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Phenelzine, a small organic compound
mimicking the functions of cell adhesion
molecule L1, promotes functional recovery
after mouse spinal cord injury
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Abstract.9

Background: Neural cell adhesion molecule L1 contributes to nervous system development and maintenance by promoting
neuronal survival, neuritogenesis, axonal regrowth/sprouting, myelination, and synapse formation and plasticity. L1 also
enhances recovery after spinal cord injury and ameliorates neurodegenerative processes in experimental rodent models.
Aiming for clinical translation of L1 into therapy we screened for and functionally characterized in vitro the small organic
molecule phenelzine, which mimics characteristic L1 functions.
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Objective: The present study was designed to evaluate the potential of this compound in vivo in a mouse model of spinal
cord injury.
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Methods and Results: In mice, intraperitoneal injection of phenelzine immediately after severe thoracic compression, and
thereafter once daily for 6 weeks, improved hind limb function, reduced astrogliosis and promoted axonal regrowth/sprouting
at 4 and 5 weeks after spinal cord injury compared to vehicle control-treated mice. Phenelzine application upregulated L1
expression in the spinal cord and stimulated the cognate L1-mediated intracellular signaling cascades in the injured spinal cord
tissue. Phenelzine-treated mice showed decreased levels of pro-inflammatory cytokines, such as interleukin-1�, interleukin-6,
and tumor necrosis factor-� in the injured spinal cord during the acute phase of inflammation.
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Conclusions: This study provides new insights into the role of phenelzine in L1-mediated neural functions and modulation
of inflammation. The combined results raise hopes that phenelzine may develop into a therapeutic agent for nervous system
injuries.

23

24

25

Keywords: L1, phenelzine, mouse, spinal cord injury, inflammation, regeneration26

1These authors contributed equally
∗Corresponding author: Melitta Schachner, Center for Neuro-

science, Shantou University Medical College, 22 Xin Ling Road,
Shantou, Guangdong 515041, China. Tel.: +86 754 8890 0276;
Fax: +86 754 8890 0236; Email: schachner@stu.edu.cn and
schachner@dls.rutgers.edu.

1. Introduction 27

Unlike fish and many non-mammalian vertebrates, 28

the mammalian central nervous system has a very 29

limited capacity for regeneration after acute or 30

chronic injury, which leads to persistent functional 31

deficits (Fehlings, 2008; Fitch & Silver, 2008). Sev- 32

eral cellular and molecular mechanisms may underlie 33

this limitation, including paucity of conducive, and 34
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abundance of inhibitory contributions to the dam-35

aged tissue preventing to heal and to renew functions36

operant before injury (Giger et al., 2010). Among the37

recovery pro-active molecules is the neural cell adhe-38

sion molecule L1, which has been shown to promote39

not only axonal regrowth, guidance and fasciculation,40

but also to enhance neuronal survival, remyelination41

and synaptic plasticity in an inhibitory environment42

(Barbin et al., 2004; Lavdas et al., 2011; Irintchev43

& Schachner, 2012; Sytnyk et al., 2017). Since viral44

delivery of L1, application of recombinant L1, and45

injection of stem cells overexpressing L1 could meet46

difficulties in translation to therapy in humans, we47

have screened a library of small organic molecules -48

some of them FDA approved – for compounds that49

structurally and functionally mimic L1 and found50

phenelzine (PS) as a L1-mimetic small organic com-51

pound (Kataria et al., 2016).52

PS belongs to the hydrazine class of organic com-53

pounds and is a non-selective, irreversible inhibitor54

of monoamine oxidase (MAO) that causes long-55

lasting increases in the levels of biogenic amines56

and is commonly used in the treatment of major57

depression, panic disorder and social anxiety disor-58

der (Johnson et al., 1995; Parent et al., 2002). PS and59

its active metabolite �-phenylethylidene hydrazine60

are potent inhibitors of gamma-aminobutyric acid61

(GABA) transaminase, leading to surges in GABA62

levels in the central nervous system (Paslawski et al.,63

2001). PS has also been reported to be neuroprotec-64

tive in animal models of ischemia-reperfusion brain65

injury and traumatic brain injury (Singh et al., 2013;66

Cebak et al., 2017).67

Several studies in mammals have indicated that68

injury-induced glial cell activation and inflamma-69

tion play important roles in preventing recovery70

after injury (Fitch & Silver, 2008; Huang et al.,71

2013; Levesque et al., 2013; Yoo et al., 2013). The72

biogenic amines serotonin (5-HT), norepinephrine73

(NE), dopamine (DA) and GABA all exhibit74

anti-inflammatory activities by modulating T-cell75

activation and cytokine release in several disease76

paradigms (Hofstetter et al., 2005; Yin et al., 2006;77

Levite, 2008; Bhat et al., 2010; Simonini et al., 2010).78

PS likely affects immune cell function by inhibiting79

MAO-A, which becomes up-regulated on the mito-80

chondrial membrane of lymphocytes in response to81

inflammation (Chaitidis et al., 2004). Thus, MAO82

inhibition and sustained high concentrations of 5-83

HT, NE, DA and GABA, in response to PS, could84

modulate the inflammatory process at the lesion85

site following SCI. Despite these insights into the86

functions of PS, many cellular and molecular con- 87

sequences underlying recovery have remained to be 88

elucidated. 89

In the current study, we evaluated the effects of 90

PS on the functional, biochemical and histologi- 91

cal outcomes after SCI in mice. We found that PS 92

treatment improves locomotor recovery following 93

SCI, promotes axonal regrowth/sprouting, enhances 94

remyelination, upregulates the expression of L1 and 95

induces L1-medited intracellular signaling cascades 96

in the injured spinal cord. We also demonstrate that 97

daily PS treatment after SCI reduces inflammation 98

and glial scar formation. These observations encour- 99

age the expectation that, in a mammalian clinically 100

relevant paradigm, PS treatment can significantly 101

reduce disease severity and improve motor functional 102

outcomes. 103

2. Materials and methods 104

2.1. Animals 105

Female C57BL/6J mice (4 to 5 months old) were 106

purchased from the Guangdong Medical Laboratory 107

Animal Center (Guangdong, China), maintained at 108

27◦C under a reverse 12 h dark/light cycle, and food 109

and water ad libitum. Experiments were approved by 110

the committee on Animal Experimentation of Shan- 111

tou University Medical College, in accordance with 112

internationally approved regulations. 113

2.2. Spinal cord injury 114

SCI was performed as described (Mehanna 115

et al., 2010) with 4- to 5-month-old female C57BL/6J 116

mice. In brief, mice were anesthetized by intraperi- 117

toneal injections of ketamine (100 mg/kg, SML1873, 118

Ketanest, Parke-Davis/Pfizer) and xylazine (5 mg/kg, 119

X1126, Rompun, Bayer Leverkusen). A longitudinal 120

dorsal incision was made to expose T6–T10 spinous 121

processes. Laminectomy was performed at the T7–T9 122

level with mouse laminectomy forceps (Fine Science 123

Tools, Heidelberg). The spinal cord was manually 124

exposed, and then maximally compressed (100%) 125

with forceps (Fine Science Tools) according to the 126

operational definition as described (Curtis et al., 127

1993) for 5 s to cause a robust and reproducible lesion. 128

Muscles and skin were then closed using 6–0 nylon 129

stitches (Ethicon, Norderstedt, Germany). After the 130

surgery, mice were injected intraperitoneally with 131

200 �l 0.9% saline solution as supplementary body 132
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liquid. After surgery, mice were kept on a heated133

pad (37◦C) for 8 h to prevent hypothermia and were134

thereafter singly housed in a temperature-controlled135

(26◦C) room with water and soft food. During the136

post-operative period, the bladders were manually137

voided as needed.138

2.3. Drug treatment139

PS was dissolved in sterile PBS. Since dosages up140

to 60 mg/kg using intraperitoneal administration have141

been considered not to be toxic for rodents and since142

PS can cross the blood-brain-barrier, 6 and 12 mg/kg143

of PS were chosen as dosages (Baker et al., 1992;144

Paslawski et al., 1996; Musgrave et al., 2011; Chen145

et al., 2016). PS was administered by intraperitoneal146

injection once daily starting immediately following147

trauma until 6 weeks after SCI. PBS was administered148

for vehicle control. For the sham-operated controls,149

animals underwent a T7–T9 laminectomy without150

compression injury and no treatment with PS.151

2.4. Assay for locomotion152

The recovery of ground locomotion was evalu-153

ated by the Basso Mouse Scale (BMS) (Basso et al.,154

2006). In addition, we used another numerical scoring155

test for locomotion: single-frame motion analysis to156

determine the foot-stepping angle (FSA) and rump-157

height index (RHI) using the beam walking test158

(Apostolova et al., 2006; Lutz et al., 2016). The limb159

extension-flexion ratio (EFR) was evaluated from160

video from recordings of voluntary movements with161

the “pencil” test (Apostolova et al., 2006). Assess-162

ment was performed before and at 1, 2, 3, 4, 5 and163

6 weeks after injury. Values for the left and right164

extremities were averaged. Recovery index (RI) was165

used as an estimate of functional recovery at the indi-166

vidual animal level as described (Pan et al., 2014).167

Overall RI was calculated, on an individual animal168

basis, as average mean values resulting from BMS169

score, FSA, RHI and EFR index. RI is considered as170

a ‘clinical score’ for individual mice, being based on171

assessment of different aspects of locomotion.172

2.5. Western blot analysis of spinal cord tissue173

To determine the levels of L1 protein and sig-174

nal transduction molecules, spinal cords were taken175

to comprise an approximately 1-cm-long segment176

immediately proximal to the lesion site and an177

approximately 1.5-cm-long segment immediately178

distal to the lesion epicenter, 6 weeks after SCI. 179

Tissue preparation and Western blot analysis was 180

performed as described (Lutz et al., 2016). The 181

following primary antibodies were used: mouse mon- 182

oclonal anti-L1 antibody (1:1000, R&D Systems, 183

MAB777); mouse monoclonal anti-extracellular 184

signal-regulated kinases 1 and 2 (Erk1/2) antibody 185

(1:1000, sc-135900, Santa Cruz); mouse monoclonal 186

anti-phosphorylated Erk (p-Erk) antibody (1:1000, 187

sc-7383, Santa Cruz); mouse monoclonal anti- 188

protein kinase B (Akt1) antibody (1:1000, sc-55523, 189

Santa Cruz); mouse monoclonal anti-phosphorylated 190

Akt (p-Akt1) antibody (1:500, sc-81433, Santa 191

Cruz); mouse monoclonal anti-B cell lymphoma 192

2 (Bcl-2) antibody (1:500, sc-7382, Santa Cruz); 193

rabbit polyclonal anti-Bcl-2 associated X protein 194

(Bax) antibody (1:1000, sc-526, Santa Cruz); rab- 195

bit polyclonal anti-mechanistic target of rapamycin 196

(mTOR) antibody (1:1000, sc-8319, Santa Cruz); 197

rabbit polyclonal anti-phosphorylated mTOR (p- 198

mTOR) antibody (1:1000, sc-101738, Santa Cruz); 199

mouse monoclonal anti-tumor protein (p53) antibody 200

(1:1000, sc-98, Santa Cruz); mouse monoclonal anti- 201

phosphatase and tensin homolog (PTEN) antibody 202

(1:1000, sc-7974, Santa Cruz); rabbit polyclonal 203

anti-casein kinase 2� (CK2�) antibody (1:1000, 204

sc-365763, Santa Cruz), rabbit polyclonal anti- 205

phosphorylated CK2� (p-CK2�) antibody (1:1000, 206

11572-1 Signalway Antibody, College Park, MD, 207

USA); rabbit polyclonal anti-myelin basic protein 208

(MBP) antibody (1:500, BA0094, Boster Biologi- 209

cal Technology, Wuhan, Hubei, China); and mouse 210

anti-monoclonal �-actin antibody (1:1000, sc-47778, 211

Santa Cruz). Goat anti-rabbit IgG and goat anti- 212

mouse IgG (1:1000, BA1055, BA1051, Boster) 213

conjugated to horseradish peroxidase were used as 214

secondary antibodies. 215

2.6. Immunohistology 216

Serial coronal sections (25 �m thick) were col- 217

lected proximal and distal to lesion site at 6 weeks 218

after SCI and processed for immunofluorescence 219

as described (Guo & Yan, 2011). Briefly, the sec- 220

tions were incubated overnight at 4◦C with the 221

following primary antibodies: mouse monoclonal 222

anti-L1 (1:200, MAB777, R&D Systems), rabbit 223

anti-glial fibrillary acidic protein (GFAP; BA0056, 224

1:400, Boster) and rabbit anti-MBP (1:500, BA0094, 225

Boster), rabbit anti-ionized calcium binding adaptor 226

molecule (Iba-1; PB0517, 1:500, Boster), and mouse 227

anti-neurofilament 200 (NF200; BM0100, 1:400, 228



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

4 R. Li et al. / Phenelzine, a small organic compound mimicking

Boster). The appropriate secondary antibodies were:229

donkey anti-mouse antibody conjugated to Dylight™230

488 (1:1000, 715-545-150, Jackson ImmunoRe-231

search) and donkey anti-rabbit antibody conjugated232

to Dylight™ 568 (1:400, 711-584-152, Invitrogen,233

Jackson ImmunoResearch) and were incubated for234

2 h at room temperature. Estimation of GFAP and Iba-235

1 immunoreactivities per area, numbers of L1, MBP236

and NF200 axons/fibers proximal and distal to lesion237

site was performed in double-blinded experiments as238

described (Mehenna et al., 2010; Sahu et al., 2018).239

L1 and MBP immunoreactivities were evaluated in240

coronal sections 4 mm proximal to lesion site, in the241

lesion site and 4 mm distal to lesion site (in 20 corre-242

sponding areas, 200 �m apart in consecutive sections243

in proximal and distal to the lesion site, and 50 �m244

apart in consecutive sections in lesion site) with a245

40x objective. GFAP, Iba-1, and NF200 immunore-246

activities were evaluated in coronal sections 4 mm247

proximal and 4 mm distal (in 20 corresponding areas,248

200 �m apart in consecutive sections) to the lesion249

site. Groups consisted of 3 animals (n = 60 sections250

per group). Relative immunofluorescence intensities251

were measured using Image-J Pro Plus 6.0 software252

(Wayne Rasband, NIH).253

2.7. ELISA measurement of cytokines and254

biogenic amines255

For measurements of pro-inflammatory cytokine256

(IL-1�, IL-6 and TNF-�) and biogenic amine (5-257

HT and GABA) levels, spinal cord tissue was258

taken to comprise an approximately 1-cm-long seg-259

ment immediately proximal to the lesion site and260

an approximately 1.5-cm-long segment immediately261

distal to the lesion site and including the lesion site.262

Tissue was taken at days 1, 7, and 14 after SCI.263

Analyses of pro-inflammatory cytokines and bio-264

genic amines were performed using enzyme-linked265

immunosorbent assay (ELISA) kits: mouse anti-IL-266

1� (C701-02, GenStar), mouse anti-IL-6 (C704-02,267

GenStar), mouse anti-TNF-� (C708-02, GenStar),268

mouse anti-5-HT (MM-0443M1, MeiMian, Jiangsu,269

China), and mouse anti-GABA (MM-0442M2,270

MeiMian). All assays were carried out in trip-271

licates following the manufacturers’ instructions.272

Absorbance was determined using a microplate273

reader at 450 nm (Tecan Infinite M200 Pro, Tecan,274

Switzerland). The intra-assay coefficient of variation275

for both assays was less than 10%.276

2.8. Statistical analyses 277

All statistical analyses were performed using 278

GraphPad Prism 6 (GraphPad Software Inc., La Jolla, 279

CA). Data are expressed as means and standard errors 280

of the mean as indicated in the figure legends. One- 281

way analyses of variance (ANOVA) with Tukey’s 282

post-hoc test were used to compare the variables 283

among different treatment groups. Two-way ANOVA 284

was used to analyze differences between treatment 285

groups after SCI, and to determine changes in BMS 286

values over time. <0.05 was considered as statistically 287

significant. 288

3. Results 289

3.1. Application of PS improves motor recovery 290

after SCI 291

To evaluate the effective dose of PS in SCI, we per- 292

formed BMS locomotor scoring weekly up to 6 weeks 293

with experimenter blinding on cohorts of injured 294

mice treated with two doses of PS (6 and 12 mg/kg), 295

or vehicle solution as a control. All mice displayed 296

normal over-ground locomotion before injury (BMS 297

score of 9) and a near-complete hind limb paralysis 298

immediately after SCI (BMS score of nearly 0). From 299

the second week onward, the hind limb locomotor 300

functions started to improve and gradually increased 301

week by week. Between 2 to 6 weeks after injury, 302

the mean score values improved more in PS-treated 303

mice than in vehicle control-treated mice. Analy- 304

sis of variance (ANOVA) for repeated measurements 305

with subsequent Tukey post-hoc test, both using BMS 306

score (Fig. 1A) and BMS recovery index (Fig. 2A) 307

revealed better recovery at 4 to 6 weeks in the PS- 308

treated groups (6 and 12 mg/kg). In addition to the 309

BMS, we analyzed the plantar stepping ability of the 310

animals by measuring the foot-stepping angle (FSA). 311

One week after injury, the FSA changed from approx- 312

imately 30◦ before injury to 170◦ after injury in all 313

groups. A decrease in FSA, which is an indicator for 314

improved recovery, was noticed at 4 and 5 weeks after 315

SCI in mice treated with 12 mg/kg PS, with better 316

increases of FSA indices being observed only at 4 317

weeks after SCI with PS treatment after SCI (Fig. 1B, 318

2B). Based on these two independent measures for 319

locomotion, our results clearly indicate that PS treat- 320

ment at 12 mg/kg improves the abilities for ground 321

locomotion after SCI. 322

HIAPAD
Highlight
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Fig. 1. Improvement of motor functions over 6 weeks after severe spinal cord compression injury of C57BL/6J female mice treated with PS.
(A) BMS score, (B) foot-stepping angle (FSA), (C) rump-height index (RHI), and (D) extension/flexion ratio (EFR). (n = 8 mice per group;
values represent means ± SEM; SCI + PBS vs. SCI + PS ∗∗p < 0.01, ∗p < 0.05, two-way ANOVA with Tukey’s post hoc test).

Fig. 2. Recovery indices in PS- and vehicle-treated mice after SCI. Shown are mean values ± SEM of individual recovery indices at 2 to 6
weeks after injury. (A) BMS recovery index. (B) foot-stepping angle recovery index. (C) rump-height recovery index. (D) extension/flexion
ratio recovery index. (E) overall recovery index. (n = 8 mice per group; SCI + PBS vs. SCI + PS ∗∗p < 0.01, ∗p < 0.05, one-way ANOVA with
Tukey’s post-hoc test).
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We also evaluated more complex motor functions323

than plantar stepping, for example the rump-height324

index (RHI), a measure of the ability to support325

body weight during ground locomotion. This ability326

requires coordination in different joints of both hind327

limb extremities, being influenced by various factors,328

such as stepping pattern, muscle strength, and spas-329

ticity. Analysis of the RHI also showed, in agreement330

with the foot-stepping angle (FSA), enhanced recov-331

ery in PS-treated mice at 12 mg/kg, but not 6 mg/kg332

compared to vehicle control-treated mice at 4 and 5333

weeks after SCI (Fig. 1C, 2C).334

The ability to perform voluntary movements335

without body-weight support, estimated by the336

extension-flexion ratio (EFR), was increased by337

12 mg/kg PS treatment from week 4 onward after338

SCI (Fig. 1D, 2D). Finally, the overall recovery index339

(Fig. 2E) from individual mean values was calculated340

from the four different indices. The degree of overall341

functional improvement was higher in the 12 mg/kg342

PS-treated mice compared to vehicle-treated con-343

trol mice at week 4 and thereafter after SCI, while344

the lower dose of PS (6 mg/kg) did not lead to345

improvement.346

3.2. PS stimulates L1 expression and proteolysis347

distal to the lesion site348

To evaluate the molecular consequences of PS349

treatment, the expression level and proteolysis of L1350

were determined. To this aim, L1 protein levels in351

spinal cords proximal and distal to the lesion site352

were determined 6 weeks after SCI. Similar levels353

of full length L1-200 kDa and L1-70 kDa fragment354

were seen in the spinal cord of non-injured and355

sham-injured mice (Fig. 8A-C). A marked increase of356

full-length L1 and 70 kDa fragment levels was found357

distal to lesion site in mice treated with 12 mg/kg PS358

compared to vehicle control-treated mice (Fig. 3A-359

C). The levels of full-length and fragment L1 were not360

different from vehicle control with 6 mg/kg PS treat-361

ment and proximal to the lesion site, indicating that362

only a higher concentration of PS (12 mg/kg) stimu-363

lates L1 expression and proteolysis distal to the lesion364

site (Fig. 3 A-C). S Since MBP cleaves L1 and since365

this cleavage is important for myelination, we studied366

the generation of the L1-70 fragment after SCI (Lutz367

et al., 2014, 2016). Similar to L1, the level of MBP368

was increased distal to the lesion site with 12 mg/kg369

PS compared to vehicle control-treated mice370

(Fig. 3D, E).371

We further evaluated L1 and MBP expression by 372

immunostaining of the spinal cord following SCI in 373

mice with and without PS treatment. L1 and MBP 374

immunoreactivities were evaluated in coronal sec- 375

tions 4 mm proximal and 4 mm distal to the lesion 376

site. A dose-dependent increase of L1 immunoreac- 377

tivity was noticed distal to the lesion site with PS 378

treatment after SCI when compared to vehicle control 379

mice (Fig. 4A, B), whereas MBP immunoreactivity 380

was decreased in control mice at 6 weeks after SCI. In 381

mice treated with 12 mg/kg PS, MBP immunoreactiv- 382

ity was increased distal to the lesion site compared to 383

vehicle control mice (Fig. 4C, D). SCI causes consid- 384

erable myelin loss in the spinal cord distal to the lesion 385

site, and PS treatment, especially at the 12 mg/kg 386

dose, promotes L1 and MBP expression and remyeli- 387

nation and/or preserves myelinated fibers in parallel 388

with improved functional recovery. 389

3.3. PS treatment activates L1-mediated MAPK, 390

PI3K/Akt/mTOR and CK2 signaling 391

pathways 392

In the cellular and molecular context of neu- 393

rite outgrowth and neuronal survival, L1 enhances 394

many of its beneficial functions by triggering the 395

mitogen-activated protein kinase (MAPK), phos- 396

phoinositide 3-kinase/protein kinase B/mammalian 397

target of rapamycin (PI3K/Akt/mTOR) and casein 398

kinase 2 (CK2) pathways (Schmid et al., 2000; Loers 399

et al., 2005; Maness & Schachner, 2007; Poplawski 400

et al., 2012; Wang & Schachner, 2015). 401

The key component of MAPK activation, phos- 402

phorylated Erk, was determined in the spinal cord 403

proximal and distal to lesion site. Six weeks of 404

12 mg/kg PS treatment leads to increases in the levels 405

of phosphorylated Erk distal to lesion site com- 406

pared to vehicle-treated control mice (Fig. 5A, B). 407

Since the PI3K/Akt/mTOR signaling pathway has 408

been found to be a necessary component of axonal 409

growth, proliferation of neural stem cells and long- 410

term potentiation, this pathway was also determined. 411

Similar to phosphorylation of Erk, phosphorylation 412

of mTOR and Akt was observed with 12 mg/kg PS at 413

6 weeks after SCI (Fig. 6A-C). The basal levels of Akt 414

and mTOR proteins were unchanged, indicating that 415

PS treatment triggers the phosphorylation of Akt and 416

mTOR. We next evaluated the ability of PS to promote 417

neuronal survival proximal and distal to the lesion site 418

at 6 weeks after SCI. We examined the expression lev- 419

els of the Bcl-2 and Bax, which regulate apoptosis. At 420

6 mg/kg PS treatment failed to show enhanced Bcl-2 421
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Fig. 3. PS treatment enhances L1 expression, L1 proteolysis and MBP in the spinal cord distal to lesion site 6 weeks after SCI. (A) Western
blot analysis of L1 in PS- and vehicle-treated mice. (B) Normalized L1-200. (C) Normalized L1-70. (D) Western blot analysis of MBP with
and without PS treatment. (E) Normalized MBP. Band densities for L1.1 and MBP were compared to �-actin levels and normalized to the
non-injured control group, which was set as 1. (n = 4 mice per group; values represent means ± SEM; SCI vs. SCI + PS ∗∗p < 0.01, ∗p < 0.05,
one-way ANOVA, Tukey’s post-hoc test).

levels proximal and distal to lesion site, whereas PS422

treatment at 12 mg/kg increased Bcl-2 levels proxi-423

mal to lesion site (Fig. 6A, D). The level of Bax was424

increased in the spinal cord of injured mice compared425

to uninjured mice at 6 weeks after SCI. Daily PS treat-426

ment for six weeks following SCI led to decrease in427

the levels of Bax in proximal and distal to lesion site428

but failed to reach significant levels (Fig. 6A, E).429

To link PS-mediated L1 activation to CK2�, PTEN430

and p53 functions, we determined phosphorylated431

CK2�, CK2� protein, and the tumor suppressors432

PTEN and p53 at 6 weeks after SCI distal to the lesion433

site. Both concentrations of PS stimulated the phos-434

phorylation of CK2�, with higher phosphorylation435

being seen with the 12 mg/kg dose compared to vehi-436

cle control-treated mice (Fig. 7A, B). Levels of PTEN437

and p53 were increased at 6 weeks after SCI, when438

compared to sham-injured and non-injured groups.439

PS treatment at 12 mg/kg decreased PTEN levels in440

the spinal cord distal to lesion site at 6 weeks after441

SCI (Fig. 7A, C). Dose-dependent decreases of the442

levels of p53 were observed proximally and distally443

to lesion site, and a higher inhibition was noticed dis- 444

tal to lesion site at 12 mg/kg dose compared to vehicle 445

control-treated mice (Fig. 7A, D). These data indicate 446

that PS triggers beneficial L1 functions by inhibiting 447

PTEN and p53 in parallel with activating CK2�. 448

3.4. PS treatment reduces astrogliosis, decreases 449

the microglial/macrophage response, and 450

promotes the levels of neurofilament 451

Immunohistochemical analysis was used to further 452

document the impact of PS treatment on molecu- 453

lar hallmarks of astrogliosis commonly seen after 454

SCI, by measuring expression of GFAP, a marker 455

for astrocytes (Biber et al., 2007). At 6 weeks 456

after injury, PS-treated mice (12 mg/kg) showed less 457

intense astrogliosis caudal and distal to lesion site 458

compared to vehicle control-treated mice (Fig. 8A, 459

B), similar to observations on astrogliosis correlating 460

negatively with locomotor activity as measured by 461

BMS (Jakovcevski et al., 2007; Lee et al., 2012; Wu 462

et al., 2012). Since microglia/macrophage responses 463
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Fig. 4. Immunohistochemical analysis of L1 and MBP expression 6 weeks after SCI, caudal and distal to lesion site. (A) Representative
images of coronal sections stained with antibodies against L1. Scale bar, 50 �m for all images. (B) Quantification of L1-immunoreactivity.
(C) Representative images of coronal sections stained with antibodies against MBP. Scale bar, 50 �m for all images. (D) Quantification of L1-
immunoreactivity. Quantification was performed in coronal sections 4 mm proximal and 4 mm distal to the lesion site (in 20 corresponding
sections, consecutive sections 200 �m apart proximal and distal to lesion site, and 50�m apart in the lesion site. Groups consisted of 3
animals, n = 60 sections per group). Photomicrographs were taken from the dorsal column white matter. i) Non-injured spinal cord. Spinal
cord proximal to the lesion site: ii) SCI + PBS, iii) SCI + PS (6 mg/kg), iv) SCI + PS with (12 mg/kg). Lesion site: v) SCI + PBS, vi) SCI
+ PS (6 mg/kg), vii), SCI + PS (12 mg/kg). Spinal cord distal to lesion site: viii) SCI + PBS, ix) SCI + PS (6 mg/kg), x) SCI + PS with
(12 mg/kg). Rectangle shows the magnified area with L1 and MBP immunopositivities (Values represent means ± SEM; SCI + PBS vs. SCI
+ PS ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05, one-way ANOVA with Tukey’s post-hoc test).

Fig. 5. PS treatment activates the MAPK signaling pathway after SCI. (A) Western blot analysis of p-Erk and Erk 6 weeks after SCI in
vehicle- and PS-treated mice. (B) Normalized p-Erk/Erk. Band intensities for p-Erk/Erk were compared to �-actin levels and normalized to
the non-injured control group, which was set as 1. (n = 4 mice per group; values represent means ± SEM; SCI + PBS vs. SCI + PS ∗p < 0.05,
one-way ANOVA with Tukey’s post-hoc test).
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Fig. 6. PS treatment stimulates the PI3/AKT/mTOR signaling pathway after SCI. (A) Western blot analysis of p-mTOR, mTOR, p-AKT,
AKT, Bcl-2 and Bax 6 weeks after SCI with PBS or PS treatment. (B) Normalized p-mTOR/mTOR. (C) Normalized p-AKT/AKT. (D)
Normalized Bcl-2. (E) Normalized Bax. Signal intensities of �-actin were used for normalization (n = 4 mice per group; values represent
means ± SEM; SCI + PBS vs. SCI + PS ∗∗p < 0.01, ∗p < 0.05, one-way ANOVA with Tukey’s post-hoc test).

play an important role in regeneration (Streit et al.,464

1999; Wu et al., 2012), immunoreactive Iba-1 cells465

were determined by Image-J quantification of fluores-466

cence intensity in coronal sections both proximal and467

distal to lesion site. A decrease of Iba-1 immunoreac-468

tivity was observed with PS treatment (12 mg/kg) at469

6 weeks after injury (Fig. 8C, D). Thus, PS treatment470

decreases the microglial/macrophage response in the471

vicinity of the lesion site.472

Six weeks after injury, neurofilament 200 (NF-200)473

immunoreactive cell bodies were seen in all groups -474

with nerve fibers discernible in coronal sections. NF-475

200 immunoreactivity was increased both proximal476

and distal to the lesion site at 12 mg/kg compared to477

vehicle control-treated mice (Fig. 8E, F), indicating478

protection of neurons.479

3.5. PS treatment reduces inflammatory cytokine480

levels during the acute stage of481

inflammation after SCI482

The pro-inflammatory cytokines interleukin (IL)-483

1�, IL-6, and tumor necrosis factor-� (TNF-�) play484

important roles in secondary injury following SCI 485

(Rock et al., 2004). We therefore evaluated the influ- 486

ence of PS on inflammation by measuring the levels 487

of pro-inflammatory markers IL-1�, IL-6 and TNF- 488

� in the spinal cord at days 1, 7 and 14 after SCI. 489

All cytokines were elevated in the acute phase of 490

inflammation after injury in vehicle-treated mice 491

(Fig. 9A-C). PS treatment reduced cytokine lev- 492

els at days 1 and 7 after SCI (Fig. 9A-C). With 493

PS treatment, the decrease of IL-1� and TNF-� 494

levels was more profound than that of IL-6 lev- 495

els (Fig. 9A-C). No difference of cytokine levels 496

between groups was detected in the chronic phase of 497

inflammation (day 14). These data indicate that PS 498

exerts an anti-inflammatory role in the acute stage 499

of SCI. 500

We also examined levels of 5-HT and GABA and 501

found that PS-treated mice showed higher levels of 502

5-HT and GABA in the lesion site at days 1, 7 and 503

14 after SCI compared to non-injured and vehicle 504

control-treated mice (Fig. 9D, E). These observations 505

indicate that PS beneficially influences the levels of 506

these compounds. 507
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Fig. 7. PS treatment activates the CK2 signaling pathway after SCI. (A) Western blot analysis of p-CK2�, CK2�, PTEN and p53 after SCI
with or without PS treatment. (B) Normalized p-CK2�/CK2�. (C) Normalized PTEN. (D) Normalized p53. (n = 4 mice per group; values
represent means ± SEM; SCI vs. SCI + PS ∗∗p < 0.01, ∗p < 0.05, one-way ANOVA with Tukey’s post-hoc test).

4. Discussion508

Based on the success of using the small organic L1509

mimetic compound PS as an enhancer of neurite out-510

growth, neuronal survival, Schwann cell migration,511

proliferation and myelination in vitro (Kataria et al.,512

2016), we have continued to study the effect of PS in513

a mouse model of SCI. The enhanced overall motor514

performance of PS-treated mice at 4 weeks after515

lesioning was observed by 4 different parameters:516

BMS, FSA, RHI, and EFR. This improvement corre-517

lates with increases in L1 levels which is noteworthy,518

since PS interacts with the function triggering epitope519

in the third fibronectin type III homologous domain of520

L1 (Kataria et al., 2016). This epitope had been shown521

not only to trigger the beneficial functions of L1, also522

to enhance L1 expression. We here also observed523

that PS treatment not only enhanced levels of full-524

length L1 but also of the proteolytic 70 kDa fragment525

proximal and distal to lesion site. L1 fragments have526

been shown to be important for neurite outgrowth,527

neuronal migration, neuronal survival and myelina-528

tion, as demonstrated in vitro (Lutz et al., 2014) and529

in vivo (Lutz et al., 2016; Kataria et al., 2016; Sahu530

et al., 2018). In the present study, up-regulation of L1531

expression likely contributes to the success in func-532

tional recovery. Furthermore, PS reduced astrogliosis533

and microglial activation at the lesion site, thus also534

probably contributing to benefits in recovery. Like 535

L1, PS up-regulates MBP expression and promotes 536

myelinogenesis by inducing differentiation of oligo- 537

dendrocyte progenitor cells after SCI (Barbin et al., 538

2004; Chen et al., 2007). These observations are in 539

agreement with the findings on improved remyelina- 540

tion after L1 overexpression in the lesioned mouse 541

peripheral nervous system (Guseva et al., 2011) and 542

beneficial effects of the L1 mimetic small organic 543

molecules duloxetine and piceid after injury (Kataria 544

et al., 2016). PS was reported to bind to the third 545

fibronectin type III domain of L1, thereby stimulat- 546

ing in vitro L1-mediated functions, such as neurite 547

outgrowth, neuronal migration, Schwann cell migra- 548

tion, proliferation and myelination, similar to L1-Fc 549

(Kataria et al., 2016). 550

Since PS/L1 interactions lead to enhanced phos- 551

phorylation of Erk, Akt, mTOR and CK2 via MAPK, 552

PI3K/Akt/mTOR and CK2� signaling pathways, 553

as shown in the present study, we infer that PS- 554

mediated enhanced phosphorylation underlies axonal 555

regrowth/sparing and functional recovery after SCI. 556

PS treatment also enhances p-Akt and Bcl-2 expres- 557

sion, indicating a neuroprotective role of PS after 558

trauma. We now also show that PS-induced neu- 559

roprotection can be attributed to the ability of PS 560

to inhibit inflammation as described (Benson et al., 561

2013; Cebak et al., 2017). In addition, PS, as a potent 562
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Fig. 8. PS treatment reduces astrogliosis, attenuates activation of microglia/macrophages, and enhances regrowth of axons 6 weeks after
SCI. (A) Representative images of coronal sections stained with antibodies against GFAP. (B) Quantification of GFAP-immunoreactivity.
(C) Representative images of coronal sections stained with antibodies against Iba-1. (D) Quantification of Iba-1+-immunoreactivity. (E)
Representative images of coronal sections stained with antibodies against NF-200. (F) Quantification of NF-200+-immunoreactivity. Quan-
tification of GFAP, Iba-1+ and NF-200+ immunoreactivities were evaluated in coronal sections 4 mm proximal and 4 mm distal to the
lesion site (in 20 corresponding sections, consecutive sections 200 �m apart. Groups consisted of 3 animals, n = 60 sections per group).
Photomicrographs were taken from the dorsal column white matter. i) Non-injured spinal cord. Spinal cord proximal to lesion site: ii) SCI
+ PBS, iii) SCI + PS (6 mg/kg), iv) SCI + PS with (12 mg/kg). Spinal cord distal to the lesion site: v) SCI + PBS, vi) SCI + PS (6 mg/kg),
vii) SCI + PS with (12 mg/kg). Rectangle shows the magnified area with GFAP, Iba-1, and NF200 immunoreactivities. (Scale bar, 50 �m,
for all images. Values represent means ± SEM; SCI + PBS vs. SCI + PS ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05, one-way ANOVA with Tukey’s
post-hoc test).

monoamine oxidase inhibitor, increases basal 5-HT563

levels at the lesion site. Monoaminergic neurotrans-564

mission, and, in particular 5-HT, is important for565

initiation and modulation of locomotor patterns dur-566

ing walking (Barbeau & Rossignol, 1991) and ventral567

spinal cord 5-HT innervation correlates with motor568

activity (Pearse et al., 2004; Fouad et al., 2005),569

with ventral horn 5-HT being linked to locomotor570

function, and 5-HT improving locomotion after SCI571

(Zhou & Goshgarian, 2000; Hayashi et al., 2010).572

Interestingly, the acrolein scavenging properties of573

PS mitigate sensory and motor deficits after SCI574

(Chen et al., 2016). Moreover, acute and chronic575

treatments with PS reduce depolarization-induced 576

outflow of the excitatory neurotransmitter glutamate 577

(Michael-Titus et al., 2000). The combined observa- 578

tions indicate that PS-induced functional recovery is 579

multifactorial. 580

Beneficial L1 functions in several injury models 581

(Irintchev & Schachner, 2012) are now repro- 582

duced by PS, which decreases pro-inflammatory 583

cytokine levels (IL-1�, TNF-�, IL-6) in the acute 584

phase after SCI, most likely contributing via 585

its anti-inflammatory activities to recovery after 586

SCI. Notably, down-regulation of neuronal L1 587

expression is an adaptive process of neuronal 588
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Fig. 9. PS treatment reduces pro-inflammatory cytokine levels and increases of biogenic amine levels at 6 weeks after SCI. Levels of pro-
inflammatory cytokines (IL-1�, IL-6 and TNF-�) and biogenic amines (5-HT and GABA) were determined by ELISA in homogenates from
non-injured and injured spinal cord obtained at days 1, 7 and 14 after application of PS (6 and 12 mg/kg) and PBS vehicle control. Levels of
(A) IL-1�, (B) IL-6, (C) TNF-�, (D) 5-HT, (E) GABA. Four mice were analyzed per group, and the experiment was performed independently
3 times. (Values represent means ± SEM; SCI + PBS vs. SCI + PS ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05; non-injured vs. SCI+PBS ###p < 0.001,
##p < 0.01, one-way ANOVA with Tukey’s post-hoc test).

self-defense in response to pro-inflammatory T-589

cells, thereby alleviating immune-mediated axonal590

injury in experimental autoimmune encephalomyeli-591

tis (Menzel et al., 2016). Increased levels of592

monoamines, especially 5-HT as well as of GABA593

by PS treatment likely also contribute toward anti-594

inflammatory functions. In agreement, 5-HT and595

GABA reduce the severity of experimental autoim-596

mune encephalomyelitis through anti-inflammatory597

mechanisms (Hofstetter et al., 2005; Levite, 2008;598

Bhat et al., 2010; Benson et al., 2013). Sustained599

presence of 5-HT and GABA interacting with T-600

cells and macrophages modulate the proliferation of601

the T-cells and cytokine release (Yin et al., 2006;602

Bhat et al., 2010; Mendu et al., 2012). In addi-603

tion, PS modulates immune functions by inhibiting604

MAO-A, which is expressed in mitochondria of605

lymphocytes (Yin et al., 2006). The PS metabo-606

lite �-phenylethylidene hydrazine, a potent inhibitor607

GABA transaminase, increases GABA levels in608

the immune system (Benson et al., 2013). Vigaba-609

trin and gabaculin, irreversible inhibitors of GABA610

transaminase, reduce IL-1 and IL-6 expression in611

macrophages (Bhat et al., 2010). Together with612

these reports, our results support the idea that PS is613

beneficial through reducing information in the acute 614

phase after SCI. Moreover, PS application reduces 615

the depolarization-induced outflow of excitatory glu- 616

tamate (Michael-Titus et al., 2000). 617

Based our study, we propose that PS increases neu- 618

roprotection and recovery after spinal cord injury via 619

multiple mechanisms: PS, as a L1 mimetic, stimu- 620

lates L1 expression and its functions thus promoting 621

functional recovery, axonal regeneration/sparing, and 622

remyelination. In addition, we propose that reduc- 623

ing inflammation also contributes to enhancing repair. 624

We conclude that our study provides novel insights 625

into the role of PS in L1-mediated beneficial func- 626

tions. With PS being able to penetrate the blood brain 627

barrier, this FDA-approved drug encourages hopes 628

for clinical application. 629
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