin1 Promotes Axon Regeneration
(A) Timeline to assess axon regeneration.

(B) Automated multiphoton tile scanning of the unsectioned adult spinal cord. Dorsal 

column axons expressing Cofilin1(WT), Cofilin1(S94D) or Cofilin1(Y82F) were visualized 

by AAV-eGFP signal. Asterisks indicate the lesion epicenter, arrowheads indicate stalled 

(red) and regenerating (green) axons. R, rostral; C, caudal. Scale bar, 200 μm.

(C) Quantification of (B). Scatter plot with mean (*p < 0.05, **p < 0.01, ***p < 0.001; ns, 

not significant by permutation test. n = 5 to 8 animals per group).
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Figure 7. Cofilin1 Drives Axon Extension both in vitro and in vivo
(A) RFP signal of naïve dissociated rat DRG neurons cultured for 16–18 h on laminin after 

electroporation with RFP-Control (Ctr), Cofilin1(WT) -expressing plasmids. Scale bar, 100 

μm.

(B) Maximal axon length of (A).

(C) RFP signal of naïve dissociated rat DRG neurons cultured for 16–18 h on CSPGs after 

electroporation with RFP-Control (Ctr) or Cofilin1(WT) -expressing plasmids. Scale bar, 

100 μm.
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(D) Maximal axon length of (C).

(E) RFP signal of naïve dissociated rat DRG neurons cultured for 16–18 h on Nogo-A after 

electroporation with eGFP-Control (Ctr) or Cofilin1(WT)-expressing plasmids. Scale bar, 

100 μm.

(F) Maximal axon length of (E). Values are plotted as mean and SEM ((B), (D) and (F) *p < 

0.05, **p < 0.01, ***p < 0.001; ns, not significant by Student’s t test. n = 65 to 95 neurons 

from at least three independent experiments).

(G) Timeline to assess axon regeneration.

(H) Automated multiphoton tile scanning of the unsectioned adult spinal cord. Dorsal 

column axons expressing AAV-Ctr or AAV-Cofilin1(WT) were visualized by AAV-eGFP 

signal. Asterisks indicate the lesion epicenter, arrowheads indicate stalled (red) and 

regenerating (green) axons. R, rostral; C, caudal. Scale bar, 200 μm.

(I) Quantification of (H). Scatter plot with mean (*p < 0.05, **p < 0.01; ns, not significant 

by permutation test. n = 6 to 8 animals per group).

Tedeschi et al. Page 32

Neuron. Author manuscript; available in PMC 2020 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	SUMMARY
	Graphical Abstract
	In Brief /eTOC Blurb
	INTRODUCTION
	RESULTS
	Rapid Actin Turnover is Essential for Accelerated Growth After Conditioning
	ADF/Cofilin is More Active Following a Conditioning Lesion
	ADF/Cofilin is Required for Conditioning-Mediated Actin Turnover during Axon Regeneration
	The Severing Activity of Cofilin1 is Essential for Axon Regeneration
	Cofilin1 Induces Axon Regeneration

	DISCUSSION
	Actin Dynamics as a Regulator of Axon Regeneration
	ADF/Cofilin is Necessary and Sufficient for Axon Regeneration
	Conditioning-mediated Regeneration - From Transcriptional Changes to Cytoskeletal Effects

	CONCLUSION
	STAR METHODS
	LEAD CONTACT AND MATERIALS AVAILABILITY
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Animals

	METHOD DETAILS
	Conditioning paradigm
	DRG culture
	Immunocytochemistry
	Live-cell microscopy
	Growth cone dynamics
	Actin dynamics

	In vivo imaging and laser lesion
	Protrusion frequency
	Filopodia frequency

	AAV-transduction
	Spinal cord injury
	Immunohistochemistry
	Protein extraction and immunoblotting

	QUANTIFICATION AND STATISTICAL ANALYSIS
	DATA AND CODE AVAILABILITY
	KEY RESOURCES TABLE

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

