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Abstract 43 

In contrast to neurons in the central nervous system (CNS), damaged neurons from the peripheral 44 

nervous system (PNS) regenerate, but this process can be slow and imperfect. Successful 45 

regeneration is orchestrated by cytoskeletal reorganization at the tip of the proximal axon 46 

segment and cytoskeletal disassembly of the distal segment. Collapsin response mediator protein 47 

4 (CRMP4) is a cytosolic phospho-protein that regulates the actin and microtubule cytoskeleton. 48 

During development, CRMP4 promotes growth cone formation and dendrite development. 49 

Paradoxically, in the adult CNS, CRMP4 impedes axon regeneration. Here, we investigated the 50 

involvement of CRMP4 in peripheral nerve injury in male and female Crmp4-/- mice following 51 

sciatic nerve injury. We find that sensory axon regeneration and Wallerian degeneration are 52 

impaired in Crmp4-/- mice following sciatic nerve injury. In vitro analysis of dissociated dorsal 53 

root ganglion (DRG) neurons from Crmp4-/- mice revealed that CRMP4 functions in the proximal 54 

axon segment to promote the regrowth of severed DRG neurons and in the distal axon segment 55 

where it facilitates Wallerian degeneration through calpain-dependent formation of harmful 56 

CRMP4 fragments. These findings reveal an interesting dual role for CRMP4 in proximal and 57 

distal axon segments of injured sensory neurons that coordinately facilitate PNS axon 58 

regeneration.  59 

 60 

Significance statement  61 

PNS neurons spontaneously regenerate after injury; however, functional deficits often arise as a 62 

result of slow or misguided repair. Regrowth of the proximal axon segment coordinated with 63 

efficient Wallerian degeneration is important for optimal recovery. CRMP4 is a cytoskeletal 64 

regulatory protein with growth-promoting functions in the developing nervous system and 65 

growth-inhibitory roles in damaged adult CNS neurons. Here, we identify a pro-regenerative role 66 

for CRMP4 in peripheral nerve regeneration through the coordinated regulation of both axon 67 

regrowth and Wallerian degeneration. 68 

 69 

Keywords: Collapsin response mediator protein (CRMP), Wallerian degeneration, Neuronal 70 

regeneration, Calpain, Sciatic nerve injury, Sensory neurons 71 

  72 
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Introduction 73 

PNS and CNS neurons respond differently to injury because of distinct extracellular 74 

environments at the lesion site and differences in intrinsic signalling. Regeneration of axotomized 75 

peripheral nervous system (PNS) neurons is supported by the expression of regeneration-76 

associated genes (RAGs) and a growth-permissive environment, whereas injured central nervous 77 

system (CNS) neurons fail to re-express RAGs and encounter glial-derived inhibitors that impede 78 

regeneration (Huebner and Strittmatter, 2009; Mokarram and Bellamkonda, 2011; Mietto et al., 79 

2015). Even in the PNS, long-distance regeneration is slow and recovery is often incomplete, 80 

resulting in the partial or complete loss of sensory and/or motor functions (Mokarram and 81 

Bellamkonda, 2011). A stereotypical sequence of events is initiated upon PNS injury. The 82 

proximal axon segment reforms a growth cone that drives axon extension and regeneration while 83 

the detached distal axon segment undergoes Wallerian degeneration and subsequent 84 

fragmentation (Waller, 1850; Erez and Spira, 2008; Kamber et al., 2009; Ghosh-Roy et al., 2010; 85 

Bradke et al., 2012). Phagocytosis of cellular debris further contributes to a growth-permissive 86 

environment (Bruck, 1997; Lewis and Kucenas, 2014; Brosius Lutz et al., 2017). Impaired 87 

regeneration of injured sensory and motor neurons in slow degenerating Wlds mice suggests that 88 

optimal regeneration requires proper coordination of proximal axon repair and distal axon 89 

degeneration (Bisby and Chen, 1990; Brown et al., 1992; Brown et al., 1994). Thus, proteins 90 

regulating both processes could represent therapeutic targets for promoting recovery following 91 

PNS injury. 92 

 93 

Collapsin response mediator proteins (CRMPs) are a family of cytosolic phospho-proteins that 94 

regulate cytoskeletal dynamics during development and after injury (Alabed et al., 2007; Khazaei 95 

et al., 2014; Nagai et al., 2015; Tan et al., 2015; Nagai et al., 2016). The CRMP4 family member 96 

has two splice isoforms referred to as CRMP4L (Long) and CRMP4S (Short) and is an important 97 

neuro-developmental molecule promoting axonal extension and dendrite branching (Quinn et al., 98 

2003; Niisato et al., 2012; Khazaei et al., 2014; Tan et al., 2015; Cha et al., 2016). However, in 99 

the adult CNS, CRMP4 null mice exhibit enhanced neuronal regeneration and reduced 100 

inflammation following spinal cord injury suggesting that CRMP4 impedes regeneration in this 101 

context (Nagai et al., 2015; Nagai et al., 2016).  The inhibitory role of CRMP4 is partly due to its 102 

function in transducing signals from myelin-associated inhibitors (MAIs) and chondroitin sulfate 103 
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proteoglycans (CSPGs) (Alabed et al., 2007).  In the adult mammalian PNS, CRMP4 is 104 

upregulated following sciatic nerve injury, but its function has not been investigated (Jang et al., 105 

2010). 106 

 107 

Here, we investigated the function of CRMP4 in response to PNS injury. We found that Crmp4 108 

deletion impaired the regeneration of sensory PNS neurons and delayed Wallerian degeneration 109 

of the distal processes in vitro and in vivo. Degeneration of the distal processes was facilitated by 110 

the calpain-mediated generation of toxic CRMP4 fragments. We conclude that in contrast to its 111 

affect in CNS neurons, CRMP4 facilitates PNS axon regeneration by coordinately regulating the 112 

regrowth of injured axons and Wallerian degeneration of the disconnected distal process. 113 

 114 

Material & Methods 115 

Animals 116 

Animal procedures were performed in accordance with the Canadian Council on Animal Care 117 

Guidelines, and approved by the McGill University Animal Care and Use Committee. Crmp4+/- 118 

mice were generated and maintained in a C57BL/6J background as described previously 119 

(Khazaei et al., 2014). Crmp4-/- mice and Crmp4+/+ littermate controls were generated by inter-120 

crossing Crmp4+/- mice. Caspase-3-/- were obtained from Jackson Laboratory (strain B6.129S1-121 

Casp3tm1Flv/J). Embryonic day 15-16 (E15-16) and postnatal day 4-7 (P4-7) C57BL/6 wild-type 122 

mice and Sprague-Dawley rats were provided by Charles River Laboratories. 123 

 124 

Antibodies 125 

The following antibodies were used for immunostaining and Western immunoblots: rabbit anti-126 

stathmin-2/STMN2 (Novus Biologicals; catalog #NBP1-49461; RRID: AB_10011569), mouse 127 

anti-tubulin 3 (TUBB3) (clone TUJ1; Biolegend; catalog #801202; RRID: AB_10063408), 128 

mouse anti-tubulin 3 (TUBB3) (clone TUJ1; Millipore; catalog #AB9354; RRID: AB_570918), 129 

purified rabbit anti-tubulin 3 (clone Poly18020; Biolegend; catalog #802001; RRID: 130 

AB_2564645), mouse alpha-tubulin (Sigma-Aldrich; catalog #T9026; RRID: AB_477593), 131 

rabbit CRMP4 a/b (prepared in-house; (Alabed et al., 2007)), mouse -fodrin (clone AA6; Enzo 132 

Life Sciences; catalog #BML-FG6090; RRID: AB_10554860), mouse anti-His antibody 133 

(QIAGEN; catalog #34670; RRID: AB_2571551), anti-GST rabbit antibody (generously 134 
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provided by the laboratory of Peter McPherson, Montreal Neurological Institute), mouse anti-rat 135 

CD68 conjugated to Alexa-Fluor 647 (Bio-Rad; catalog #MCA341A647; RRID: AB_566874), 136 

anti-neurofilament 200kDa conjugated to Alexa-Fluor 555 (clone NE14; Millipore; catalog 137 

#MAB5256A5; RRID: AB_2631099), anti-S-100 protein (clone 15E2E2; Millipore; catalog 138 

#MAB079-1; RRID: AB_571112), Alexa-Fluor 488-conjugated goat anti-mouse antibody 139 

(Thermo Fisher Scientific; catalog #A11001; RRID: AB_2534069), Fluorescein-conjugated goat 140 

anti-rabbit antibody (Thermo Fisher Scientific; catalog #F2765; RRID: AB_2536525), Alexa-141 

Fluor 568-conjugated goat anti-rabbit antibody (Thermo Fisher Scientific; catalog #A11011; 142 

RRID: AB_143157), Alexa-Fluor 568-conjugated goat anti-mouse antibody (Thermo Fisher 143 

Scientific; catalog #A11031; RRID: AB_144696), horse-radish peroxidase (HRP)-conjugated 144 

anti-mouse IgG antibody (Jackson ImmunoResearch Labs; catalog #115-035-003; RRID: 145 

AB_10015289), and HRP-conjugated anti-rabbit IgG antibody (Jackson ImmunoResearch Labs; 146 

catalog #111-035-003; RRID: AB_2313567). 147 

 148 

Plasmids and mutagenesis 149 

Cloning of pcDNA3 CRMP4S-WT, and pET TAT v1 TAT-RFP were previously described 150 

(Alabed et al., 2007; Khazaei et al., 2015). To generate a pcDNA3 CRMP4S-T524A construct, 151 

the T524A mutation was introduced in pcDNA3 CRMP4S-WT using the Quik Change II XL 152 

site-directed mutagenesis kit (Agilent Technologies). To create a DNA construct encoding 153 

CRMP4 NTF and CTF, the nucleotide sequence corresponding to amino acids 1-520 or 521-570 154 

of pcDNA3 CRMP4S-WT respectively was amplified by polymerase chain reaction (PCR). The 155 

resulting sequences were introduced in a pET TAT v1 vector or in a pGEX-4T-1 vector using 156 

restriction enzymes. 157 

 158 

Purification of TAT peptides 159 

TAT-RFP peptides were produced from Chinese hamster ovary (CHO) cells as described 160 

previously (Khazaei et al., 2015). To generate TAT-CRMP4 NTF and CTF peptides, BL21 161 

bacterial cultures expressing pET Tat v1 CRMP4-NTF or -CTF were induced overnight with 162 

1mM IPTG. The induced cultures were centrifuged and the pellet was resuspended in ice-cold 163 

buffer A (10 mM Tris-HCl pH 7.5, 600 mM NaCl, 20 mM imidazole, 1X complete protease 164 

inhibitors). The cell lysate was sonicated and cleared by ultracentrifugation. The cleared 165 
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supernatant was applied to a Ni-NTA column equilibrated with buffer A. The column was 166 

washed with buffer A and the proteins were eluted with buffer B (20 mM Tris-HCl pH 7.5, 1 M 167 

NaCl, 250 mM imidazole). The buffer in the eluate was exchanged to buffer C (20 mM NaKPO4 168 

pH 6.8, 600 mM NaCl, 5% glycerol) using a PD-10 column (GE Healthcare). The eluate was 169 

then applied to a 30S IEX column equilibrated with buffer D (10 mM NaKPO4 pH 6.8, 300 mM 170 

NaCl, 2.5% glycerol). Finally, the column was washed with buffer D and eluted with buffer E (10 171 

mM NaKPO4 pH 6.8, 1.5 M NaCl, 2.5% glycerol). The eluate was concentrated on Amicon 172 

Ultra-4 3K or 10K Centricon column (EMD Millipore), aliquoted and stored at -80°C. 173 

 174 

Purification of GST-CRMP4 NTF proteins 175 

The purification of GST-CRMP4 protein was performed as described previously (Khazaei et al., 176 

2014). Briefly, GST-CRMP4 NTF and GST as a control were expressed in Escherichia coli 177 

BL21 strain by induction with 0.5 mM IPTG. Bacterial pellets were then resuspended in lysis 178 

buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 mM MgCl2, 1 mM DTT, protease inhibitors) 179 

and lysed by sonication (3 times at 50% amplitude for 30 sec). The clarified lysate was incubated 180 

with Glutathione-agarose beads (GE Healthcare Bio-Sciences) for 2 h at 4 C. Beads were then 181 

washed in washing buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT) 182 

and were eluted with 20mM glutathione in elution buffer (50 mM Tris-HCl pH 8.0, 150 mM 183 

NaCl, 5 mM MgCl2, 1 mM DTT). The eluate was concentrated on a Amicon Ultra-4 30K 184 

Centricon column concentrator (Millipore). Samples were aliquoted and stored at -80 C. 185 

 186 

Culture of dissociated dorsal root ganglion (DRG) neurons 187 

E15-16 and P4-7 rodent DRGs were dissected in ice-cold Leibovitz (L-15) medium (Thermo 188 

Fisher Scientific). The DRGs were dissociated in 0.25% Trypsin-EDTA (Thermo Fisher 189 

Scientific) at 37°C, gently triturated with a P1000 pipette tip, and resuspended in DRG media 190 

(Neurobasal (Thermo Fisher Scientific), 1% B27 (Thermo Fisher Scientific; catalog #17504-044), 191 

1% N2 (Thermo Fisher Scientific; catalog #17502-048), 1% penicillin-streptomycin (Life 192 

Technologies; catalog #15140-122), 2 mM L-glutamine (Life Technologies; catalog #25030-081), 193 

10 M 5-fluoro-2’-deoxyuridine (FDU; Sigma-Aldrich; catalog #F0503)) supplemented with 50 194 

ng.ml-1 nerve growth factor (NGF; Cedarlane; catalog #CLMCNET-001). The dissociated DRG 195 

neurons were seeded onto culture plates or in microfluidic devices pre-coated with 100 μg.ml-1 196 
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poly-L-lysine (PLL; Sigma-Aldrich; catalog #P1399) and 5-10 μg.ml-1 laminin (Corning; catalog 197 

#354232).  198 

 199 

Preparation of Nogo-22 and treatment of DRG cultures 200 

Production of Nogo-22 kDa protein was done as described previously (Huebner et al., 2011). 201 

Dissociated P4-7 rat DRG neurons were treated for 5 h with 600 ng GST-Nogo-22 or GST as a 202 

control. Lysates were prepared by collecting the treated DRGs in RIPA lysis buffer (50 mM Tris-203 

HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% 204 

SDS, 1 mM Na3VO4, 5 mM NaF, 1X complete protease inhibitors). The protein concentration in 205 

the lysates was normalized prior to analysis by Western blot. 206 

 207 

In vitro regeneration of DRG axons in microfluidic devices 208 

Dissociated E15-16 mouse DRG neurons were seeded at a density of 10000-15000 neurons in 209 

microfluidic neuro devices (ANANDA devices) adhered to 3.5 cm imaging dishes (MatTek) pre-210 

coated with 100 μg.ml-1 PLL and 5 μg.ml-1 laminin. At 4 days in vitro (DIV), the axons 211 

projecting to the bottom compartment were stained with 4 l of 10 M Mitotracker Green FM 212 

(Invitrogen; catalog #M7514) for 30 min. They were then axotomized by increasing the flow of 213 

medium in the bottom compartment of the microfluidic device using simultaneous vacuum 214 

aspiration and medium replacement to shear the axons. At 24 h following the axotomy, the 215 

neurons were fixed and stained with anti-tubulin 3 (TUBB3) antibody (1:1000) and Alexa-Fluor 216 

568-conjugated secondary antibody (1:1000). Fluorescent images of the samples were acquired 217 

using an Axiovert1 microscope (Zeiss) with a 20X objective (Plan-APOCHROMAT Pln Apo 218 

20X/0.8; Zeiss). Regrowth of the axons after axotomy was measured by manually tracing the 219 

axons with the NeuronJ plugin for ImageJ (Meijering et al., 2004). The extent of regeneration 220 

was measured by dividing the total neuronal regrowth in the bottom compartment of the 221 

microfluidic device by the number of channels with growing axons. 222 

 223 

Treatment of DRG neurons grown in microfluidic devices with TAT- or GST-CRMP4 peptides 224 

Dissociated E15-16 mouse DRG neurons were seeded at a density of 17000-25000 neurons in 225 

microfluidic neuro devices (ANANDA devices) adhered to a 3.5 cm imaging dish (MatTek) pre-226 

coated with 100 μg.ml-1 PLL and 5 μg.ml-1 laminin. At 3 DIV, the axons projecting to the bottom 227 
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compartment of the microfluidic devices were treated for 8 h with 2.5 μM TAT-CRMP4-His-V5 228 

peptides, GST-CRMP4 NTF peptides, or with TAT-RFP or GST as controls. The neurons were 229 

then fixed, and stained with anti-tubulin 3 (TUBB3) rabbit antibody (1:1000), anti-His mouse 230 

antibody (1:500), anti-GST rabbit antibody (1:500), and Alexa-Fluor conjugated secondary 231 

antibodies (1:1000). Fluorescent images of the samples were acquired using an Axiovert1 232 

microscope (Zeiss) with a 20X objective (Plan-Apochromat Pln Apo 20X/0.8; Zeiss). The extent 233 

of degeneration was measured in at least 3 representative regions of interest (400 μm X 400 μm) 234 

per explant by calculating the index of degeneration, which corresponds to the area covered by 235 

the axonal fragments with a circularity above 0.9 divided by the total area covered by the axons 236 

(Kilinc et al., 2011). 237 

 238 

Axotomy-induced degeneration of E12.5 DRG explants 239 

Axotomy-induced degeneration of E12.5 mouse DRG explants was performed as previously 240 

described (Unsain et al., 2014). Briefly, the DRG explants were seeded onto cell-filter inserts 241 

coated with 1 mg.ml-1 PLL, 10 ug.ml-1 laminin and 0.1 mg.ml-1 collagen, filled with DRG media 242 

with the bottom compartment supplemented with 15 ng.ml-1 NGF. After approximately 60 h of 243 

growth, the explants on the upper side of the cell-filter inserts were detached with a cell scraper, 244 

and the axotomized axons were left to degenerate for 3 h after which they were collected in 245 

Laemmli sample buffer for subsequent analysis by Western blot. In some experiments, the DRG 246 

explants were treated with 5-15 M ALLN (EMD Millipore; catalog #208719) prior to the 247 

axotomy. Alternatively, the DRG explants were grown on coated cell culture plates containing 248 

DRG media supplemented with 10 ng.ml-1 NGF for approximately 60 h. The axons of the DRG 249 

explants were sectioned with a scalpel blade, and the axotomized axons were allowed to 250 

degenerate for 5 h to 5.5 h. The DRG explants were then fixed and stained with anti-tubulin 3 251 

(TUBB3) antibody (1:1000) and Alexa-Fluor 568-conjugated secondary antibody (1:1000). The 252 

axotomized DRG explants were imaged with an Axiovert 200M microscope (Zeiss) using a 10X 253 

objective (CP-ACHROMAT 10X/0.25 Ph1; Zeiss). The extent of degeneration was measured in 254 

at least 3 representative regions of interest per explant (400 μm X 400 μm) by calculating the 255 

index of degeneration, which corresponds to the area covered by the axonal fragments with a 256 

circularity above 0.9 divided by the total area covered by the axons (Kilinc et al., 2011). 257 

 258 
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NGF withdrawal from E12.5 DRG explants 259 

This experiment was conducted as previously described using E12.5 mouse explants (Unsain et 260 

al., 2014). Briefly, the E12.5 DRG explants were seeded into 6-well plates pre-coated with 1 261 

mg.ml-1 PLL, 10 ug.ml-1 laminin and 0.1 mg.ml-1 collagen in DRG media supplemented with 10 262 

ng.ml-1 NGF. After approximately 2 days of growth, the media was exchanged to NGF-free DRG 263 

media supplemented with 1 ug.ml-1 anti-NGF antibodies. NGF withdrawal-induced degeneration 264 

was allowed to proceed for 24 h, after which the NGF-deprived axons were fixed and stained 265 

with anti-tubulin 3 (TUBB3) antibody (1:10000) and Alexa-Fluor 568-conjugated antibody 266 

(1:5000). The axons were imaged at a 5X magnification using a Zeiss Axioscope 2 microscope. 267 

The quantification of the area covered by the axons was done with Axoquant 2.0 in R Studio as 268 

previously described (Johnstone et al., 2018). 269 

 270 

Immunostaining of dissociated DRG neurons and DRG explants 271 

The dissociated DRG neurons or DRG explants were fixed for 30 min with 4% paraformaldehyde 272 

(PFA) diluted in phosphate-buffered saline (PBS) then thoroughly washed with PBS. The 273 

neurons were then permeabilized for 5 min with 0.2% Triton X-100/PBS prior to blocking in 5% 274 

bovine serum albumin (BSA) diluted in PBS for 1 h at room temperature. The neurons were then 275 

stained with primary antibody diluted in 5% BSA/PBS overnight at 4 C. The next day, the 276 

samples were washed in PBS, incubated in secondary antibody diluted in 5% BSA/PBS for 2 h at 277 

room temperature, and washed again in PBS. 278 

 279 

Sciatic nerve injury 280 

Male and female mice aged 3-4 months old were used for the sciatic nerve injuries. Following 281 

anesthesia with isoflurane, the sciatic nerve was exposed with a mid-thigh incision and crushed 282 

with a smooth-jaw hemostat (0.6 mm tip; Fine Science Tools) fully closed for 30 s at 283 

approximately 1 cm distal to the sciatic notch. The injury site was labeled by attaching a 9-0 non-284 

absorbable silk suture (Ethicon) to the epineurium. Alternatively, the sciatic nerve was transected 285 

with straight semi-fine scissor (Fine Science Tools) and the nerve ends were pulled apart to 286 

prevent regeneration. Analgesia was managed by injecting buprenorphine (0.10 mg.kg-1) 287 

subcutaneously and providing carprofen-containing MediGel CPF (ClearH2O) ad libitum. 288 
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Animals were also given enrofloxacin (5 mg.kg-1) subcutaneously pre- and post-operatively to 289 

prevent infection.  290 

 291 

Optic nerve injury 292 

Male and female mice aged 2-3 months old were used for optic nerve transection. Following 293 

anesthesia with isoflurane, the optic nerve was exposed with an incision above the ocular orbit 294 

and the extra-ocular muscles were resected. The optic nerve was transected with semi-fine 295 

scissors (Fine Science Tools) at 0.5-1.0 mm from the optic nerve head. Care was taken to avoid 296 

damage to the ophthalmic artery and the vascular integrity of the retina was assessed by fundus 297 

examination. Analgesia was provided by subcutaneous injections of buprenorphine (0.05 mg.kg-298 
1). 299 

 300 

In vivo analysis of neuronal regeneration in whole-mount stained sciatic nerves 301 

At 3 days post-injury (DPI), mice were euthanized with isoflurane and CO2 inhalation followed 302 

by cervical dislocation. The injured and contralateral intact sciatic nerves were harvested and 303 

fixed in 4% PFA/PBS for 5 h at 4°C. Following fixation, the tissues were washed in PBS, then 304 

dehydrated in sequential washes of 50%, 80%, and 100% methanol (Sigma-Aldrich) for 1 h each 305 

at room temperature, before quenching the endogenous peroxidase activity overnight at 4°C with 306 

ice-cold H2O2 diluted in 20% DMSO/methanol (1 vol 30% H2O2, 1 vol DMSO, 4 vol methanol). 307 

The following day, the tissues were rehydrated in a reversed gradient of methanol followed by 308 

two washes of 1 h in PBS. Blocking was done overnight at 4°C in blocking buffer (10% normal 309 

goat serum (NGS), 10% DMSO (Sigma-Aldrich), 0.2% Triton X-100 (Sigma-Aldrich), PBS). 310 

The sciatic nerves were then stained sequentially with anti-stathmin-2 (STMN2; also referred to 311 

as superior cervical ganglion 10 (SCG10; 1:200)) primary antibody and Alexa-Fluor 568-312 

conjugated goat anti-rabbit secondary antibody (1:200) diluted in antibody dilution buffer (3% 313 

NGS, 5% DMSO, 0.2% Triton X-100, 10 ug.ml-1 heparin, PBS) for 7 days at 37°C to label the 314 

regenerating sensory axon front as the anti-STMN2/SCG10 antibody preferentially detects 315 

regenerating sensory and not motor axons (Shin et al., 2014). Following each incubation, the 316 

nerves were thoroughly washed in 0.2% Triton X-100/PBS for 7 h at room temperature, changing 317 

the wash buffer every hour. A final overnight wash was done in PBS before tissue clarification. 318 

Prior to imaging, the stained nerves were cleared following an adapted 3DISCO protocol (Erturk 319 
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et al., 2012). Briefly, the nerves were dehydrated in a stepwise gradient of 50%, 80% and 100% 320 

tetrahydrofuran (THF; Sigma-Aldrich) diluted in distilled water. The nerves were then cleared by 321 

immersion in dibenzyl ether (DBE; Sigma-Aldrich). The whole nerves were imaged with a SP8 322 

confocal laser-scanning microscope (Leica) using a 10X objective (HC PL APO 1.x/0.40 CS). 323 

The distance of regeneration was measured as described previously (Leon et al., 2000). Briefly, 324 

the number of SCG10+ neurons located at 500 μm increments from the injury site were counted 325 

in alternating optical sections. The resulting number was divided by the diameter of the nerve 326 

(mm) to calculate the number of axons per mm for each section counted. The number of 327 

axons/mm was then averaged over all the sections. Finally, the total number of axons ∑ad 328 

extending to a distance d was estimated by summing all sections: 329 

, where r is the radius of the nerve and t is the optical 330 

thickness of the sections. 331 

 332 

In vivo analysis of axonal degeneration in sciatic nerves 333 

The mice were euthanized by intracardial perfusion with ice-cold 4% PFA. The nerve stump 334 

distal to the injury site and the corresponding contralateral nerve were harvested and post-fixed in 335 

2.5% gluteraldehyde in 0.1 M PBS. Post-processing of the nerve samples was conducted by the 336 

Facility for Electron Microscopy Research (FEMR) of McGill University. Briefly, the fixed 337 

sciatic nerves were stained with 1% osmium tetroxide, dehydrated in sequential washes with a 338 

gradient of ethanol and embedded in epoxy embedding medium (Electron Microscopy Sciences). 339 

Semi-thin transverse nerve sections with a thickness of 0.5 μm were prepared using an 340 

ultramicrotome (Reichert) and mounted with a coverslip using Permount mounting medium 341 

(Fisher Scientific; catalog #SP15-100). Imaging was done with an Axiovert 200M 342 

epifluorescence microscope (Zeiss) using a 63X objective (Plan-Neofluar 1.25 Oil; Zeiss). To 343 

evaluate the extent of degeneration, the number of intact axons per μm2 was counted. 344 

 345 

Tissue homogenization 346 

At selected time points following nerve transection, the mice were euthanized with isoflurane and 347 

CO2 inhalation followed by cervical dislocation. Sciatic nerve, optic nerve, L4-6 DRGs and retina 348 

samples were collected, washed briefly in ice-cold PBS, and manually homogenized in RIPA 349 

lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% 350 

ad r2 average axons /mm / t
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sodium deoxycholate, 0.1% SDS, 1 mM Na3VO4, 5 mM NaF, 1X complete protease inhibitors). 351 

The protein concentration in the resulting sonicated and cleared lysates was measured and 352 

normalized between samples prior to analysis by Western immunoblot. 353 

 354 

Overexpression of CRMP4 in HEK 293T cells and in vitro digestion with recombinant calpain 355 

HEK 293T cells maintained in DMEM medium supplemented with 10% fetal bovine serum 356 

(FBS) were transfected using Lipofectamine 2000 (Invitrogen) following manufacturer’s 357 

instruction. The cells were washed briefly in ice-cold PBS and lysed with RIPA lysis buffer (50 358 

mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% sodium 359 

deoxycholate, 0.1% SDS, 1 mM Na3VO4, 5 mM NaF, 1X complete protease inhibitors). The 360 

protein concentration in the sonicated and cleared lysates was normalized. The lysates were 361 

digested in vitro with 1 unit of recombinant calpain-1 (EMD Millipore; catalog #208713) and 2 362 

mM MgCl2 for 30 min at 37 C. The digested proteins were then analyzed by Western blot. In 363 

some experiments, the calpain inhibitor 5-15 M ALLN (EMD Millipore; catalog #208719) was 364 

added to the reaction.  365 

 366 

Western blots 367 

The protein content of tissue and cell lysates was analyzed by SDS-Page gel separation followed 368 

by Western immunoblot. PVDF membranes were blocked with 5% milk diluted in Tris-buffered 369 

saline (TBS) supplemented with 0.05% Triton X-100 for 1 h at room temperature, probed with 370 

primary antibody overnight at 4ºC and with secondary antibodies for 1 h at room temperature. 371 

The antibodies used were: rabbit CRMP4 a/b (1:7500), mouse -fodrin (1:500), mouse anti-372 

tubulin beta3 (1:5000), mouse alpha-tubulin (1:5000), and horse-radish peroxidase (HRP)-373 

conjugated anti-mouse and anti-rabbit IgG antibodies (1:10000). The signal was revealed with 374 

Western Lightning Plus ECL (PerkinElmer). Quantification of the intensity of the bands was 375 

performed in Photoshop.  Changes in CRMP4 expression in the cell body compartment was 376 

normalized to a tubulin loading control.  377 

 378 

Statistical analysis 379 

Statistical analyses were performed with the GraphPad Prism 8 software. Two-tailed Student t-380 

test were used when directly comparing 2 conditions, while one-way analysis of variance 381 
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(ANOVA) followed by Tukey’s multiple comparison tests were used when more than 3 382 

conditions were compared. For experiments with more than one variable parameters such as the 383 

in vivo regeneration and degeneration experiments, a two-way ANOVA followed by Bonferroni’s 384 

multiple comparison tests were used. Statistical details, p values and experimental details are 385 

indicated in the corresponding figure legends. 386 

 387 

Results 388 

Crmp4 deletion impairs regeneration of sensory neurons following sciatic nerve injury 389 

Paradoxically, CRMP4 facilitates growth during development, but impedes regeneration of 390 

injured CNS neurons (Quinn et al., 2003; Alabed et al., 2007; Nagai et al., 2012; Niisato et al., 391 

2012; Khazaei et al., 2014; Nagai et al., 2015; Tan et al., 2015; Nagai et al., 2016). Thus, we 392 

sought to investigate the functions of CRMP4 in regeneration-competent PNS neurons. Sciatic 393 

nerve crush injuries were performed on adult Crmp4-/- mice and littermate Crmp4+/+ controls. 394 

Regenerating fibres were stained for SCG10, a protein that is preferentially upregulated in 395 

regenerating sensory neurons and their growth was evaluated at 3 days post-injury (DPI) (Mason 396 

et al., 2002; Shin et al., 2014). In both Crmp4+/+ and Crmp4-/- sciatic nerves, SCG10+ neurons 397 

grew spontaneously across the injury site following sciatic nerve crush injury (Fig. 1A) However, 398 

quantification of the number of regenerating fibres at progressive distances from the lesion site 399 

revealed that sensory neurons in Crmp4+/+ mice extend further than those in Crmp4-/- mice (Fig. 400 

1B) revealing a pro-regenerative function for CRMP4 in the PNS, which contrasts to its 401 

inhibitory role in the CNS (Alabed et al., 2007; Nagai et al., 2012; Nagai et al., 2015; Nagai et al., 402 

2016).  403 

 404 

CRMP4 expression is differentially regulated in the CNS and PNS following injury  405 

Next, we sought to determine whether the distinct regenerative phenotypes observed in the PNS 406 

and CNS could stem from differences in the expression profile of CRMP4. CRMP4 expression 407 

was assessed by Western blot analysis of lysates prepared from PNS and CNS cell bodies and 408 

axons. For analysis of the PNS, lumbar dorsal root ganglions (DRGs) containing the cell bodies 409 

of sensory neurons and sciatic nerves containing their axons were collected at 3 days following 410 

sciatic nerve transection (Fig. 2A). CRMP4 was robustly expressed in intact and injured DRGs 411 

with little change in expression following injury (Fig. 2B; CRMP4S expression 88  12% 412 
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control). In the sciatic nerve, expression of the short CRMP4 isoform (CRMP4S) was markedly 413 

reduced in the nerve distal to the lesion site where axons undergo Wallerian degeneration (56 414 

1% of control levels) mirroring the regulation of tubulin (33  8% of control), and bands 415 

representing the long isoform of CRMP4 (CRMP4L) and a truncated 55 kDa CRMP4 cleavage 416 

fragment (tCRMP4) became apparent (Fig. 2C). In the proximal segment of sciatic nerve where 417 

the growth cones of regenerating neurons reform, CRMP4S expression remained constant (94  418 

5% and 99 3% in proximal 1 and proximal 2 segments, respectively) and CRMP4L was 419 

modestly upregulated (Fig. 2C). To determine the cell types expressing CRMP4, crushed sciatic 420 

nerves were stained with a pan-CRMP4 antibody. CRMP4 co-localized with the neuronal marker 421 

Tuj1 (Fig. 2D), but not with the Schwann cell marker S100 (Fig. 2E), or the macrophage marker 422 

ED1 (Fig. 2F). This reveals that CRMP4 is preferentially expressed in neurons suggesting a 423 

neuron cell-autonomous role following PNS injury. 424 

 425 

We then analyzed the expression of CRMP4 in the damaged CNS, focusing on the retinal 426 

ganglion cells (RGCs) and the retina at 3 days after optic nerve transection (Fig. 2G). In the CNS, 427 

CRMP4 expression was unaltered in the retina 3 days following optic nerve transection (Fig. 2H; 428 

CRMP4S expression 101 6% of control levels), similar to the CRMP4 expression pattern 429 

observed in DRG cell bodies. In the optic nerve, CRMP4 regulation was notably different from 430 

the sciatic nerve (Fig. 2I). In the optic nerve segments, truncated CRMP4 was apparent in the 431 

distal segment following optic nerve injury, but CRMP4S and CRMP4L expression was largely 432 

retained (CRMP4S 100 1% of control). In the proximal segment of the damaged optic nerve, 433 

CRMP4S was strongly downregulated (31 9% of control levels) with the appearance of 434 

tCRMP4 (Fig. 2I). Intriguingly, this reveals a distinct regulation of CRMP4 following injury to 435 

PNS versus CNS neurons. In the regenerating PNS, CRMP4 expression is retained in the 436 

proximal segment of sciatic nerve correlating with the regeneration of severed axons, whereas 437 

CRMP4 is downregulated in the proximal segment of optic nerve where axons fail to regrow. 438 

Further, in the distal sciatic nerve, CRMP4 is cleaved and downregulated, coinciding with the 439 

onset of Wallerian degeneration, while CRMP4 expression is largely retained at the same time 440 

point in the distal optic nerve. CRMP4 is also expressed in different cell types in the crushed 441 

optic nerve at 8 DPI, as it is expressed in the scar forming non-neuronal cells surrounding the 442 
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injury site (Fig. 2J). The distinct regulation of CRMP4 in injured PNS and CNS neurons led us to 443 

speculate that full-length CRMP4 in the proximal segment of injured PNS neurons may support 444 

regrowth whereas CRMP4 cleavage may contribute to Wallerian degeneration in the distal 445 

segment of sciatic nerve.   446 

 447 

CRMP4 enhances regrowth of injured sensory neurons in vitro 448 

To test whether CRMP4 expression in the proximal segment of injured sensory neurons promotes 449 

axon extension after injury, we conducted a more extensive time course analysis of CRMP4 450 

expression following sciatic nerve injury. Following sciatic nerve transection, CRMP4 expression 451 

is retained in the proximal nerve segment for up to 14 DPI (Fig. 3A). To test the cell-autonomous 452 

contribution of CRMP4 to the regrowth of damaged axons, we measure the extent of regeneration 453 

of axotomized DRG neurons in vitro. DRGs were isolated from E15-16 wild-type or Crmp4-/- 454 

mouse embryos and the dissociated neurons were plated in microfluidic devices for 4 days until 455 

the axons projected into the axonal compartment (Jones et al., 2006; Frey et al., 2015; Dubovy et 456 

al., 2018). Axotomy was then performed by increasing the flow of medium in the axonal 457 

compartment to shear the axons, and the damaged neurons were left to regenerate for 24 h. 458 

Following axotomy, Crmp4-/- DRG neurons regrew significantly worse than their wild-type 459 

counterparts, exhibiting 43% less regrowth (Fig. 3B, C). The regenerating CRMP4-/- neurites also 460 

adopted a curled phenotype, often looping back towards the channels, which differs from the 461 

straight outgrowth profile of wild-type neurons (Fig. 3B). This finding demonstrates that CRMP4 462 

enhances the regrowth of the proximal tip of axotomized sensory neurons in a neuron cell-463 

autonomous manner. 464 

 465 

Crmp4 deletion delays Wallerian degeneration in the PNS 466 

We next investigated whether CRMP4 might be involved in the regulation of Wallerian 467 

degeneration in the sciatic nerve. Previous studies have demonstrated that axon regeneration is 468 

impaired in mice with delayed Wallerian degeneration, suggesting that clearance of axon distal 469 

segments facilitate axon regeneration (Bisby and Chen, 1990; Brown et al., 1992; Brown et al., 470 

1994). We first assessed Wallerian degeneration in the transected sciatic nerve by quantifying the 471 

number of intact myelin sheaths in semi-thin cross-sections of the nerve segment located distal to 472 

the injury site, an indirect measure of axon degeneration as Wallerian degeneration is followed by 473 
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degradation of myelin sheaths. The data revealed a higher number of intact myelinated sheaths in 474 

the sciatic nerve collected from Crmp4-/- mice compared to the Crmp4+/+ controls at 36HPI, 475 

which became statistically significant at 3 DPI (Fig. 4A, B). By 7 DPI, the degradation of myelin 476 

sheaths was extensive in both Crmp4+/+ and Crmp4-/- sciatic nerves. These results indicate that 477 

Crmp4 deletion delays Wallerian degeneration following sciatic nerve injury. 478 

 479 

To better understand the function of CRMP4 in Wallerian degeneration, we examined axon 480 

degeneration in an in vitro axotomy model (Gerdts et al., 2013; Gamage et al., 2017). E12.5 481 

Crmp4+/+ and Crmp4-/- DRG explants were grown for 60 h, prior to the neurites being sectioned 482 

with a blade and allowed to degenerate for 5 h. The index of degeneration of these neurites was 483 

then calculated by dividing the area covered by particles with a circularity above 0.9, which 484 

corresponds to the axon fragments, by the total area covered by the neurites (Kilinc et al., 2011). 485 

The quantification revealed that Crmp4-/- neurons have a lower index of degeneration compared 486 

to the Crmp4+/+ neurons, illustrating a cell-autonomous role for CRMP4 in Wallerian 487 

degeneration (Fig. 4C, D). Interestingly the pro-degenerative function of CRMP4 following 488 

axotomy is not conserved in another model of degeneration; trophic factor deprivation. When 489 

E12.5 Crmp4-/- and Crmp4+/+ DRG explants were deprived of nerve growth factor (NGF) and 490 

treated with anti-NGF antibody, they exhibited typical signs of degeneration, such as the 491 

appearance of axon swellings and fragments (Fig. 4E). The area covered by the neurites 492 

following degeneration was not significantly different between the NGF-deprived Crmp4-/- and 493 

Crmp4+/+ DRG explants (Fig. 4F, G), indicating that the effect of CRMP4 on Wallerian 494 

degeneration is somewhat selective.  495 

 496 

CRMP4 is cleaved by calpain in axotomized sensory neurons  497 

We found that the expression of CRMP4 was downregulated in degenerating axons located distal 498 

to a sciatic nerve injury, coincident with the appearance of a truncated CRMP4 species. We thus 499 

sought to investigate the mechanism underlying the cleavage of CRMP4 and its contribution to 500 

Wallerian degeneration. CRMP family members including CRMP4 have been described as 501 

calpain substrates in response to ischemic and excitotoxic stimuli (Kowara et al., 2005; Kowara 502 

et al., 2006; Jiang et al., 2007; Zhang et al., 2007; Liu et al., 2009). To determine if calpain is 503 

active in the injured sciatic nerve, we investigated the cleavage of fodrin, a calpain substrate that 504 
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is alternatively referred to as II-spectrin and that is often used as a marker of calpain activity 505 

(Wang, 2000). Following injury, 145 kDa and 150 kDa spectrin breakdown products 506 

characteristic of calpain-mediated cleavage were elevated in the distal sciatic nerve segment, but 507 

largely unregulated in the proximal segment (Fig. 5A; (Wang, 2000)). The fragments were 508 

detected at 1, 3 and 5 DPI and resolved by 14 DPI consistent with the time course of CRMP4 509 

cleavage in vivo (Fig. 3A). Analysis of proximal and distal segments of optic nerve following 510 

transection revealed fodrin cleavage in both the proximal and distal nerve segments (Fig. 5B), 511 

consistent with the appearance of a CRMP4 cleavage product in proximal and distal optic nerve 512 

(Fig. 2E). This data suggests that calpain could potentially cleave CRMP4 to generate tCRMP4 in 513 

response to axotomy. To directly test this, P4-7 DRG neurons were treated with recombinant 514 

calpain, which did indeed lead to the generation of a 55 kDa tCRMP4 cleavage fragment (Fig. 515 

5C), supporting the idea that CRMP4 cleavage is a calpain-dependent process. We also asked if 516 

generation of the CRMP4 cleavage product could be efficiently blocked with a calpain inhibitor. 517 

DRG explants were grown on cell-filter inserts and axotomized by removing the cell bodies with 518 

a cell scraper. The axons on the underside of the filter were then collected and lysed for Western 519 

immunoblot. Severed axons revealed the presence of tCRMP4 and generation of this fragment 520 

was efficiently blocked with the calpain inhibitor ALLN (Fig. 5D). Because calpains can activate 521 

other enzymes that also contribute to degeneration such as caspases, we repeated the experiment 522 

in DRG explants isolated from Caspase 3-/- mice (Geden and Deshmukh, 2016). Similar to the 523 

wild-type DRG explants, axotomy-dependent cleavage of CRMP4 occurred in the axotomized 524 

Caspase 3-/- axons and this was prevented by treatment with ALLN (Fig. 5E). These findings 525 

illustrate that axotomy is sufficient to drive the process of calpain-dependent CRMP4 cleavage. 526 

 527 

Further, to address how CRMP4 may be cleaved proximal and distal to the lesion site in optic 528 

nerve while being restricted to the distal portion of the sciatic nerve, we asked if CNS myelin-529 

associated proteins affect CRMP4 cleavage. We found that treatment of P4-P7 DRG neurons 530 

with Nogo-22, an outgrowth inhibitory fragment of the CNS myelin-associated inhibitor Nogo-A, 531 

was sufficient to induce CRMP4 cleavage (Fig. 5F) (Huebner et al., 2011), This finding is 532 

consistent with the finding that Nogo promotes calcium influx in neurons leading to the 533 

activation of calpain (Bandtlow and Loschinger, 1997). This raises the possibility that calpain 534 
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activation and CRMP4 cleavage may occur both proximally and distally following optic nerve 535 

injury in response to Nogo while it may be more spatially restricted in the PNS environment. 536 

 537 

CRMP4 cleavage fragments promote axon degeneration  538 

To study the effects of CRMP4 cleavage fragments on neurons, we mapped the calpain cleavage 539 

site. Through sequential alanine substitutions of candidate residues in the carboxy-terminal tail of 540 

CRMP4, we localized the specific cleavage site to residue T524 and demonstrated that a CRMP4 541 

construct containing a T524A mutation was less sensitive to in vitro calpain digestion (Fig. 6A). 542 

We then generated amino- and carboxy-terminal fragments of CRMP4 (CRMP4 NTF and 543 

CRMP4 CTF, respectively) as TAT peptides to mediate peptide internalization across the cell 544 

membrane (Fig. 6B, C; (Torchilin, 2008; Khazaei et al., 2015)). Dissociated wild-type E15-16 545 

DRG neurons were grown in microfluidic devices and the axons were treated for 8 h with TAT-546 

CRMP4 peptides or with TAT-RFP as a control. Treatment with either TAT-CRMP4 NTF or 547 

CTF resulted in significant axonal degeneration as characterized by the appearance of axonal 548 

swellings (Fig. 6D). The extent of degeneration was assessed by calculating the index of 549 

degeneration (Kilinc et al., 2011). This quantification revealed a significant effect of both 550 

CRMP4 fragments on axon degeneration compared to TAT-RFP (Fig. E; fold change of 5.19 for 551 

TAT-CRMP4 NTF and of 4.50 for TAT-CRMP4 CTF), indicating that CRMP4 cleavage is 552 

sufficient to promote axonal degeneration. Combined treatment with TAT-CRMP4 NTF and CTF 553 

resulted in a similar significant effect on axon degeneration, indicating that the combination is not 554 

more potent in vitro (fold-change of 6.89; p=0.231). Addition of GST-CRMP4 NTF, which lacks 555 

the TAT membrane permeabilization sequence, failed to affect axon degeneration (Fig. 6F). 556 

 557 

Discussion  558 

Following injury, peripheral neurons mount a regenerative response whereby a newly-formed 559 

growth cone at the tip of the broken axon drives axon outgrowth, while the disconnected axon 560 

segments undergo Wallerian degeneration (Waller, 1850; Kamber et al., 2009; Ghosh-Roy et al., 561 

2010; Bradke et al., 2012; Spira and Erez, 2013). Neuronal regeneration and degeneration are 562 

highly inter-dependent, and as such, they share several signalling pathways (Bisby and Chen, 563 

1990; Brown et al., 1992; Brown et al., 1994; Girouard et al., 2018). This is advantageous as both 564 

processes can be simultaneously targeted to promote an optimal regenerative response. Here, we 565 
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characterized CRMP4 as a protein that contributes to both regeneration and degeneration 566 

following axotomy. CRMP4 plays a dual role in the neuronal response to PNS injury, as loss of 567 

CRMP4 impairs sensory axon regeneration by limiting axon regrowth and delaying Wallerian 568 

degeneration. These findings ascribe to a novel pro-regenerative role to CRMP4 in the PNS, 569 

contrasting to its role in the CNS, where it contributes to failed regeneration. Interestingly, these 570 

functions are very reminiscent of other proteins that regulate cytoskeletal dynamics and energy 571 

supply (Girouard et al., 2018). For example, SCG10/STMN2 accumulates in the regenerating 572 

axon segment of sensory neurons following peripheral axotomy to promote microtubule 573 

dynamics and axon regrowth (Shin et al., 2014). Conversely, it is degraded in the degenerating 574 

axon segment to accelerate axon fragmentation (Shin et al., 2012). 575 

 576 

Here, we find that, in the regenerating neurons, CRMP4 supports axon regrowth, while its 577 

calpain-mediated cleavage in the distal degenerating fibres facilitates Wallerian degeneration (Fig. 578 

7B). It is notable that the relative ratio between full-length and truncated CRMP4 seems to be 579 

critical to its function (Fig. 7). In the injured PNS, full-length CRMP4 is exclusively expressed in 580 

the proximal segment correlating with axon regeneration. In the distal sciatic nerve, massive 581 

downregulation of full-length CRMP4 coinciding with the appearance of cleavage fragments 582 

correlates with Wallerian degeneration. In the optic nerve, CRMP4 expression in the proximal 583 

nerve segment mirrors the profile of the distal sciatic nerve and this correlates with the formation 584 

of retraction bulbs and failed regenerative growth. While CRMP4 cleavage also occurs in the 585 

distal optic nerve, full-length CRMP4 is retained and may dimerize with truncated CRMP4 to 586 

buffer its neurotoxic activity. This is consistent with the idea that overexpression of non-587 

phosphorylated CRMP2 can protect axons from Wallerian degeneration (Wakatsuki et al., 2011). 588 

 589 

Efficient neuronal regeneration requires the assembly of a functional growth cone that will drive 590 

axon extension (Bradke et al., 2012). This process is highly dependent on cytoskeletal 591 

remodeling and consequently, several cytoskeletal regulators are implicated in this process. Here, 592 

we find that CRMP4 contributes favorably to PNS regeneration and this effect potentially stems 593 

from its regulatory functions towards the cytoskeleton. To support this hypothesis, hippocampal 594 

neurons lacking CRMP4 exhibit poorly elaborated growth cones with defects in their cytoskeletal 595 

organization (Khazaei et al., 2014; Tan et al., 2015). Thus, CRMP4 could potentially facilitate the 596 
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cytoskeletal rearrangements required for the reformation of the growth cone, either via its direct 597 

interaction with actin and tubulin to promote their assembly into filaments or microtubules 598 

respectively, or via its interaction with CRMP2 (Rosslenbroich et al., 2005; Khazaei et al., 2014; 599 

Tan et al., 2015). Additionally, CRMP4L can interact with intersectin, an adaptor protein that 600 

regulates various cellular processes including endocytosis and exocytosis (Acheson et al., 1991; 601 

Yamabhai et al., 1998; Okamoto et al., 1999; Simpson et al., 1999; Hussain et al., 2001; Quinn et 602 

al., 2003). Thus, CRMP4L could play important roles in providing membrane and cell surface 603 

molecules important for axon regrowth. Consequently, CRMP4 could facilitate growth cone 604 

reformation in regenerating PNS axons, but also subsequent axon extension.  605 

 606 

Conversely, loss of CRMP4 leads to a delay of Wallerian degeneration in vitro. The relative 607 

contribution of CRMP4 to growth of the proximal segment versus degeneration of the distal 608 

segment in vivo is an open question. In degenerating PNS axons, we observe the calpain-609 

mediated cleavage of CRMP4 and concomitant down-regulation of CRMP4S. Intriguingly, the 610 

expression pattern of CRMP4S and tCRMP4 observed in the sciatic nerve located distal to the 611 

injury site is very reminiscent of the CRMP2 expression profile following injury (Touma et al., 612 

2007; Lin et al., 2011; Wakatsuki et al., 2011; Zhang et al., 2016). In the case of CRMP2, its 613 

inactivation either by phosphorylation or calpain-mediated cleavage impairs its microtubule 614 

stabilizing effects. Thus, it is likely that CRMP4 cleavage is mediating both gain-of-function 615 

toxicity in response to the accumulation of NTF and CTF fragments as well as a loss of function 616 

phenotype (Touma et al., 2007; Lin et al., 2011; Wakatsuki et al., 2011; Zhang et al., 2016). 617 

Axon transport is disrupted in degenerating neurons, and overexpression of CRMP2 in 618 

axotomized cortical neurons rescues this defect and restores microtubule organization (Touma et 619 

al., 2007; Zhang et al., 2016). CRMP2 couples with tubulin heterodimers, proteins and organelles 620 

to kinesin, allowing their anterograde transport (Kawano et al., 2005; Kimura et al., 2005; 621 

Arimura et al., 2009). As CRMP4 is also downregulated in degenerating neurons, this protein 622 

could also be involved in the maintenance of neuronal integrity, via the regulation of either 623 

microtubule stabilization, axonal transport or other functions that remain to be further explored. 624 

Additionally, calpain-mediated cleavage of CRMP4 leads to the generation of tCRMP4 625 

fragments that are sufficient to trigger axonal degeneration in wild-type DRG neurons, which 626 

express endogenous levels of full-length CRMP4. CRMP4 and other CRMP family members 627 
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assemble as hetero-tetramers to mediate their functions (Wang and Strittmatter, 1997). While it is 628 

likely that an excess of full-length CRMP4 expression would buffer against the deleterious 629 

effects of tCRMP4, it is also possible that tCRMP4 fragments could integrate in hetero-tetramers 630 

compromising their functionality. For example, CRMP2 and CRMP4 assemble as a complex, 631 

which coordinate actin and microtubule dynamics in the developing neurons (Tan et al., 2015). In 632 

addition to compromising cytoskeletal dynamics, cleavage fragments could affect CRMP-633 

dependent roles in axon and mitochondrial transportconsequently promoting axonal 634 

fragmentation (Zhang et al., 2016).  635 

 636 

The activity of cytoskeletal regulators is regulated by different kinases and upstream regulators in 637 

the regenerating and degenerating neurons (Girouard et al., 2018). Interestingly, these regulators 638 

also exhibit differential roles in the proximal and distal axon segments. MAP3K dual leucine 639 

zipper kinase 1 (DLK-1) functions through JNK and p38 MAP kinase to support transcriptional 640 

and translational events required for axon regeneration, while it regulates microtubules dynamics 641 

and energetics to favor degeneration of the distal axons (Miller et al., 2009; Watkins et al., 2013; 642 

Geden and Deshmukh, 2016). Additionally, nicotinamide mononucleotide acetyltransferase 1 643 

(NMNAT1) is required for axonal integrity and as such, in regenerating neurons, NMNAT1 644 

preserves mitochondria to promote neuroprotection and support regeneration whereas in 645 

degenerating neurons, it limits degeneration by blocking NAD+ depletion (Chen et al., 2016; 646 

Sasaki et al., 2016). Thus, CRMP4, similarly to SCG10/STMN2 and CRMP2, could potentially 647 

act downstream of DLK-1 and NMNAT1, but this hypothesis will need to be further explored. 648 

 649 

An interesting aspect of this study is the dichotomy between CRMP4 functions in the PNS 650 

compared to the CNS. CRMP4 plays an important role in the transduction of growth-inhibitory 651 

signals like MAIs and CSPGs (Alabed et al., 2007; Alabed et al., 2010; Nagai et al., 2012; Nagai 652 

et al., 2016). Following spinal cord injury, sensory neurons lacking CRMP4 exhibited enhanced 653 

growth in the dorsal horn consistent with desensitization to MAIs and CSPGs (Nagai et al., 2016). 654 

Thus, the presence of myelin-associated inhibitory proteins and inhibitory glial scar components 655 

in the CNS and their absence in the PNS likely explains the differential regulation of CRMP4 in 656 

the two systems. It is also apparent that, following spinal cord injury, CRMP4 is upregulated in 657 

the astrocytes surrounding the glial scar, whereas following peripheral nerve injury, CRMP4 is 658 
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predominantly localized to damaged axons (Jang et al., 2010; Nagai et al., 2015). This diverging 659 

expression pattern suggests that, in the CNS, CRMP4 might possess additional functions in non-660 

neuronal cells that would contribute to the regeneration failure.  While the restricted expression 661 

of CRMP4 in axons in the sciatic nerve suggests a neuron cell autonomous role for CRMP4 in 662 

PNS regeneration, a neuron-specific CRMP4 deletion would be required to fully rule out 663 

additional roles for CRMP4 in inflammation or Schwann cell biology.  664 

 665 

In conclusion, we characterized a dual role for the cytoskeletal regulator CRMP4 in the neuronal 666 

response to PNS injury, as it favors neuronal regeneration by promoting axonal regrowth and by 667 

facilitating Wallerian degeneration. Interestingly, these functions are very reminiscent of the 668 

growth-promoting effects of CRMP4 characterized in developing neurons, but differ from its 669 

growth-inhibitory action in the adult CNS. Understanding these differing functions is critical to 670 

the development of novel strategies to promote functional recovery following neuronal injuries. 671 

 672 

673 
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Figure legends 871 
 872 

Figure 1. Crmp4 deletion impairs the regeneration of sensory neurons following sciatic 873 

nerve injury. A) Maximal intensity projections of straightened Crmp4+/+ or Crmp4 -/- sciatic 874 

nerves at 3 DPI following crush injury stained with SCG10, a marker of the regenerating sensory 875 

neurons. The injury site is labelled by a dotted line and the extremity of the regenerating fibres is 876 

indicated by arrowheads. Scale bar, 500 μm. B) Quantification of the distance of regeneration of 877 

the SCG10+ sensory neurons at 3 DPI in Crmp4+/+ and Crmp4-/- mice. Data is represented as the 878 

mean number of neurons per mm2 +/- S.E.M. The difference between the genotypes is 879 

statistically significant (n=5-6; two-way ANOVA, p=0.0006).  880 

 881 

Figure 2. The expression of CRMP4 is differentially regulated following CNS and PNS 882 

injury. A) Illustration of the sciatic nerve injury model utilized to examine the response to PNS 883 

injury. B, C) Immunoblot analysis of the CRMP4 expression pattern in DRG (B) and sciatic 884 

nerve (C) lysates from wild-type mice at 3 days following sciatic nerve transection. The nerve 885 

samples collected span either 0 to 3 mm distal, 0 to 3 mm proximal (proximal 1), or 3 to 6 mm 886 

proximal (proximal 2) to the injury site. The data is representative of results obtained from 7 mice. 887 

Open arrowhead: long CRMP4 isoform (CRMP4L; 75 kDa); arrow: short CRMP4 isoform 888 

(CRMP4S; 65 kDa); solid arrowhead: CRMP4 cleavage product (tCRMP4; 55 kDa). D, E, F) 889 

Representative images of longitudinal sections of intact and injured sciatic nerves to evaluate the 890 

co-localization of CRMP4 with Tuj1 (D), S100 (E) and ED1 (F), which are respectively markers 891 

of neurons, Schwann cells and macrophages. G) Diagram of the optic nerve injury model used to 892 

examine the response to CNS axotomy. H, I) Immunoblot analysis of CRMP4 expression in 893 

retina (H) and optic nerve (I) lysates at 3 days following optic nerve transection. The nerve 894 

portions analyzed span from either 0 to 2 mm distal or 0 to 2 mm proximal to the injury site in the 895 

optic nerves. The data is representative of 4 independent replicates. Open arrowhead: long 896 

CRMP4 isoform (CRMP4L; 75 kDa); arrow: short CRMP4 isoform (CRMP4S; 65 kDa); solid 897 

arrowhead: CRMP4 cleavage product (tCRMP4; 55 kDa). J) Representative images of 898 

longitudinal sections of intact and injured optic nerves to evaluate the co-localization of CRMP4 899 

a/b with the neuronal marker Tuj1.  900 

 901 
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Figure 3. CRMP4 promotes growth of injured sensory neurons. A) Immunoblot analysis of 902 

CRMP4 expression in sciatic nerve lysates of wild-type mice at different times following sciatic 903 

nerve transection. Samples collected after sciatic nerve transection span either 0 to 3 mm distal, 0 904 

to 3 mm proximal (proximal 1), or 3 to 6 mm proximal (proximal 2) to the injury site. Open 905 

arrowhead: long CRMP4 isoform (CRMP4L; 75 kDa); arrow: short CRMP4 isoform (CRMP4S; 906 

65 kDa); solid arrowhead: CRMP4 cleavage product (tCRMP4; 55 kDa). The data is 907 

representative of results obtained from 7 mice. B, C) Representative pictures (B) and 908 

quantification (C) of the regrowth of dissociated E15-16 wild-type or Crmp4-/- DRG neurons 909 

plated in microfluidic devices at 24 h after axotomy indicated an impaired regrowth after 910 

axotomy in the Crmp4-/- DRG neurons. Data is represented as the mean neurite outgrowth per 911 

channel +/- S.E.M. (n=7-8, two-tailed Student t-test). Scale bar, 200 μm. 912 

 913 

Figure 4. Crmp4 deletion delays Wallerian degeneration in vivo and in vitro. A) Semi-thin 914 

cross-sections of the degenerating sciatic nerve at 36 HPI, 3 DPI or 7 DPI following sciatic nerve 915 

transection, or of the intact contralateral nerve, in Crmp4+/+ or Crmp4-/- mice. Scale bar, 50 μm. 916 

B) Quantification of the mean number of intact myelin sheaths per m2 +/- S.E.M. in the Crmp4-/- 917 

sciatic nerves compared to the Crmp4+/+ controls displayed in (A) (n=3-7; two-way ANOVA with 918 

Bonferroni’s multiple comparison test). C, D) Representative pictures of the axons extending 919 

from DRG explants at a distance of 500 μm from the center of the explant stained with Tuj1 (C) 920 

and quantification (D) of the extent of degeneration in E12.5 Crmp4+/+ or Crmp4-/- DRG explants 921 

at 5 h after axotomy. Data in the graph is represented as the mean index of degeneration +/- 922 

S.E.M. (n=9-10; two-tailed Student t-test). Scale bar, 100 μm.  E) Representative images of intact 923 

E12.5 DRG explants or at 24 h following NGF withdrawal (anti-NGF). F) Curves of the area 924 

covered by axons of Crmp4+/+ and Crmp4-/- DRG explants in the presence (NGF) or absence 925 

(anti-NGF) of NGF. The curves represent the mean +/- S.E.M. C) Mean +/- S.E.M. of the area 926 

covered by the axons at a distance of 700 μm from the center of the explants (as indicated by a 927 

dotted line in (G)) in the presence or absence of NGF. Data is normalized to Crmp4+/+ grown in 928 

the presence of NGF (n=3; one-way ANOVA, Tukey’s multiple comparison test). 929 

 930 

Figure 5. Calpain-dependent cleavage of CRMP4 occurs in degenerating axons following 931 

injury. A, B) Immunoblot analysis of the calpain substrate fodrin in sciatic nerve (A) and optic 932 
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nerve (B) lysates collected at the indicated days post-injury (DPI). The arrowheads indicate the 933 

presence of fodrin breakdown products, which are present when calpain is active. C) Western 934 

immunoblot analysis of CRMP4 expression in lysates prepared from P4-7 rat DRG neurons and 935 

treated with calpain in vitro. D, E) Western immunoblot analysis of CRMP4 expression in axonal 936 

lysates prepared from wild-type (D) or Caspase-3-/- (E) E12.5 DRG explants grown on cell-filter 937 

inserts collected at 3 h after axotomy. DRG explants were treated with ALLN to inhibit calpain. 938 

F) Western immunoblot analysis of CRMP4 expression in lysates prepared from P4-7 rat DRG 939 

neurons that were treated for 5 h with either GST or GST-Nogo-22. Arrow: short CRMP4 940 

isoform (CRMP4S; 65 kDa); solid arrowhead: CRMP4 cleavage product (tCRMP4; 55 kDa). 941 

 942 

Figure 6. CRMP4 cleavage fragments promote axonal degeneration. A) Western immunoblot 943 

analysis of WT-CRMP4S or CRMP4S-T524A in the presence or absence of calpain. Arrow: 944 

short CRMP4 isoform (CRMP4S; 65 kDa); solid arrowhead: CRMP4 cleavage product 945 

(tCRMP4; 55 kDa). B) Coomassie staining of the TAT-CRMP4 peptides corresponding to the 946 

amino- (NTF) or carboxy- (CTF) terminal CRMP4 cleavage fragments. TAT-CRMP4-NTF and -947 

CTF produce peptides of approximately 60 kDa and 10-12 kDa respectively. C) Representative 948 

confocal pictures and orthogonal projections illustrating the integration of the TAT peptides (red) 949 

in the axons stained with Tuj1 (green). Scale bar, 10 μM. D, E) Representative pictures (D) and 950 

quantification of the index of degeneration (E) following treatment of the axons for 8 h with 2.5 951 

μM TAT-CRMP4 peptides or with TAT-RFP as a control. The data in the graph represents the 952 

average fold-change in the index of degeneration compared to TAT-RFP +/- S.E.M. (n=4; one-953 

way ANOVA, Tukey’s multiple comparison test). Scale bar, 50 μM. F) Quantification of the 954 

index of degeneration following treatment of the axons for 8 h with 2.5 μM TAT-or GST-955 

CRMP4 NTF peptides, or with TAT-RFP and GST as controls. The data is shown as the average 956 

fold-change in the index of degeneration compared to TAT-RFP +/- S.E.M. (n=3; one-way 957 

ANOVA, Tukey’s multiple comparison test). 958 

 959 

Figure 7: Schematic model illustrating the expression profile of CRMP4 following PNS and 960 

CNS injury. A) In the intact sciatic and optic nerves, CRMP4S is strongly expressed, while 961 

levels of CRMP4L are very low. B) In the sciatic nerve fibres located proximal to the injury site, 962 

the expression of CRMP4S is maintained, while CRMP4L is modestly upregulated. This 963 
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expression pattern correlates with regeneration and contributes to axon extension. In the axons 964 

segments located distal to the injury site, entry of calcium promotes the calpain-dependent 965 

cleavage of CRMP4, leading to the formation of tCRMP4 and downregulation of full-length 966 

CRMP4, which promotes Wallerian degeneration. C) In the optic nerve, CRMP4S is 967 

downregulated, while tCRMP4 is upregulated in the axons proximal to the lesion site, correlating 968 

with the formation of retraction bulbs and the inhibition of axon regeneration. In the axon 969 

fragments located distal to the injury site, the presence of tCRMP4 is accompanied by a sustained 970 

expression of CRMP4S. 971 
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Table 1. Statistical tests 

 1 

Figure Data structure Type of test Sample size Statistical data 
Fig. 1B Two factors 

(genotype and 
distance of 

regeneration) 

Two-way 
ANOVA 

CRMP4+/+ 
mice: n=6; 
CRMP4-/- 
mice: n=5 

Distance: F(13,126)=18.95; 
p 0.0001; Genotype: 

F(1,126)=12.49; p=0.0006; 
Interaction 

Genotype/Distance: 
F(13,126)=0.5537; 

p=0.8860 
 

Sidak’s multiple 
comparison test: 

CRMP4+/+ vs CRMP4-/- 

at all distances from the 
injury site: n.s. 

Fig. 3C Normal 
distribution 

Unpaired 
Student t-test 
(two-tailed) 

Wild-type DRG 
neurons: n=8; 
CRMP4-/- DRG 
neurons: n=7 

t=;4.105; df=13; 
p=0.0012 

Fig. 4B Two factors 
(genotype and 

duration of 
degeneration) 

Mixed effects 
analysis  

For CRMP4+/+ 
and CRMP4-/- 
mice: Intact 

sciatic nerves: 
n=7; 

Transected 
sciatic nerves 

at 36 HPI: n=4; 
Transected 

sciatic nerves 
at 3DPI and 
7DPI: n=3 

 
 
 

Time post-injury: 
F(3,14)=110.5; Genotype: 
F(1,12)=8.569; p=0.0127; 

Interaction 
Genotype/Time post-
injury: F(3,14)=1.768; 

p=0.1994 
 

Sidak’s multiple 
comparison test: 

Intact CRMP4+/+ vs 
CRMP4-/- nerves: n.s.; 
Transected CRMP4+/+ 
vs CRMP4-/- nerves at 

36 HPI: n.s.; Transected 
CRMP4+/+ vs CRMP4-/- 

nerves at 3 DPI: 
p=0.0016; Transected 
CRMP4+/+ vs CRMP4-/- 
nerves at 7 DPI: n.s. 

Fig. 4D Normal 
distribution 

Unpaired 
Student t-test 
(two-tailed) 

CRMP4+/+ 
explants: 

n=10; CRMP4-

/- explants: n=9 

t=2.311; df=17; 
 p=0.0336 

Fig. 6E Normal 
distribution 

One-way 
ANOVA 

Wild-type DRG 
neurons: n=4 

F=17.15; p=0.0001; 
R2=0.8109 

 
Tukey’s multiple 
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 2 

comparison test: Non-
treated vs TAT-RFP: 
n.s.; Non-treated vs 
TAT-CRMP4 NTF: 

p=0.0006; Non-treated 
vs TAT-CRMP4 CTF: 

p=0.0105; TAT-RFP vs 
TAT-CRMP4 NTF: 

p=0.0003; TAT-RFP vs 
TAT-CRMP4 CTF: 

p=0.0053; TAT-CRMP4 
NTF vs TAT-CRMP4 

CTF: n.s. 
Fig. 6F Normal 

distribution 
One-way 
ANOVA 

Wild-type DRG 
neurons: n=3 

F=15.06; p=0.0012; 
R2=0.8496 

 
Tukey’s multiple 

comparison test: TAT-
RFP vs TAT-CRMP4 
NTF: p=0.0017; TAT-

RFP vs GST: n.s.; TAT-
RFP vs GST-CRMP4 

NTF: n.s.; TAT-CRMP4 
NTF vs GST: p=0.0037; 

TAT-CRMP4 NTF vs 
GST-CRMP4 NTF: 

p=0.0032; GST vs GST-
CRMP4 NTF: n.s. 

Fig. 
S1C 

Normal 
distribution 

One-way 
ANOVA 

CRMP4+/+ 
DRG explants: 
n=6; CRMP4-/- 
DRG explants: 

n=4 

F=24.79; p 0.0001; 
R2=0.8230 

 
Tukey’s multiple 
comparison test: 

CRMP4+/++NGF vs 
CRMP4+/+-NGF: 

p=0.0024; 
CRMP4+/++NGF vs 

CRMP4-/-+NGF: n.s.; 
CRMP4+/++NGF vs 

CRMP4-/--NGF: 
p=0.0025; CRMP4+/+-

NGF vs CRMP4-/-+NGF: 
p=0.0052; CRMP4+/+-

NGF vs CRMP4-/--NGF: 
n.s.; CRMP4-/-+NGF vs 

CRMP4-/--NGF: 
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p=0.0048 
 


