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Abstract 47

48

Severed axon tips reform growth cones following spinal cord injury that fail to 49

regenerate, in part, because they become embedded within an inhibitory extracellular 50

matrix. Chondroitin sulfate proteoglycans (CSPGs) are the major axon inhibitory matrix 51

component that is increased within the lesion scar and in perineuronal nets around 52

deafferented neurons. We have recently developed a novel peptide modulator 53

(Intracellular Sigma Peptide or ISP) of the cognate receptor of CSPGs, protein tyrosine 54

phosphatase sigma (RPTPσ), which has been shown to markedly improve sensorimotor 55

function, micturition, and coordinated locomotor behavior in spinal cord contused rats. 56

However, the mechanism(s) underlying how modulation of RPTPσ mediates axon57

outgrowth through inhibitory CSPGs remain unclear. Here, we describe how ISP 58

modulation of RPTPσ induces enhanced protease Cathepsin B activity. Using dorsal root 59

ganglion neurons from female Sprague-Dawley rats cultured on an aggrecan/laminin spot 60

assay and a combination of biochemical techniques, we provide evidence suggesting that 61

modulation of RPTPσ regulates secretion of proteases that, in turn, relieves CSPG 62

inhibition through its digestion to allow axon migration though proteoglycan barriers.63

Understanding the mechanisms underlying RPTPσ modulation elucidates how axon 64

regeneration is impaired by proteoglycans but can then be facilitated following injury.  65

66

Significance Statement 67

Following spinal cord injury, chondroitin sulfate proteoglycans (CSPGs) upregulate and 68

potently inhibit axon regeneration and functional recovery. Protein tyrosine phosphatase 69
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sigma (RPTPσ) has been identified as a critical cognate receptor of CSPGs. We have 70

previously characterized a synthetic peptide (ISP) that targets the regulatory intracellular 71

domain of the receptor to allow axons to regenerate despite the presence of CSPGs. Here, 72

we have found that one important mechanism by which peptide modulation of the 73

receptor enhances axon outgrowth is through secretion of a protease, Cathepsin B, which 74

enables digestion of CSPGs. This work links protease secretion to the CSPG receptor 75

RPTPσ for the first time with implications for understanding the molecular mechanisms 76

underlying neural regeneration and plasticity.  77

78

79

80

81
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84
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Introduction  93

94

Chondroitin sulfate proteoglycans (CSPGs) comprise a large family of extracellular 95

matrix glycoproteins with varying numbers and types of glycosaminoglycan (GAG) 96

chains bound to a protein core. During development, CSPGs aid in axon guidance (Brittis 97

et al., 1992; Carulli et al., 2005; Snow et al., 1990) by serving as a molecular guardrail to 98

prevent inappropriate targeting. In adulthood, CSPGs such as aggrecan are concentrated 99

in synapse enwrapping structures called perineuronal nets where they have been 100

implicated in a variety of functions including limiting axonal sprouting and 101

neuroplasticity (Kwok et al., 2011; Massey et al., 2006; Tran et al., 2018). Following 102

spinal cord injury, CSPGs also become highly upregulated in a gradient radiating 103

outward from the astroglial scar epicenter as a result of (1) various triggering elements 104

that emanate from the leaky blood brain barrier (Schachtrup et al., 2010) (2)  105

inflammatory cells (Fitch et al., 1999) or (3) fibroblastic-like cells in the lesion core 106

(Okada et al., 2006). The gradient pattern of CSPG expression has been well 107

characterized as a potent impediment to axon regeneration following spinal cord injury 108

(Davies et al., 1997) and modeled in a spot assay in vitro where axons develop stalled, 109

club-like dystrophic end balls once they encounter gradually changing concentrations of 110

aggrecan and laminin  (Tom et al., 2004).111

112

The discovery of protein tyrosine phosphatase sigma (PTPσ) as a cognate receptor for the 113

inhibitory actions of CSPGs was a major milestone in the search for potential therapeutic 114

targets to promote regeneration (Shen et al., 2009). Indeed, we have recently reported the 115
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recovery of locomotor, sensory, and urinary function in an acute model of rat contusive 116

injury treated for 7 weeks with a daily systemic injection of Intracellular Sigma Peptide 117

(ISP) (Lang et al., 2015). ISP is a synthetic peptide designed to specifically modulate the 118

intracellular wedge domain of RPTPσ. However, the mechanism(s) underlying how ISP119

modification of RPTPσ signaling can lead to long term CSPG disinhibition and 120

subsequent axonal outgrowth are still unclear.   121

122

While characterizing the regeneration-promoting effects of ISP on adult dorsal root 123

ganglion (DRG) axons using our in vitro CSPG gradient spot assay, we have observed 124

that ISP treatment markedly reduced the presence of the inhibitory GAG content of the 125

substrate suggesting possible protease activity. Normal low-level protease release by 126

neurons to digest the extracellular matrix during their migration has been observed since 127

the 1980s (Krystosek and Seeds, 1984). For example, during development, retinal 128

ganglion cell growth cones secrete the protease ADAMTS4 which enables their access to 129

retino-topically appropriate locations within the CSPG-rich lateral geniculate nucleus 130

(Brooks et al., 2013). Furthermore, matrix metalloproteases (MMPs) have been noted for 131

their CSPG-degrading effects (Cua et al., 2013) and MMP-2 knockout mice showed 132

reduced serotonergic sprouting following spinal cord injury (Hsu et al., 2006). Thus, 133

finely controlled spatio-temporal regulation of protease release by neurons is one strategy 134

by which discrete CSPG degradation may occur to enhance axon regeneration without 135

delivering further damage to the CNS.  Here, we present evidence that RPTPσ may be 136

regulating the release of Cathepsin B that specifically degrades CSPGs and that this is 137
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one mechanism by which peptide treated neurons may sustain axon outgrowth in a 138

CSPG-rich environment. 139

140

Methods  141

142

Peptide Sequences 143

Peptides were purchased from GenScript or CS-BIO in lypholyzed form (>98% purity) 144

and reconstituted in sterile dH20 at 2.5mM and aliquoted for storage in -20°C. Peptides 145

were used at 2.5μM concentration unless stated. 146

Intracellular Sigma Peptide (ISP): 147

GRKKRRQRRRCDMAEHMERLKANDSLKLSQEYESI 148

Scrambled ISP (S-ISP): GRKKRRQRRRCIREDDSLMLYALAQEKKESNMHES 149

TAT: GRKKRRQRRC  150

151

Dorsal root ganglion (DRG) neuron culture 152

All culture experiments were performed under sterile conditions. Dorsal root ganglia 153

(DRGs) were cultured from adult female Sprague-Dawley rats (Harlan) according to 154

Case Western Reserve University IACUC guidelines. Spinal columns were extracted 155

from the animal and a laminectomy was performed on ice under a dissection microscope 156

(Leica). Forceps (size 3, FST) were used to extract DRGs which were immediately 157

placed on ice with calcium, magnesium-free media (50ml 10X Hanks Balanced Salt 158

Solution, 14185-052, Invitrogen, dH20, 0.174g Sodium Bicarbonate, Phenol Red). 159

Extracted DRGs were then axotomized with microscissors (15003-08, FST), delaminated 160
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with forceps, and cut in half before they were collected in a 1ml Eppendorf tube. Media 161

was then replaced with pre-warmed Dispase (10165859001, Roche, 3.75 162

U/ml)/Collagenase II (4176, Worthington, 200U/ml) and incubated for 1 hour at 37° C, 163

then dissociated with gentle shaking for 30 minutes at room temperature. Dissociated 164

ganglia were titurated with fire-polished Pasteur pipettes and excess myelin was filtered 165

at 100μm (BD Falcon 352360). Following 3X5 minute 4k rotation per minute spin 166

(Eppendorf 5415D) washes with calcium, magnesium-free media, DRG pellet was 167

resuspended in pre-warmed Neurobasal-A (10888-022, Invitrogen) with B-27 (17504-168

044, Invitrogen), 0.02% Glutamax (35050061, Invitrogen), 0.01% Pen/Strep (15140-031, 169

Invitrogen) supplements at which point they were ready to be aliquoted for culture with 170

1μM Ara-C (C1768, Sigma) to prevent glial outgrowth.  171

172

Aggrecan spot assay  173

Aggrecan spots were made as previously described in Tom et al. 2004. Briefly, glass 174

coverslips (120545082, Fisher) were acid-washed (1M hydrochloric acid) at 55°C 175

overnight and rinsed before use in 24-well plates (35-3047, Falcon). Coverslips were 176

incubated overnight with poly-L-lysine (100mg/ml, P1274, Sigma), washed 3X with 177

dH20, and coated with a 40μl nitrocellulose (1.6cm2, BA83 Schleicher & 178

Schuell)/methanol (100%, 12ml, A412-4, Fisher) mixture on cloning rings. 700μg/ml179

aggrecan (A1960, Sigma) and 10μg/ml laminin (23017-015, Invitrogen) in calcium, 180

magnesium-free media was mixed and 4 2μl  spherical aliquots were carefully plated onto 181

each coverslip and allowed to dry.  182

183
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Spot assay to assess glycosamingoglycan-chondroitin sulfate proteoglycan (GAG-184

CSPG) degradation 185

DRGs were cultured on poly-L-lysine, 1μg/ml aggrecan, and 10μg/ml laminin coated 6-186

well plates (35-3046, Falcon) with 1ml of media and immediately treated with vehicle or 187

peptides for 2 or 4 days in vitro (div). Conditioned media (CM) was collected and cell 188

strained through centrifuging or filtration (09-720-3, Fisher) before plating onto freshly 189

made spots. CM was incubated on spots at 37° C for 2 days after which spots were 190

stained with CS-56 (1:500, C8035, Sigma), a marker for the glycosaminoglycan (GAG) 191

moieties of chondroitin sulfate proteoglycans (CSPGs). Each spot was imaged twice on a 192

standard fluorescent microscope (Leica) using the same gain and exposure settings in a 193

blinded fashion. To assess pixel intensities, a region-of-interest box with a set area was 194

made in ImageJ (NIH) and used for all experiments, measured the pixel intensities of the 195

spot rim. Five replicates with around 20 repeats were performed for each spot 196

experiment. To validate that ISP-treated conditioned media (CM) degrades GAG-CSPGs 197

on spots, we incubated 0.1U Chondroitinase ABC (ChABC, C3667, Sigma) at 37° C for 198

2 hours and quantified CS-56 immunoreactivity as described. To assess how long ISP 199

needed to be incubated with DRGs to degrade spots, we collected media at 2div for 200

Controls and 30min, 1, 4, 24, and 48 hours following ISP treatment before staining. To 201

assess whether incubation with media alone would degrade CS-56, we incubated vehicle 202

or peptides in calcium, magnesium-free media for 2div at 37° C before staining. To 203

assess whether boiling CM would rescue CS-56 degradation, we collected CM from 204

DRGs treated with vehicle or peptides for 2div and immediately plated one group on 205

spots and boiled the collected CM from another group at 100° C and added guanidine 206
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hydrocloride (5M) to fully denature the media before plating onto spots for 2div. For 207

spots assaying ISP in conjunction with other drugs, DRGs were treated with vehicle or 208

ISP and the following drugs 24 hours after plating for 2div: dimethyl sulfoxide (DMSO, 209

D8418, Sigma), Roche Protease Inhibitor (0.1%, 05892970001, Roche), GM6001 (25μM, 210

364205, Calbiochem), Anisomycin (20μg/ml, A5862, Sigma), Cycloheximide (20μg/ml,211

C7698, Sigma), α-Amanitin (20μg/ml, A2263, Sigma), and Exo1 (10μg/ml, ab120292, 212

Abcam). 213

214

Spot assays to assess dorsal root ganglia (DRG) axon outgrowth 215

DRGs were collected from one adult female rat and aliquoted among one 24-well plate 216

with fresh spots as described above with Neurobasal-A with supplements. Vehicle or 217

peptides were added immediately after plating for 4div at 37° C, 5% CO2. DRG 218

coverslips were then fixed with 4% paraformaldehyde, washed with 1xPBS, and 219

incubated with 5% normal goat serum (16210-064, Gibco) block, 0.1g bovine serum 220

albumin (A3059, Sigma), 0.1% Triton-X (X-100, Sigma) block at room temperature for 1 221

hour. Coverslips were then stained with the following primary antibodies with block 222

overnight at 4° C: CS-56 (1:500, Sigma), beta-tubulin III (Tuj1, 1:500, T8660, Sigma). 223

Corresponding secondary antibodies conjugated with fluorophores were then used at 224

overnight, 4° C incubation following 3X15min 1xPBS washes: anti-Mouse IgM Alexa 225

Fluor-546 (1:500, A21045, Life Technologies), anti-Mouse IgG2b Alexa Fluor-488 226

(1:500, A21121, Life Technologies). Coverslips were then mounted on slides with 227

Citifluor (17971-25, EM Sciences). The number of Tuj1+ axons crossing the CS-56 228

labeled spot rim was counted and normalized against the total number of Tuj1+ soma 229
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present in a blinded fashion on a standard fluorescent microscope (Leica) at 10X 230

objective. For pretreated spots to assess axon outgrowth, the same method was used to 231

culture DRGs, but spots were pretreated with the following for 24 hours before DRG 232

plating: 0.1U/ml Chondroitinase ABC (ChABC C3667, Sigma), recombinant Cathepsin 233

B (CatB, 0.5μg/ml, 965-CY, R&D Research) activated in 0.1M Sodium Acetate, pH 5.0, 234

recombinant Cystatin B (CSTB, 50μg, 1409-PI, R&D Research), cell-strained CM 235

collected from another set of 6-well DRGs treated with vehicle or peptides.  Three-four 236

replicates with up to 20 repeats were performed.  237

238

Western blot assay of glycosaminoglycan (GAG) degradation  239

To confirm GAG degradation, 100μl  CM was collected from DRGs cultured on PLL, 240

laminin/aggrecan as described. Cell-strained CM was incubated with 20μg/ml aggrecan at 241

37°C for 2 hours. 20μg protein was mixed with laemmli/beta-mercaptoethanol and 242

denatured at 100° C for 10min. Samples were loaded onto pre-cast SDS/PAGE gels (456-243

1094, BD Sciences) and ran around 1.5hours at 100mV, then transferred onto PVDF 244

membranes (Bio-Rad) overnight at 12mV on ice. Blots were blocked with Super Block 245

(37515, Thermoscientific) for 2 hours shaking at room temperature before incubation 246

with the following antibodies overnight at 4° C: DIPEN (1:1000, 1042002, MD 247

Biosciences), CS-56 (1:1000, Sigma). Following 3X15min 1xPBS-0.1%Tw-20 washes, 248

corresponding secondary antibodies were incubated for 2 hours at RT or 4° C overnight 249

with shaking: anti-Mouse IgG-horse radish peroxidase (1:1000, 55563, ICN), anti-Mouse 250

IgM-horse radish peroxidase (1:1000, AP128P, Millipore). Blots were developed using 251

chemiluminescent kit (WBKLS0500, Milipore).  252
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253

DQ Gelatin Assay  254

DRGs were cultured on PLL-incubated coverslips precoated with 1μg/ml aggrecan, 255

10μg/ml laminin, and 25 μg/ml DQ gelatin (D12054, Life Technologies), which is a 256

quenched gelatin conjugate that only fluoresces once it has been cleaved by proteases, for 257

2div. After fixing as previously described, DRGs were then stained with Tuj1 (1:500, 258

Sigma) with a Mouse IgG2b Alexa Fluor-546 secondary (1:500, Life Technologies). 259

Colocalization was assessed using Just Another Colocalisation Plugin (Bolte and 260

Cordelieres, 2006) in ImageJ. Four replicates with 8 repeats each were performed. 261

262

Protease Activity (EnzChek) Assay of dorsal root ganglia (DRG) conditioned media 263

(CM) 264

To assay general protease activity in DRG CM, we utilized EnzChek (E6638, 265

ThermoFisher) which uses quenched casein that only fluoresces once it has been cleaved. 266

CM was collected from vehicle, 2.5μM ISP, or 2.5μM S-ISP treated DRGs cultured on 267

poly-L-lysine, 1μg/ml aggrecan, and 10μg/ml laminin for 2 or 4div with 1ml media. CM 268

was cell strained through centrifuging and incubated with 1x EnzChek mixture in 1:4 269

ratio. 200μl  of CM mixture was aliquoted onto a 96-well plate with 3 replications for 270

each sample overnight at RT with gentle shaking. The plate was read at 435/535nm 271

(excitation/emission) and media-only was used as a blank. 272

273

Mass spectrometry of dorsal root ganglia (DRG) conditioned media (CM) 274
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DRGs were grown on 6-well plates precoated with poly-L-lysine, 10μg/ml laminin/ 275

1μg/ml aggrecan for 4div with 2.5μM ISP. This was repeated twice as process replicates 276

for the purpose of screening possible proteases and not for quantification. Cell-strained 277

CM was sent to for mass spectrometry analysis at the Case Western Reserve University 278

Protein Core. Proteome Discoverer version 1.3.0.0339 (ThermoFisher) was used to 279

generate peaklist, Mascot version 2.3.00 (MatrixScience) as the search engine, Uniprot 280

Rat Database (December 2012 – 7,844 sequences) used as the sequence database, and an 281

expectation value of <0.05 or lower was accepted with an estimated false discovery rate 282

of 4.45%. 283

284

Western blot assessment of dorsal root ganglia (DRG) lysate and conditioned media 285

(CM)  286

DRGs were cultured on poly-L-lysine, laminin/aggrecan pre-coated 6-well plates with 287

1ml media/well and immediately dosed with vehicle or peptides for 4div. CM was 288

collected, cell-strained and 100μg of each sample was processed for western blot as 289

described above. To process DRG lysates for western blot analysis, DRGs were cell-290

scraped from 6-well plates cultured in a similar manner as described above. Lysates were 291

incubated with Roche Protease Inhibitor and vortexed at max speed for 30min at 4° C. 292

Lysates were then centrifuged at max speed for 20min at 4° C. 20μg protein of each 293

sample was processed for western blot as described above. The following primary 294

antibodies were used for 4° C overnight incubation with gentle shaking: Cathepsin B 295

(CatB, 1:1000, AF953, R&D), Cystatin B (CSTB, 1:500, AF1408, R&D), GAPDH296

(1:1000, 2118S, Cell Signaling Technologies), Histone-3 (1:1000, 4499P, Cell Signaling 297
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Technologies). The following secondary antibodies were used following washes: anti-298

Mouse IgG-horse radish peroxidase (1:1000, A9044, Sigma), anti-Rabbit IgG-horse 299

radish peroxidase (1:1000, P132P, Millipore), anti-Goat IgG-horse radish peroxidase 300

(1:1000, 55385, ICN).  301

302

Dorsal root ganglia (DRG) immunocytochemistry 303

DRGs were grown on poly-L-lysine incubated coverslips pre-coated with 1μg/ml304

aggrecan and 10μg/ml laminin in 24-well plate for 2div. Cell fixation and staining was 305

performed similarly as DRG-spot staining with the following primary antibodies: Tuj1 306

(1:500, Sigma), Cathepsin B (CatB, 1:500, R&D), Cystatin B (CSTB, 1:500, R&D). 307

Corresponding previously described secondary antibodies were used. 308

309

Lenti-viral infection of Cystatin B (CSTB) over-expression on spot assays  310

Lenti-viral GFP control (sc-108084, Santa Cruz Biotech) and Cystatin B-overexpressing 311

(CSTBo/e) rat gene (LPP-CS-GS498J-Lv165-050, GeneCopoeia) constructs were 312

purchased and aliquoted for storage at -80°C. 0.1 multiplicity of infection (MOI = cell 313

number/virus particles in μl  * stock concentration) of each lenti-viral particle group was 314

aliquoted to inoculate DRGs on spot assays immediately upon plating for 4div. A subset 315

of DRGs grown on aggrecan/laminin were grown on 6-well plates and inoculated with 316

GFP or CSTBo/e to use for western blot analyses. Fix and staining was performed as 317

described above. Three replicates with four repeats were performed and analyzed.  318

319

Injured spinal cord tissue immunostaining 320



15

All procedures were performed according to Case Western Reserve University IACUC 321

guidelines. Female Sprague-Dawley rats (225-250g, Harlan) were injected with ketamine 322

(60mg/kg)/xylazine (10mg/kg), thoracic sections T7-9 were exposed, laminectomized, 323

and the cord was held taut to receive a 250kdyne contusive injury at T8 from an Infinite 324

Horizon Impact Device. Animals were injected with ISP one day after surgery 325

(subcutaneous, 22μg/ml with 5% dimethyl sulfoxide, DMSO) daily for 49 days. Animals 326

were sacrificed 7 weeks after administration of last ISP injection, perfused, and fixed 327

with 4% paraformaldehyde followed by 30% sucrose incubation overnight. Animal with 328

the highest BBB score (20, ISP-treated) and lowest BBB score (9, DMSO control) were 329

chosen for tissue processing. Sections (20μm/section, Hacker cryostat) were blocked with 330

0.1% bovine serum albumin, 0.1% Triton-X, and 5% normal goat serum in PBS (81873, 331

ThermoFisher). The following primary antibodies were diluted in blocking buffer and 332

incubated overnight at 4° C: Serotonin (5-HT, 1:500, 20080, ImmunoStar), Wisteria 333

Floribunda Agglutinin (WFA, 1:50, L1516, Sigma), Cathepsin B (CatB, 1:500, R&D). 334

Following PBS-0.1%Tween-20 washes (3X15minutes), the following secondary 335

antibodies were diluted in blocking buffer for overnight incubation: anti-Rabbit IgG 336

Alexa Fluor-546 (1:500, A-11035, Life Technologies) anti-Goat IgG Alexa Fluor-488 337

(1:500, A-11055, Life Technologies), and Streptavidin Alexa Fluor-546 (1:500, S112255, 338

ThermoFisher). Imaging took place on a standard fluorescent microscope (Leica).  339

Quantification of images below the site of injury (T8) extending to the lumbar region 340

(around 15 20um sections) was performed in ImageJ and normalized by area.  341

342

Injured Spinal Cord Western Blotting  343
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Female Sprague-Dawley rats were given T8 contusions as detailed above. One day after 344

injury, subjects were given subcutaneous dimethyl sulfoxide (DMSO) vehicle or ISP 345

(22μg/ml) injections for 14 days before sacrifice. Spinal cord were quickly extracted and 346

frozen using liquid nitrogen and stored at -80° C before processing. To process spinal 347

cords for western blotting, spinal cords from the thoracic to lumbar region were 348

homogenized (D1000, Handheld Tissue Homogenizer, Benchmark Scientific) with 300μl 349

lysis buffer (89900, Thermo Scientific) with a tablet of protease inhibitor (11697498001, 350

Sigma) per 10ml of lysis buffer. Lysates were agitated for 2 hours at 4° C then 351

centrifuged at max speed for 20 minutes before the supernatant was collected. 20ug 352

protein was loaded for western blotting as detailed above. The following primary 353

antibodies were used: Cathepsin B (CatB, 1:500, R&D), GAPDH (1:1000, 2118S, Cell 354

Signaling Technologies) with the corresponding peroxidase-linked secondary antibodies 355

detailed above.  356

357

Transgenic RPTPσ dorsal root ganglia (DRG) extraction 358

RPTPσ null mutants (Elchebly et al., 1999) and BALB/C wild type DRG extractions 359

were performed similarly as rat DRG extractions with the exception that DRGs provided 360

from one animal was used across 8 coverslips with 1μM FUdR (F0503, Sigma) to 361

prevent glial outgrowth. Experiments for spot assay immunostaining and GAG-CSPG 362

degradation were performed as described above, but with additional concentration of the 363

media for at least 30 minutes at 4° C (YM-3, Millipore). To assess Cathepsin B 364

immunoreactivity, DRGs were plated on poly-L-lysine incubated coverslips pre-coated 365

with 1μg/ml aggrecan and 10μg/ml laminin in 24-well plate for 2div. Cell fixation and 366
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staining was performed similarly as DRG-spot staining with the following primary 367

antibodies: Tuj1 (1:500, Sigma), Cathepsin B (CatB, 1:500, R&D). Corresponding 368

previously described secondary antibodies were used. Axon tips were imaged and 369

quantified using ImageJ normalized by area. Precise sample sizes are listed in the figure 370

legend.  371

372

Experimental Design and Statistics  373

Spot degradation assays were typically performed in replicates of up to 5 with around 20 374

repeats each (see methods subsection for details). Spot crossing assays were performed 375

with at least 3 replicates and 4 repeats each (see methods subsection). Precise n is noted 376

in figure legends. GraphPad Prism 5 (La Jolla, CA) was used to analyze data with the 377

following statistical tests: Pearson’s chi test to test for normality, student’s unpaired t-378

test, one-way ANOVA with post-hoc Tukey’s (to test multiple groups) or Dunnett’s 379

multiple comparisons (to test control against other groups) tests. 380

381

Results 382

383

Serotonergic sprouting correlates with glycosaminoglycan (GAG-CSPG) digestion 384

in vivo385

We had previously observed that after contusive spinal cord injury, serotonergic (5-HT) 386

sprouting was dramatically enhanced following ISP treatment which, in turn, allowed for 387

improved urinary and locomotor recovery (Lang et al., 2015). To explore the 388

mechanism(s) responsible for ISP-enhanced fiber sprouting, we immunostained sections 389
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of spinal cords derived from animals that had received a thoracic level 8 contusive injury 390

(250kdyne) and were subsequently treated systemically with either vehicle (saline, 5% 391

dimethyl sulfoxide, DMSO) or ISP (22μg/ml) for 7 weeks beginning one day after injury. 392

Serotonergic sprouting was increased distal to the lesion especially in the vicinity of the 393

ventral motor pools and near the central canal of ISP-treated animals compared to vehicle 394

controls (t=3.320, df=64, p=0.0015, unpaired t-test, Figure 1A). Following 395

immunostaining for both serotonin and the glycosaminoglycan moiety of CSPGs (GAG-396

CSPGs) using the wisteria floribunda agglutin (WFA) antibody, we found that vehicle-397

treated animals had profuse GAG-CSPG staining throughout the gray and white matter of 398

the lumbo-sacral spinal cord compared to ISP-treated animals (t=4.657, df=84, p=0.0001, 399

unpaired t-test, Figure 1B). In comparison, WFA immunoreactivity of spinal cords 400

belonging to animals that received no injury was distributed diffusely across the gray 401

matter with noted immunoreactivity in perineuronal nets surrounding ventrally located 402

motor neurons (Figure 1A). In vehicle-treated, lesioned animals, serotonergic fibers were 403

present although in minimal amounts. However, in ISP treated animals, enhanced 404

serotonin immunostaining occurred in regions where WFA was lacking (Figure 1B).405

Indeed, the staining patterns seemed reciprocal with an almost lock-and-key406

configuration (Figure 1A). This striking pattern led us to speculate whether ISP treatment 407

enhanced the ability of fibers to sprout through the secretion of proteases which would 408

diminish the presence of inhibitory GAG-CSPGs. To better explore this hypothesis, we 409

harvested adult DRGs to study in vitro since it was not feasible to extract adult serotonin 410

neurons in significant numbers. Indeed, DRG cultures plated on our aggrecan spot assay 411

and treated with ISP developed “shadows” of CS-56 immunostaining (an antibody 412
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specific for the GAG domain of CSPGs) beneath their axons as they extended across a 413

previously inhibitory CSPG gradient (Figure 1C). This led us to hypothesize that protease 414

activity in DRGs may be induced by ISP treatment. 415

416

ISP induces DRGs to degrade CSPGs through upregulation of protease secretion 417

To begin investigating whether protease activity was linked downstream to RPTPσ 418

activity, we cultured DRGs for 4 days in vitro (div) on a low concentration of aggrecan 419

and laminin and treated the cultures with vehicle control, varying doses of ISP (0.75μM-420

5μM), or scrambled-ISP (S-ISP, 2.5μM). The conditioned media (CM) was then collected 421

and incubated with freshly made aggrecan spots for 2div (Figure 2A-C). These spots 422

were then stained with CS-56 and the pixel intensities of the CSPG gradient were 423

measured. To validate this aggrecan spot assay as a measure for CS-56 immunoreactivity, 424

we additionally incubated spots with 0.1U/ml Chondroitinase ABC (ChABC) and found 425

that ChABC treatment reduced CS-56 immunoreactivity as expected (Con vs. ChABC 426

F(7,173)=47.21, p=0.0001, ANOVA Tukey's post-hoc, Figure 2B-C). Interestingly, S-427

ISP (2.5μm) also slightly decreased CS-56 immunoreactivity (Con vs. S-ISP, p=0.0006, 428

ANOVA Tukey’s post-hoc). Importantly however, ISP (2.5μm) far more dramatically 429

decreased GAG-CSPG over S-ISP (p=0.0097, ANOVA Tukey’s post-hoc). The slight 430

amount of apparent protease activity stimulated via the scrambled peptide may be due to 431

the known biological activity that TAT itself (an amino acid sequence included in ISP as 432

well as S-ISP that allows cell penetrance of our peptide) is able to induce such as 433

enhancing neuroprotection or neuroinflammation through Erk1/2 and Akt signaling (P. 434

Liu et al., 2014; Williams et al., 2010; Youn et al., 2015). We have found no evidence 435
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that S-ISP promotes any functional benefits after SCI (Lang et al., 2015). We did find 436

that CS-GAG digestion was ISP dose-dependent and became significantly enhanced over 437

vehicle control when peptide concentrations reached 2.5μM (Con vs. 2.5μmISP 438

p=0.0001, ANOVA Tukey’s post-hoc, Figure 2C). As a control, we incubated media 439

alone with vehicle, or the same concentrations of ISP, S-ISP, or TAT (Figure 2E). We 440

found that these peptides alone (no cells present) were unable to significantly digest 441

CSPGs (F(3,107)=1.684, Con vs. ISP p=0.1748, ANOVA Tukey’s post-hoc, Figure 2E).442

Instead, ISP-degradation of GAG-laden CSPGs increased over time and was dependent 443

on the presence of DRGs (F(6,291)=30.77, Con vs. ISP 48 hours p=0.0001, ANOVA  444

Tukey’s post-hoc, Figure 2D). GAG-CSPG degradation may reflect an enhanced 445

secretion of stored proteases or an increased production of proteases or both.  446

447

To confirm that aggrecan degradation was occurring independent of our spot assay 448

conditions, we performed western blot analyses of CM collected from treated DRGs that 449

were then incubated with aggrecan (20μg/ml) for two hours (Figure 2F-H). CS-56450

immunoblotting of incubated CM and aggrecan mixtures confirmed a dose-dependent 451

ISP-induced decrease of CS-56 immunoreactivity (Figure 2F). Interestingly the 452

immunoreactivity with DIPEN, an antibody specific for a neo-epitope of the aggrecan 453

core protein revealed only once cleaved (Hughes et al., 1995), also increased in an ISP-454

dose dependent manner (Figure 2G). As a further control for these assays, we incubated 455

media alone with the same concentration of aggrecan for up to 4div and found that CS-56456

was not decreased overtime, nor was DIPEN immunoreactivity detected (Figure 2I). This 457
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suggested that a decrease in CS-56 and reciprocal increase in DIPEN expression patterns 458

are ISP-dependent but only in the presence of cells.   459

460

To further characterize protease activity, we used a general protease assay (EnzChek) that 461

measures cleaved casein, which also fluoresces once it becomes cleaved by a variety of 462

proteases present in the CM collected from DRG cultures incubated with vehicle control, 463

ISP or S-ISP for 1, 2, or 4div (Figure 3C). Just as in our spot assays, we noticed that 464

protease activity increased over time and that ISP (2.5μM) treatment significantly 465

increased protease activity over vehicle control by 4div (F(8,27)=1.4, p=0.0001, 466

ANOVA). In addition, collected CM was thoroughly denatured by boiling at 100° C and 467

incubated with guanidine hydrochloride (5M). We found that denaturing the CM was 468

able to fully rescue GAG-CSPGs from degradation induced by ISP incubation 469

(F(5,87)=37.13, ISP vs. ISP Boiled p=0.0001, ANOVA, Figure 3D). 470

471

While we confirmed that GAG-CSPG degradation was enhanced by ISP through our spot 472

assay and western blots, we sought to corroborate even further that protease(s), in 473

addition to being secreted into the media, were also being focally induced along the 474

regenerating axon. To visualize local GAG degradation by ISP treated DRG axons, we 475

plated DRGs on modified aggrecan spots that were formulated with 10μg/ml laminin, 476

1μg/ml aggrecan, and 25μg/ml DQ Gelatin, which is a specially quenched gelatin that 477

fluoresces once cleaved by a protease (Figure 3A-B). Using this modified aggrecan spot, 478

we found axons that colocalized with a trail of cleaved, fluorescing gelatin as they 479

attempted to extend past the aggrecan gradient (an example is shown in Figure 3A). 480
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Quantification of these modified spots revealed that DRG neurons normally show a 481

baseline of gelatin cleavage; however, treatment with ISP (2.5μM) significantly increased 482

the amount of cleaved gelatin colocalized with axons labeled with beta-tubulin III (Tuj1) 483

(t=4.025, df=15, p=0.0011, unpaired t-test, Figure 3B). We further incubated CM with 484

protease inhibitors including a low concentration of the globally effective Roche protease 485

inhibitor (0.1%) and a broad matrix metalloprotease (MMP) inhibitor, GM6001 (25μM). 486

The non-specific Roche protease inhibitor was able to rescue ISP-induced GAG-487

degradation (F(5,112)=82.05, ISP vs. RPI+ISP p=0.001, ANOVA), but ISP treatment in 488

the presence of GM6001 still allowed for GAG-degradation (ISP vs. GM6001+ISP 489

p=0.9964, Figure 3E). This suggests that ISP may be upregulating proteases other than 490

the various MMPs that are inhibited by GM6001. The addition of the Roche protease 491

inhibitor also resulted in a decrease in axons crossing the aggrecan gradient in the 492

presence of ISP (F(5,37)=5.255, ISP vs. RPI+ISP p=0.0064, ANOVA), suggesting that 493

proteases may, indeed, be playing a role in enhancing axon outgrowth by increasing 494

CSPG digestion (Figures 2,3).  495

496

ISP upregulates Cathepsin B secretion in DRG cultures 497

We next asked how ISP might be inducing protease activity. To begin exploring whether 498

enhanced transcription or translation of certain proteases was responsible for ISP-499

induction of GAG-degradation, we treated DRGs cultured on a low concentration of 500

aggrecan and laminin with vehicle control or ISP (2.5μM) with translation inhibitors,501

Anisomycin (20μg/ml) and Cycloheximide (20μg/ml), or a transcription inhibitor, α-502

Amanitin (20μg/ml), and incubated spots with the collected CM. GAG-CSPG503
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degradation still occurred in all treatment groups once ISP was added suggesting that 504

neither transcription nor translation were requisite for ISP-dependent GAG-CSPG 505

degradation (F(7,113)=2.6, ISP vs. anisomycin+ISP p=0.385, ISP vs. cycloheximide+ISP 506

p=0.49, ISP vs. alpha-amanatin+ISP p=0.6309, ANOVA Tukey’s post-hoc, Figure 4A). 507

However, when Exo1 (10μg/ml), an exocytosis inhibitor (Feng et al., 2003), was added in 508

conjunction with ISP, CS-56 immunoreactivity was restored (F(3,109=35.18), ISP vs. 509

Exo1+ISP p=0.0108, ANOVA, Figure  4B). Thus, ISP seems to be inducing exaggerated 510

protease activity in the CM through enhancing protease secretion.511

512

To discover which protease(s) may be hyper-secreted following RPTP  modulation, we 513

subjected ISP-treated DRG CM to mass spectrophotometry analysis and found that 514

Cathepsin B (CatB) was the most abundant CSPG-degrading protease (Fosang et al., 515

1992; Mort et al., 1998). Previous work has identified Cathepsin B to be enriched 516

primarily in neurons in the gray matter of the spinal cord and brain (Ellis et al., 2005). 517

Western blot analysis of vehicle control, ISP or S-ISP (2.5μM) treated CM confirmed 518

that Cathepsin B activity increased overtime (Figure 4C) and was, indeed, found in DRG 519

cellular lysates (Figure 4D). Immunostaining of DRG neurons in vitro (plated on laminin/ 520

low aggrecan) additionally revealed that Cathepsin B could be found in neuronal somata521

as well as throughout the axon and axonal tips (Figure 4F). Cathepsin B is a lysosomally-522

derived peptidase that is important in numerous cellular homeostatic processes including 523

protein degradation and turnover in lysosomes, autophagy, cell signaling, and 524

innumerable other physiological functions (Turk et al., 2012). Interestingly, Cathepsin B 525

has been previously reported to also reveal a DIPEN-specific epitope once it cleaves 526
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aggrecan much like that which  we have observed (Figure 2G) (Mort et al., 1998). To 527

begin exploring how Cathepsin B may be further controlled by RPTPσ modulation, we 528

immunostained for an endogenous inhibitor of Cathepsin B, Cystatin B (CSTB) (Turk 529

and Bode, 2001). While we found trace amounts of Cystatin B in ISP-treated DRG CM 530

(Figure 4C), Cystatin B seemed to be decreased by ISP intra-cellularly (Figure 4D). 531

Indeed, Cathepsin B (Figure 4F) as well as Cystatin B (Figure 4E) can be detected 532

throughout DRG neurons including within their axons.  533

534

Cathepsin B degradation of aggrecan enhances axon outgrowth  535

We next sought to test whether specific Cathepsin B-degradation of CSPGs would 536

enhance axon outgrowth past a CSPG gradient. We first tested recombinant Cathepsin B 537

and Cystatin B using a general protease assay (EnzChek) and found that higher 538

concentrations of recombinant Cathepsin B were, indeed, able to cleave casein, but that 539

this activity is dampened by the addition of Cystatin B (F(4,5)=11.32, rCatB vs. 540

rCatB+rCSTB p=0.0101, ANOVA, Figure 5A). Recombinant Cathepsin B (0.5μg/ml)541

was then used to pretreat aggrecan spots much like ChABC (Figure 5B). In addition to 542

recombinant Cathepsin B, we also pretreated spots with CM from DRGs treated with 543

vehicle, ISP or S-ISP (2.5μM) with or without the addition of Cystatin B (50μg/ml) that 544

would putatively inhibit any ISP-secreted Cathepsin B. As expected, ISP-treated CM 545

yielded GAG-CSPG degradation significantly over media-only positive control 546

(F(12,155)=30.35, media only vs. ISP p=0.0001, ANOVA Tukey’s post-hoc, Figure 5B). 547

Additionally, ChABC (0.1U/ml) was able to decrease CS-56 immunoreactivity as 548

expected (media only vs. ChABC p=0.0019, ANOVA Tukey’s post-hoc). The addition of 549
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recombinant Cathepsin B was also able to degrade GAG-CSPGs in a similar manner 550

(media only vs. rCatB, p=0.0001, ANOVA Tukey’s post-hoc). However, incubating 551

recombinant Cystatin B with ISP-treated DRG CM was able to rescue Cathepsin B-552

induced GAG-CSPG degradation (ISP vs. ISP+rCSTB, p=0.0123, ANOVA Tukey’s 553

post-hoc, Figure 5B). The degradation of GAG-CSPGs by pretreatment of the spot assay 554

also correlated with an increase in axon outgrowth across the outer rim (F(7,32)=9.719, 555

ISP vs. ISP+rCSTB p=0.0402, ANOVA, Figure 5C-D). As expected, ChABC treatment 556

yielded significant axon crossings past the aggrecan gradient compared to media-only, 557

pretreatments (p=0.0018, ANOVA Tukey’s post-hoc). ISP-treated CM and recombinant 558

Cathepsin B pretreatments also similarly enhanced axon crossings (p=0.0207, ANOVA 559

Tukey’s post-hoc). However, the addition of recombinant Cystatin B to recombinant 560

Cathepsin B pretreatment attenuated this effect (p=0.0402, ANOVA Tukey’s post-hoc, 561

Figure 5C-D).562

563

To further test whether Cystatin B- inhibition of Cathepsin B had any functional effects 564

on axons crossing the CSPG gradient, we overexpressed Cystatin B (CSTBo/e) using 565

lenti-viral particles expressing the Cystatin B gene under the EFa1 promoter in our DRG 566

culture model. Overexpression of Cystatin B was confirmed in comparison to control 567

GFP lenti-viral infected DRG cultures using western blot analysis (Figure 6A). Indeed, 568

overexpression of Cystatin B was able to rescue ISP-induced GAG-CSPG degradation in 569

our spot assays (F(5,115)=51.03, GFP+ISP vs. CSTBo/e+ISP p=0.0001, ANOVA, Figure 570

6B). Furthermore, overexpression of Cystatin B attenuated ISP-induced axonal outgrowth 571

past a gradient of aggrecan in our spot assay (F(3,12)=3.743, GFP+ISP vs. CSTBo/e+ISP 572
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p=0.0415, ANOVA, Figure 6C-D). Taken together, this suggests that ISP-induced 573

degradation of GAG-CSPG is, indeed, occurring through Cathepsin B expression and that 574

Cathepsin B activity is important for axon outgrowth through extracellular matrix laden 575

with CSPGs.  576

577

As Cathepsin B is associated with lysosomes (Sloane et al., 1981), we co-labeled DRG 578

neurons in vitro (on laminin and low aggrecan) with Lamp1, a lysosomal marker, and 579

Cathepsin B to better visualize Cathepsin B/lysosomal interactions (Figure 6E). As 580

expected, the majority of Cathepsin B immunoreactivity was co-localized with lysosomes 581

along the axon and soma of DRG neurons.  This suggests that lysosomes and Cathepsin B 582

are, indeed, in an appropriate region of the neuron to effect GAG-CSPG degradation at 583

the leading edge of the axon as it grows. 584

585

To explore whether Cathepsin B-induced digestion of the perineuronal net may be 586

occurring in vivo, we co-labeled Cathepsin B with serotonergic axons in sections from 587

T8-contused SCI animals that received either daily vehicle or ISP (22μg/ml)588

subcutaneous injections for 49 days after injury, with a 24 hour delay before treatment 589

was initiated. Interestingly, serotonergic axons seemed to highly express Cathepsin B 590

following immunostaining (Figure 7). It is possible that the pattern of low WFA 591

immunoreactivity and high serotonergic expression (Figure 1) may be occurring through 592

ISP-enhanced Cathepsin B degradation of the proteoglycan laden perineuronal net and 593

extracellular matrix. To further correlate low WFA immunoreactivity with Cathepsin B 594

activity as a result of ISP treatment, we processed (for western blot analysis) the spinal 595
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cords of similarly contused rats that were given 14 days of ISP (22μg/ml) or vehicle 596

subcutaneous injections. Following western blotting, we found that ISP treatment induced 597

greater active Cathepsin B immunoreactivity over control (Figure 7B). Through 598

upregulated Cathepsin B activity, serotonin fibers may be able to better clear their 599

inhibitory GAG-CSPG laden environment to allow for enhanced sprouting.  600

601

Linking Cathepsin B activity with RPTPσ602

Finally, we inquired whether Cathepsin B activity was enhanced in RPTPσ null animals 603

independent of peptide modulation. As the cognate receptor of GAG-CSPGs, the DRGs 604

of RPTPσ null animals have been extensively reported to show enhanced axonal 605

outgrowth despite the presence of CSPGs (Shen et al. 2009) and we hypothesize that 606

without RPTPσ, these DRGs may show some elevation of protease activity. Similar to 607

ISP-treated DRGs (Figure 1C), we found that RPTPσ mutant DRGs plated on aggrecan 608

spots showed digested trails of CS-56 (Figure 8A). To better quantify this effect, we 609

returned to our CM spot assay and found that CM collected from transgenic RPTPσ610

animals was able to decrease CS-56 immunoreactivity compared to CM made by their 611

wild-type littermates (F(7,52)=71.6, WT vs. RPTPσ +/- and -/- p=0.0001, ANOVA 612

Figure 8B). Interestingly, the reduction of CS-56 immunoreactivity did not synergize 613

with ISP treatment as ISP treated null animals yielded a similar level of CS-56 reduction 614

as RPTPσ null DRGs alone. Finally, to correlate the reduction of CS-56 to Cathepsin B, 615

we immunostained and quantified Cathepsin B immunoreactivity in the axons of RPTPσ616

null DRGs (Figure 8C-D). We found significantly increased Cathepsin B 617

immunoreacivity compared to wild-type neurons that was found  along the axons as well 618
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as their growing tips (t=3.843, df=30, unpaired t-test, Figure 8C-D). Together, our results 619

link the enhanced activity of Cathepsin B to RPTPσ as one of the many underlying 620

mechanisms that may be contributing to enhanced axon outgrowth on CSPG-rich 621

environments.   622

623

Discussion  624

625

We have described for the first time how Intracellular Sigma Peptide (ISP) modulation of 626

RPTPσ enhances GAG-CSPG degradation, ultimately leading to relief of proteoglycan-627

mediated axon growth inhibition. Furthermore, we have identified Cathepsin B as a major 628

enzyme that is secreted by receptor modulated DRGs and likely serotonergic axons as 629

well. While initial CGRP staining in our thoracic level 8 contusion model did not show 630

obviously enhanced DRG sprouting following ISP treatment, perhaps more sophisticated 631

labeling techniques that can reveal the detailed anatomy of DRGs will be required to 632

determine if ISP treatment fosters DRG sprouting in vivo. We propose that exaggerated 633

secretion of Cathepsin B may be occurring at the leading edge of ISP-treated axon growth 634

cones as they negotiate their way past an inhibitory CSPG barrier. Peptide modulation of 635

RPTPσ appears to be relatively protease specific and, thus, in stark contrast to the 636

“protease storm” that typically occurs after CNS injury (Noble et al., 2002; Zhang et al., 637

2010).  638

639

The ability of growing neurons to locally secrete extracellular matrix-remodeling 640

proteases is a well characterized phenomenon (Bai and Pfaff, 2011; Krystosek and Seeds, 641
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1984). For example, peripheral axon regeneration following a sciatic crush lesion is 642

known to be involved with protease remodeling of Schwann cell derived extracellular 643

matrix (Siconolfi and Seeds, 2001). Also, a pre-conditioning lesion of the peripheral 644

fibers of DRGs that further improves regeneration after a delayed second lesion is, at 645

least partially, effected by the augmented expression of proteases (Minor et al., 2009).646

Regenerating olfactory axons have been noted for their ability to release proteases (Cao 647

et al., 2012; Ould-yahoui et al., 2013), which can continue even after they are 648

transplanted into the spinal cord (Pastrana et al., 2006). Duchossoy et al. also observed 649

protease-remodeled scar lesions following spinal cord injury that formed pathways for 650

ingrowing neurites (Duchossoy, 2001). Aside from neurons (Krystosek and Seeds, 1984; 651

Zuo et al., 1998), many different migratory cell types utilize fine temporal-spatial 652

regulation of proteases to remodel the surrounding extracellular matrix along their 653

prospective pathways. Metastasizing tumor cells, in particular, enhance a program of 654

focalized protease and Cathepsin B secretion during migration (Olson and Joyce, 2015).655

656

While we have identified Cathepsin B in DRGs as the chief protease secreted following 657

ISP treatment, it is possible that other proteases may be secreted or activated as well. Zuo 658

et al., for example, have identified DRG neuron activation of MMP-2 that serves to help 659

remodel inhibitory extracellular matrix and enhance axon regeneration by degrading 660

CSPGs in the Bands of Bungner while sparing axon-promoting laminin (Zuo et al., 661

1998). Given the relatively low densities of our DRG cultures, we were only able to 662

clearly identify robustly secreted Cathepsin B, but cannot exclude other proteases 663



30

secreted at lower levels that may act in concert to degrade inhibitory CSPGs surrounding 664

the neuron.665

666

Cathepsin B has been described as a “hub” enzyme that can initiate a network of protease 667

activity including that of MMP-2 and 9 (Gondi and Rao, 2013). For example, Padamsey 668

et al. (2017) have recently described finely regulated exocytosis of Cathepsin B at the 669

dendritic spine that, in turn, activates MMP-9 to maintain spine motility. It is possible 670

that enhanced Cathepsin B activity seen in our model may also be initiating a network of 671

protease activity (Padamsey et al., 2017). Aside from degrading CSPGs, Cathepsin B in 672

neurons has also been described to further digest amyloid-beta in mouse models of 673

Alzheimer’s Disease to functionally improve memory (Yang et al., 2011a).  674

675

We have also described that peptide modulation of RPTPσ results in an intracellular 676

decrease in Cystatin B, an endogenous Cathepsin B inhibitor, which may participate to 677

further strengthen Cathepsin B activity. Studies by the Nixon group have shown that 678

genetic deletion of Cystatin B and subsequent enhanced Cathepsin B activity works to 679

reverse autophagic dysfunction (Yang et al., 2011b). As inhibition of RPTPσ has been 680

previously linked to increased autophagic flux (Martin et al., 2011), we surmise that a 681

strong link between lysosomal regulation and autophagy may also exist, as682

autophagosomes must eventually fuse with lysosomes to complete protein degradation 683

and turnover. Furthermore, we have identified lysosomal immunostaining along the DRG 684

axon. It is possible that the bubbling vesicular structures that we first noted in abundance 685

within early developing dystrophic growth cones in our proteoglycan gradient spot assay 686
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(Tom et al., 2004) are cycling autophagosomes. This has substantial implications for the 687

possible roles RPTPσ and CSPGs may play in a variety of traumatic but also perhaps 688

neurodegenerative diseases. For example, CSPGs are associated with senile plaques of 689

Alzheimer’s disease (DeWitt et al., 1993), and mouse models of Alzheimer’s disease 690

develop well characterized dystrophic axons around senile plaques filled with Cathepsin-691

laden lysosomes (Lee et al., 2011). Whether these lysosomes are the result of similar 692

CSPG-RPTPσ interactions is an interesting question for future research.  693

694

The regulation of protease release by CSPG-RPTPσ interactions may additionally have 695

implications for synaptogenesis during embryonic development or plasticity in adulthood.696

The family of LAR receptors including RPTPσ have been noted for the roles they play in 697

synapse formation during development where they may act as adhesion molecules to 698

structurally stabilize emergent synapses (Mironova and Giger, 2013; Um and J. Ko, 699

2013). Given what is known about RPTPσ in inhibiting axon growth and encouraging 700

synaptogenesis (Filous et al., 2014; Lang et al., 2015), it is possible that RPTPσ acts as a 701

switch to regulate these two processes. CSPGs bound to RPTPσ in the context of the 702

growth cone, for example, inhibits axon elongation (receptor on); however, blockade of 703

the receptor (receptor off) enables growth cones to secrete extracellular matrix-704

remodeling proteases to enhance outgrowth. When a growth cone reaches its target and 705

perineuronal net proteoglycans upregulate, it is conceivable that RPTPσ switches “on” to 706

immediately limit protease secretion in order to cease rapidly elongating growth and help 707

foster engagement at the synapse. Indeed, there is a rising interest in RPTPσ as a 708

presynaptic receptor acting to inhibit axon branching and initiate synaptogenesis (Horn et 709
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al., 2012; J. S. Ko et al., 2015). Following injury in adulthood, ISP may be effectively 710

inactivating RPTPσ to allow dystrophic axons to re-enter a renewed protease-secreting 711

growth state. Indeed, we found that RPTPσ null DRGs themselves show enhanced 712

Cathepsin B immunoreactivity along their axons. Certainly, there is an important 713

biological need to strategically link and tightly regulate protease secretion at the growth 714

cone depending on whether it is still elongating or engaging with its postsynaptic target. 715

716
We further report that following contusive cord injury and systemic ISP treatment, 717

sprouting serotonergic axons show high expression of Cathepsin B within regions 718

denuded of CSPG staining. While the isolation of ample amounts of mature serotonergic 719

neurons for the purpose of in vitro characterization of CSPG degradation was not 720

possible (hence, we turned our attention to mature DRGs), the remarkable reciprocal 721

pattern of dense serotonergic axons and decreased matrix may be the result of enhanced 722

Cathepsin B activity as it is in sensory neurons. Recently, Bijata et al. have linked 723

serotonergic receptor 5-HT7 to MMP-9 release that resulted in dendritic spine elongation 724

in the presence of the perineuronal net (Bijata et al., 2017). Following many models of 725

CNS injury, serotonergic axons have additionally been widely reported to be especially 726

plastic and robustly able to sprout (Hawthorne et al., 2011; Jin et al., 2016; Y. Liu et al., 727

2017). Whether this robust regenerative phenotype is due, at least in part, to their ability 728

to degrade CSPGs through Cathepsin B activity will need to be further explored.  729

730

It is becoming more evident that proteases play nuanced roles in synaptogenesis, 731

extracellular matrix remodeling, and neuronal plasticity. Our work links RPTPσ732

modulation with protease activity. While the precise molecular connections between 733
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these processes will need to be investigated, we propose that continued study of RPTPσ734

modulation would help to elucidate how axon regeneration may be encouraged in many 735

models of CNS trauma or disease.736

737
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956

Figure 1 957

ISP treatment enhances glycosaminoglycan-chondroitin sulfate proteoglycans (GAG-958

CSPG) degradation by neurons. A) Systemic ISP enhances GAG-CSPG amelioration 959

following spinal cord injury. Rats received 250kdyne thoracic level 8 contusion and 960

treated for 7 weeks with subcutaneous injections of DMSO vehicle or 22ug/ml ISP 961

beginning one day after injury. Tissue was collected 7 weeks after last ISP treatment and 962

stained to visualize serotonergic (5-HT) axons and GAG-CSPGs (WFA). Non-injured 963

spinal cord of an adult rat was immunostained with WFA to visualize normal GAG-964

CSPG pattern. Scale bar=500μm. B) Quantification of 5-HT (n=25 sections;  t=3.320, 965

df=64, p=0.0015, unpaired t-test) and WFA (n=39 sections; t=4.657, df=84, p=0.0001, 966

unpaired t-test) immunoreactivity in sections caudal to the injury site. C) Dorsal root 967

ganglion (DRG) axons (Tuj1) leave digested shadows as they cross the high CSPG 968

gradient (CS-56) in our aggrecan spot assays when treated with low concentrations of ISP 969

(1.25μM). Scale bar=50μm. Red arrows indicate regions of absent GAG-CSPGs co-970

localized with neuronal expression. Graph depicts: median (line), quartiles (boxes), range 971

(whiskers) 972

973

Figure 2 974

ISP promotes GAG chain degradation in coverslip-bound aggrecan/laminin spot assays. 975

A) Conditioned media (CM) from 4 days in vitro (div) or 0.1U/ml Chondroitinase ABC 976

(ChABC) treated DRGs were incubated with aggrecan spots for 2div, then stained with 977

CS-56 and analyzed. B) Representative aggrecan spot images. Scale bar=200μm. C) ISP 978
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degrades aggrecan GAG-CSPGs in a dose-dependent manner. (n=120, 73, 69, 92, 77, 59, 979

50; F(7,173)=47.21, CON vs. 2.5uM ISP p=0.0001, CON vs. 5uM ISP p=0.0001, CON 980

vs. 2.5uM S-ISP p=0.0006, CON vs. ChABC p=0.0001, 2.5uM ISP vs. S-ISP p=0.0097  981

ANOVA) D) ISP-degradation of GAG chains is time-dependent and significant at 48 982

hours of incubation with DRGs. (n=47, 31, 32, 41, 30, 39, 78; F(6,291)=30.77, p=0.001, 983

ANOVA) E) As a control, equal molar concentrations of peptide alone in media do not 984

degrade GAG chains. (n=34, 27, 28, 22; F(3,107)=1.684, Not significant (ns), p=0.1748, 985

ANOVA) F) Western blots of CM from DRGs treated with varying concentrations of ISP 986

incubated with 20ug/ml aggrecan confirm CS-56 spot degradation, n=4 blots G) DIPEN, 987

a neo-epitope present once aggrecan is cleaved, increases with ISP dose, n=3 H) Western 988

blots of CM from vehicle control, 2.5μm ISP, and 2.5μm S-ISP incubated with 20ug/ml989

aggrecan blotted with CS-56 and DIPEN, n=2. Control western blots of media incubated 990

for varying times show intact CS-56 and no DIPEN signal, n=3. Graphs depict: median 991

(line), quartiles (boxes), range (whiskers).  992

993

Figure 3 994

ISP promotes GAG chain degradation through increasing protease activity. A) 995

Representative image of an ISP-treated DRG axon digesting DQ Gelatin as it crosses the 996

CSPG gradient in our spot assay and vehicle control DRG axon. Scale bar=50μm B) 997

Quantification of ratio of cleaved DQ Gelatin overlapping Tuj1-labeled axons. (n=34, 32;  998

t=4.025, df=15, p=0.0011, unpaired t-test.) C) EnzChek measures fluorescence of cleaved 999

casein of CM from DRGs treated with CON, 2.5μM ISP or SISP for 1, 2, or 4div. (n=11, 1000

16, 16, 16, 16, 16, 19, 18, 20; F(8,27)=15.4, p=0.0001, ANOVA) D) Aggrecan spot GAG 1001
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chain-degradation is rescued following boiling CM, then incubating with guanadine 1002

hydrochloride (5M) before plating. (n= 71, 49, 50, 51, 68, 50; F(5,87)=37.13, p=0.0001, 1003

ANOVA) E) Aggrecan spot degradation was rescued by 0.1% Roche general protease 1004

inhibitor cocktail, but not broad MMP inhibitor, GM6001 (25μM). (n= 114, 161, 197, 97, 1005

100, 63; F(5, 112)=82.05, ISP vs. RPI+ISP p=0.001, ISP vs. GM6001+ISP Not 1006

significant (ns); p=0.9964, ANOVA) F) Axon crossings, normalized by the total number 1007

of neurons in the spot, were decreased with protease inhibitor treatment. (n=28, 10, 10, 1008

29, 17, 20; F(5,37)=5.255, DMSO vs. ISP p=0.0042, ISP vs. RPI+ISP p=0.0064, 1009

ANOVA) Graph depicts: median (line), quartiles (boxes), range (whiskers).  1010

1011

Figure 4 1012

ISP promotes secretion of Cathepsin B (CatB). A) ISP-dependent aggrecan spot 1013

degradation is not dependent on transcription or translation as shown by Anisomycin 1014

(20ug/ml), Cycloheximide (20ug/ml), or alpha-Amanitin (20ug/ml) treatment of DRGs. 1015

(n=103, 91, 54, 50, 73, 57, 72, 60; F(7, 113)=2.6, not significant (ns), ISP vs. 1016

anisomycin+ISP p=0.3855, ISP vs. cycloheximide+ISP p=0.490, ISP vs. alpha-amanatin 1017

p=0.6309, ANOVA) B) Inhibiting exocytosis with a high concentration of Exo1 1018

(10ug/ml) rescues GAG chain degradation by ISP. (n=115, 187, 160, 76; F(3,109=35.18), 1019

DMSO vs. ISP p=0.0003,  ISP vs. Exo1+ISP p=0.0108, ANOVA) C) Western blot of 1020

Cathepsin B (CatB) and Cystatin B (CSTB) from DRG CM collected after 2 or 4div 1021

treated with vehicle control, 2.5μM ISP or S-ISP, n=5. The same blot was stained with 1022

total protein dye, Coomassie Blue. D) Western blot of CatB, CSTB, or GAPDH from 1023

DRG lysate treated with vehicle control, 2.5μM ISP or S-ISP for 4div, n=3. E) DRGs 1024
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stained with Tuj1 and CSTB or F) CatB. Scale bar=50μm. Graph depicts: median (line), 1025

quartiles (boxes), range (whiskers).1026

1027

Figure 5 1028

Pretreatment of aggrecan spots with ISP-treated conditioned media (CM) or recombinant 1029

Cathepsin B (rCatB) enhances axon crossings through the aggrecan gradient. A) EnzChek 1030

protease assay of recombinant CatB +/- recombinant Cystatin B (rCSTB). (n=6; 1031

F(4,5)=11.32, p=0.0101, ANOVA) B) Aggrecan spot degradation with CM from vehicle, 1032

2.5μM ISP or S-ISP treated DRGs, or media only, 0.1U/ml Chondroitinase ABC 1033

(ChABC), 50ng/ml recombinant CatB, 10ng/ml recombinant CSTB alone or in 1034

combination with vehicle or 2.5μM ISP treated DRG CM. (n=106, 157, 141, 136, 21, 45, 1035

11, 63, 47; F(12,155)=30.35, media only vs. ChABC p= 0.0019, media only vs. ISP 1036

p=0.0001, media only vs. rCatB p=0.0001, ISP vs. ISP+rCSTB p=0.0001, ANOVA) C-1037

D) Axon crossings normalized by total neurons present on aggrecan spots pretreated with 1038

CM collected from vehicle, 2.5μM ISP or SISP, or 0.1U/ml ChABC, recombinant CatB 1039

(0.5ug/ml) with or without recombinant CSTB (50ug/ml) with representative images. 1040

Scale bar=50um. Dotted lines represent CSPG border. Inset depicts axon crossing CSPG 1041

gradient. (n=11, 20, 12, 12, 12, 17, 30, 29; F(7,32)=9.719, media vs. ChABC p= 0.0018 , 1042

S-ISP vs. rCatB, p=0.0207, ISP CM vs. ChABC not significant (n.s.) p=0.5606, ISP vs. 1043

ISP+rCSTB p=0.0402 ANOVA) Graph depicts: median (line), quartiles (boxes), range 1044

(whiskers). 1045

1046

Figure 6 1047
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Overexpression of Cystatin B (CSTBo/e) decreases ISP-treated DRG axon crossings 1048

through CSPGs. A) Western blot of DRG lysates inoculated with lenti-viral particles 1049

expressing GFP or CSTBo/e constructs. B) Aggrecan degradation from CM collected 1050

from GFP control or CSTBo/e DRGs treated with vehicle or 2.5μM ISP. (n=152, 63, 98, 1051

80; F(5,115)=51.03, p=0.0001, ANOVA) C) Spot crossings of DRGs treated with lenti-1052

viral particles expressing GFP or CSTB overexpressing constructs. (n=12; F(3,12)=3.743, 1053

p=0.0415, ANOVA) D) Representative images of DRG axons crossing aggrecan spots. 1054

Dotted lines represent CSPG border. Inset depicts axon crossing CSPG gradient.  Scale 1055

bar=50μm. E) CatB is associated with lysosomes (Lamp1) in DRGs. Scale 1056

bars=50μm.Graph depicts: median (line), quartiles (boxes), range (whiskers). 1057

1058

Figure 7   1059

Serotonergic axons express Cathepsin B (CatB). A) Spinal cord tissue processed from 1060

T8-contused rats that were treated with DMSO vehicle or 22ug/ml ISP for 7 weeks 1061

following injury. Following 7 weeks after the last ISP treatment, spinal cord tissue was 1062

stained to visualize serotonin (5-HT) and CatB. Scale bar=500μm. B) Western blot of 1063

injured spinal cord lysates collected from female rats given a thoracic level 8 (T8) 1064

contusion and treated with vehicle or 22ug/ml ISP for 14 days. n=2.   1065

1066

Figure 8 1067

Genetic loss of RPTPσ correlates with Cathepsin B (CatB) activity and CSPG 1068

degradation. A) DRGs extracted from RPTPσ +/- animals were cultured on aggrecan spot 1069

stained with CS-56 and Tuj1 display digest trails. Arrows point to digested CS-56 left by 1070
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axon tip. Scale bar=50um. B) Conditioned media harvested from BALB/C wild type or 1071

RPTPσ +/- or -/- animals treated with vehicle or 2.5μm ISP were incubated onto new 1072

aggrecan spots and stained with CS-56 before quantification. (n=100, 56, 51, 32, 63, 64; 1073

F(7,52)=71.6, WT vs. ISP p=0.0001, WT vs. +/- p=0.0001, WT vs. -/- p=0.0001, 1074

ANOVA) C-D) Representative images of CatB in BALB/C wildtype and RPTPσ-/- 1075

DRGs (Tuj1).  Scale bar=20um. Quantification of CatB immunoreactivity. (n=45, 30; 1076

t=3.843, df=30, p=0.0006, unpaired t-test). Graph depicts: median (line), quartiles 1077

(boxes), range (whiskers).  1078

1079

1080
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