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Abstract

The repair of nerve gap injuries longer than 3 cm is limited by the need of sacrifice donor tissue 

and morbidity associated with the autograft gold standard, while decellularized grafts and 

biodegradable conduits are effective only in short nerve defects. The advantage of isogenic nerve 

implants seems to be the release of various growth factors by the denervated Schwann cells. We 

evaluated the effect of vascular endothelial growth factor, neurotrophins, and pleiotrophin (PTN) 

supplementation of multiluminal conduits, in the repair of 3 and 4 cm nerve gaps in the rabbit 

peroneal nerve. In vitro screening revealed a synergistic regenerative effect of PTN with glial-

derived neurotrophic factor (GDNF) in promoting sensory axon density, and in motor axonal 

growth from spinal cord explants. In vivo, pleiotrophins were able to support nerve regrowth 

across a 3 cm gap. In the 4 cm lesions, PTNGDNF had a modest effect in the number of axons 

distal to the implant, while increasing the mean axon diameter (1 ± 0.4; p ≤ 0.001) over PTN or 

GDNF alone (0.80 ± 0.2, 0.84 ± 0.5; respectively). Some regenerated axons reinnervated muscle 

targets as indicated by neuromuscular junction staining. However, many were wrapped in Remak 

bundles, suggesting a delay in axonal sorting, explaining the limited electrophysiological function 

of the reinnervated muscle, and the modest recovery in toe spreading in the PTN-GDNF repaired 
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animals. These results support the use of synergistic neurotrophic/pleiotrophic growth factors in 

long gap repair and underscore the need for remyelination strategies distal to the injury site.

Abstract
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1. Introduction

Despite the regenerative capacity of the adult peripheral nervous system and the routine 

repair of small nerve defects, critical lesions larger than 4 cm remain a significant challenge 

with limited expectations for functional recovery, even with the use of autologous grafts 

[1,2]. The poor success with long nerve gaps may be explained by limited neuronal intrinsic 

regenerative capacity, nonpermissive growth substrate, lack of trophic support, axon 

guidance errors, and re-innervation of dysfunctional targets [3,4]. Most repair alternatives 

that target some aspects of this multi-factorial process such as the use of hollow nerve 

conduits, processed allografts, or the incorporation of single growth factors, have shown 

only modest success [5]. Multi-channel conduits that increase the growth surface area, the 

addition of extracellular matrix molecules such as collagen or fibronectin, and added cellular 

and growth factor support, are reportedly more efficient compared to hollow nerve guides, 

and yet, unable to match the regenerative capacity offered by autologous grafts [6].

The advantage of isogenic nerve implants seems to be the release of several pleiotrophic and 

neurotrophic growth factors by the denervated Schwann cells [7]. In sensory nerves, these 

cells release insulin growth factor-1, vascular endothelial growth factor (VEGF), hepatocyte-

derived growth factor, nerve growth factor (NGF), and brain-derived neurotrophic factor 

(BDNF), whereas the heparin-binding protein pleiotrophin (PTN) is expressed primarily in 

motor fibers. Other growth factors including glial-derived neurotrophic factor (GDNF), 

insulin growth factor-2, ciliary neurotrophic factor, fibroblast growth factor-2 (FGF-2) and 

neurotrophin 3 (NT-3), are upregulated after injury in all nerve types [8,9]. These growth 

factors contribute to the regeneration efficacy in the PNS, as exogenous NGF, BDNF, and 

NT-3 have been shown to increase axonal regeneration both in vitro and in vivo [10,11]. The 

neurotrophic factors bind to specific tyrosine receptor kinases (trk) and p75 receptors, and 

we have shown that activation of the extracellularly regulated kinase (Erk1/2) by the trk 

receptors in transgenic mice endow peripheral neurons with enhanced regenerative potential 

[12]. However, when recombinant proteins are applied to the adult transected peripheral 

nerve, the beneficial effect of individual growth factors is less clear. While some have 

observed functional regeneration by adding GDNF to nerve guides [13,14] or allografts [15], 

others have not seen superlative functional regeneration after BDNF or GDNF 
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administration [16,17]. Furthermore, whereas the combination of GDNF-BDNF or NGF-

GDNF treatments has shown to stimulate nerve regeneration, it does not match the growth 

enticed by autografts, suggesting the need for additional trophic support [16,18]. Overall, 

most of the regenerative strategies reported are focused primarily on stimulating axonal 

growth. We reasoned that a rich growth factor milieu that stimulates the proliferation, 

migration, and regeneration of both neuronal and non-neuronal cell populations at the injury 

site, would offer a more robust and efficient method for repairing critical gap nerve injuries.

To that end, we tested the effect of combined neurotrophins and pleiotrophins treatments 

aimed at increasing the migration and proliferation of Schwann cells, fibroblasts, monocytes, 

and endothelial cells, in their ability to mediate nerve growth across a long gap nerve injury 

[19,20]. Of these, PTN is of particular interest as it has been shown to mediate a number of 

cellular effects including mitogenicity, cell survival, oncogenicity, inflammation, 

differentiation and stem cell renewal. The different effects are mediated by the binding of 

PTN to cells expressing the anaplastic lymphoma kinase (ALK) receptor, the receptor 

protein tyrosine phosphatase beta/zeta (RPTPβ/ζ), integrins, neuroglycan, or syndecan 

(SDC) [21]. During nerve development, PTN plays a critical role in proliferation, migration 

and axonal growth [22], and while barely detectable in the adult, the expression of this 

pleiotrophin increases dramatically after injury or trauma [8,23]. This motivated the use of 

PTN in nerve regeneration, but the results are contradictory, as some indicate impaired 

muscle reinnervation with recombinant protein [24], while others observed improved 

regeneration by seeding PTN-expressing HEK-293 cells in the lumen of 15-mm-long nerve 

guides [25]. Here, we used multiluminal scaffolds filled with PLGA microparticles releasing 

VEGF or PTN to evaluate the regenerative capacity of pleiotrophins across 3 cm gap injuries 

in the rabbit peroneal nerve. Systematic in vitro screening of the effect of neurotrophins, 

glial-derived growth factors, and pleiotrophins, revealed synergistic effects of GDNF and 

PTN in both sensory and motor neurons. In vivo, this combination enticed the growth of 

larger diameter axons distal to a 4 cm critical gap, reinnervating the limb muscles and 

mediating moderate functional recovery.

2. Materials and Methods

2.1 Experimental Design

The study was designed in three phases. In the first phase, we tested the effect of 

pleiotrophins VEGF and PTN in supporting a 3 cm gap repair in the rabbit common 

peroneal nerve. In the second phase, we evaluated the synergistic effect of PTN combined 

with neurotrophins in the dorsal root ganglion assay for sensory neurons, the most effective 

combination was used to confirm the effect in motor axons using the ventral spinal cord 

assay in vitro, and then tested in a 4-cm gap repair in vivo (Phase III, Fig. 1).

2.2. Dorsal Root Ganglia and Spinal Cord Explant Cultures

Neonatal (P0 - P4) dorsal root ganglia (DRG) and spinal cords (SC) were dissected from 

CD1 mice as previously described [26]. Individual DRG explants and SC slices were placed 

into separate poly-Dlysine (PDL) coated wells, immobilized with collagen (85 % type I, 

15% type II; Millipore; Temecula, CA), and incubated at 37°C with 5% CO2 in Neurobasal-
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A media (Sigma Aldrich; St. Louis, MO) with 2% B27, 0.5% penicillin/streptomycin and 

0.75% L-glutamine. Neurotrophins (BDNF, NGF, NT3), GDNF or pleiotrophin (PTN) were 

added individually or in combination 24 hours after plating at 5–100 ng/mL. Tissue cultured 

without growth factors were included as negative controls. After three days in vitro, the 

explants were fixed in 4% paraformaldehyde. Since isolated DRG explant cultures only have 

sensory neurons, these were labeled using a β tubulin III antibody (1:400; Sigma Aldrich, St. 

Louis, MO). Conversely, axons in the ventral SC explants are exclusively motor efferents 

and were labeled with a mouse anti RT97 antibody (1: 200, Santa Cruz Biotech, Dallas, TX) 

and visualized using 10X objectives on a Zeiss confocal microscope (Zeiss Axioplan 2 LSM 

510 META). The axonal length was measured from the ganglia to the most distal end of the 

axons using Axiovision LM software (CarlZeiss, Axiocam version 4.2.0.1), and axon 

number estimated using optical densitometry and analyzed using the histogram tool in an 

average of 50 axons per explant in three separate experiments performed in triplicate (n=9).

2.3. Biosynthetic Nerve Implants

The biosynthetic nerve implant (BNI) conduits consisted of a transparent polyurethane 

conduit (3 mm OD, 1.7 mm ID; Micro-Renathane®; Braintree Scientific Inc.) 3 or 4 cm in 

length, with 8 microchannels casted in 1.5% agarose in the lumen of the conduit (7 of 0.4 

mm and 1 in the center of 0.5 mm in diameter) providing a total of 0.9 mm2 or 36.2% of the 

nerve conduit lumen available for nerve regeneration. Each micro-channel was filled with 

growth factor-loaded PLGA microparticles (MP) suspended in type I collagen, releasing 

either bovine serum albumin (BSA), PTN, VEGF, GDNF or PTN-GDNF. The MPs were 

prepared using double emulsion as previously described [27]. Briefly, 10 μg/mL of BSA 

(Sigma-Aldrich, St Louis, MO), 20 μg/μL of PTN, 5 μg/μL of VEGF (Invitrogen, Carlsbad, 

CA), or 20 μg/μL of GDNF (PeproTech Inc., Rocky Hill, NJ) were mixed with 50% 

polylactic: 50% Co-glycolic acid, sonicated and lyophilized. The MP size was determined 

by scanning electron microscopy (SEM, Hitachi S-3000 N Variable Pressure) and a zeta 

potential size analyzer, and averaged 1 ± 0.1 μm in diameter. We used COMSOL 4.2 to 

model the release and diffusion of these proteins from the agarose microchannels in vivo 

during 20 days post-implantation, As reported before [26], The model considered 1.94 ng/μl 

of MP in the microchannels and used a combination of Brinkman and Carman-Kozeny 

models, and Fick’s diffusion law to estimate the growth factor diffusivity from the MPs in 

individual microchannels over time.

2.4. Animal surgery

A total of 49 adult female New Zealand White rabbits (Myrtle Rabbitry, TN) weighing 

between 1.5 to 1.8 kilograms were used in this study. The first cohort of 25 animals was 

used to evaluate the effect of BNI-VEGF and BNI-PTN in a 3 cm gap, compared to BNI-

collagen (n=7 each), or collagen-filled nerve conduits (n=4; negative controls), while two 

rabbits from each group were used for neurofilament peptide (NFP) axon specific staining. 

The second cohort of 24 animals was used to compare the effect of BNIs filled with either 

GDNF (n=6), PTN (n=6) or a combination of PTN-GDNF (n=5) compared to BNI-BSA 

(n=3; negative control) and cut-resuture (n=4; positive control) in a 4 cm critical gap. The 

peroneal nerve was exposed through a muscle-sparing incision between the semitendinosus 

and the biceps muscles. A 20–40 mm segment was removed, and the proximal and distal 
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nerve stumps were sutured to the conduit or BNI (either 3 or 4 cm long) and secured it to the 

underlying muscle with absorbable sutures. The muscle was then sutured, and the skin 

stapled. A topical antibiotic ointment was applied to the wound. All animals received 

antibiotic (trimethoprim-sulfa; 0.5 mg/kg oral) and analgesic (sustained release 

Buprenorphine; 1 mg/kg, sc) treatments post-surgery. The animals were randomly assigned 

to the treatment groups, and the study design was double-blind, as the samples were coded 

prior to implantation, and the investigators doing the behavioral testing and 

histomorphometric analysis were agnostic to the surgical procedures. All animal methods 

were performed in accordance with the guidelines of the Institutional Animal Care and Use 

Committee of the University of Texas at Arlington, according to the NIH guide for the care 

and use of laboratory animals.

2.5. Toe spread index

The toe-spread index (TSI) was used to evaluate the deep peroneal nerve reinnervation to the 

tibialis anterior, the extensor hallucis longus, the extensor digitorum longus, and the fibularis 

tertius muscles of the hindlimb. TSI is a sensitive indicator of the onset of motor recovery 

after peroneal injury where the animal spread its toes reflexively in an attempt to maximize 

the surface area of the foot for a safer landing [28]. For this test, the rabbits were held by the 

loose skin on their back and suddenly dropped 20–30 cm while providing weight support, to 

evoke a startle response characterized by toe extension. For the 4 cm gap study, the toe-

spread index was measured using a custom-designed apparatus (Fig. 2A) to ensure stability 

and to eliminate extraneous variables related to human imprecision. The rabbit was secured 

to the hook via a harness placed at the top of a metal rail secured with stop pin on a support 

structure. By removing the stop pin, the rabbit was safely dropped evoking the toe-spread 

response. Multiple frames from video recordings were selected to measure the distance 

between the first and the fourth toes during the startle response using the Image J software. 

Measurements were taken before surgery and then monthly for the duration of the study. The 

toenails were colored to facilitate their visualization. The index was calculated as a ratio of 

the toe-spread of the injured to the healthy paw (Fig. 2B-D).

2.6. Immunohistochemistry

The animals were perfused via intracardial perfusion of 4% paraformaldehyde at the end of 

their respective treatments; the 3 cm cohort of animals at 9 weeks post-surgery, and the 4 cm 

cohort 20 weeks after implantation. The repaired nerves were dissected and post-fixed 

overnight, after which the polyurethane tubes were removed. The regenerated nerve tissue 

was divided into proximal, middle and distal segments, embedded in paraffin, and sliced in 

10 μm coronal sections collected onto glass slides. The deparaffinized tissue was then 

labeled overnight at 4°C using antibodies specific for axons (NFP, β tubulin III; 1:400; 

Sigma Aldrich) and myelin (P0; 1:200; Millipore). After rinsing, the tissue was incubated 

with Cy2-and Cy3 conjugated secondary antibodies for one hour (1:400; Sigma Aldrich, St. 

Louis, MO). The slides were then counterstained and coverslipped. A Zeiss confocal 

microscope (Zeiss Axioplan 2 LSM 510 META) was used to evaluate the tissue. The 

number of axons was quantified using an automated image analysis software, CellC version 

2.5 by setting a manual threshold of 0.4 for all the images.
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For neuromuscular junction (NMJ) staining, the tibialis anterior muscle was harvested, wet 

weight recorded, fixed, and cryoprotected in 30% sucrose for 24–48 hours before embedding 

it in Tek OCT. Thin slices (40 μm) were sectioned in the cryostat and co-labeled with the 

NF200 antibody (1:200; Sigma Aldrich, St. Louis, MO) to visualize the heavy microfilament 

subunit in axons, and Cy3-labeled α-bungarotoxin (1: 1000, Invitrogen) to visualize the 

nicotinic acetylcholine receptor (AChR). Images were taken with a 63X oil immersion 

objective in the confocal microscope.

2.7. Electrophysiological Evaluation

Five months after implantation of the 4cm implants, the common peroneal nerves of the left 

(injured) and right (uninjured) legs were re-exposed under anesthesia. Bipolar hook 

electrodes were placed proximal to the BNI, and constant voltage biphasic pulses were 

applied using the AM Systems Isolated Stimulator. The motor recruitment from the tibialis 

anterior muscle was recorded using a second set of bipolar needle electrodes via the Biopack 

MP36 system. Signal amplitudes for the treatment groups were compared to the cut-resuture 

control to evaluate the strength of evoked responses.

2.8. Electron microscopy

A nerve segment 2.5 mm distal to the repair site was post-fixed in 2.5% glutaraldehyde in 

0.1 M cacodylate buffer. The tissue was then embedded in epoxy resin, and 1μm thin 

sections were cut and stained with osmium and examined at 6000x magnification using a 

JEOL LEM 1200 EX II system. Ten regions across each sample were randomly selected for 

quantifying axon number and axon diameter using the Image J software.

2.9. Statistical analysis

Analysis of Variance was used to test for statistical significance followed by post hoc 

Tukey’s or Dunn’s multiple comparison tests using Prism 7 software (GraphPad, Inc). For 

axon diameter, the Shapiro-Wilk test indicated that the data was not parametric and the 

Kruskal-Wallis test was used. Data collected from the study are represented as the average of 

the mean ± standard deviation unless otherwise noted. P values ≤ 0.05 were considered 

significant.

Results

We first investigated the regenerative effect of pleiotrophins PTN and VEGF released in the 

BNI, in the repair of a 3 cm long nerve gap (Fig. 3A). Quantification of PTN release from 

the MPs showed an initial burst at 24 hours, followed by sustained release of 85% of the 

load over 28 days as determined by ELISA assay (TSZ ELISA, HU9951), in agreement with 

our previously reported profiles from BSA, NGF [26], VEGF [27] and PTN [29] MPs (Fig. 

3B). The bioactivity of the encapsulated protein was evaluated in vitro by determining the 

axonal growth of treated DRGs. The average axonal length increased when treated with PTN 

MPs (745 ± 1 μm) compared to cultures with no growth factors (542 ± 167 μm), or those 

with BSA MPs (553 ± 157 μm) (Fig. 3B). Computer simulation of growth factor 

concentration (C) over the maximal levels (Cmax) within the BNI at specific time points 

indicated that the concentration at the middle-distal segment of the BNI could be sustained 
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over 20 days (Fig. 3C). As reported previously [30], a custom-made casting device was used 

to guide metal fibers in the lumen of the conduit, and liquefied agarose injected into the 

lumen covering the metal fibers (Fig. 3D-i). After agarose polymerization, the collagen-MPs 

were added into a loading chamber at one end of the device in which the fibers were 

previously inserted. Pulling the fibers out simultaneously cast the microchannels and filled 

the lumen with the collagen-MPs suspension by the generated negative pressure (Fig. 3D-E).

3.1. Regenerative effect of pleiotrophins

Gross evaluation of the nerves repaired with collagen-filled hollow conduits confirmed the 

failure of the nerve to grow spontaneously across the 3 cm critical gap, 9 weeks after 

implantation (Fig. 4A). In contrast, axonal regeneration was observed in animals implanted 

with BNIs, with some axonal growth in those with collagen (BNI-collagen), which improved 

when VEGF or PTN releasing MPs were added to the lumen of the BNI microchannels (Fig. 

4A). Immunocytochemical visualization of the axonal marker neurofilament peptide (NFP), 

confirmed the regeneration of nerve tissue in the middle of the implants, where axons were 

observed in variable numbers in the lumen of most hydrogel microchannels, and more 

abundant in the VEGF and PTN groups (Fig. 4B). High magnification pictures of NFP+ 

fibers in representative microchannels with pleiotrophin release show a qualitative increase 

in the number of regenerating axons (Fig. 4C). In the distal segment, visualization of β-III 

tubulin (axons) and P0 (myelin) confirmed that regenerating axons in the BNIs grew across 

the critical gap (Fig. 4D). Quantification of the NFP+ fibers per microchannel in the middle 

of the BNI revealed a three-fold increase (p ≤ 0.001) in both the BNI-PTN (263 ± 71) and 

BNI-VEGF (248 ± 29) devices compared to BNI-collagen conduits (75 ± 2; Fig. 4E). While 

this trend was also observed 2 mm distal to the devices, it did not show statistical 

significance between the tube-collagen (1193 ± 1375), VEGF (1580 ± 1116) and PTN (1989 

± 3257), mainly due to the high variability within groups (Fig. 4F). The functional 

significance of the observed regeneration was assessed by toe-spread reflex function. 

Immediately after injury, all animals showed a TSI of 0.6 to 0.7, a functional deficit that 

remained for six weeks after nerve repair (Fig. 5A). By week 7, those implanted with BNI-

VEGF or BNI-PTN began to show improvements in the ability for toe spreading, which 

reached significance only in those implanted with BNI-PTN at week 9 (Fig. 5B, 5C; p ≤ 

0.05). However, the improvement was moderate, and none of the groups showed significant 

recovery of the total muscle mass (Fig. 5D), suggesting the possibility of further 

improvement if combined with neurotrophic support.

3.2. PTN-GDNF synergistic effect on axonal regeneration in vitro

In order to evaluate the possibility of increasing the modest recovery of function of PTN by 

combining it with other neurotrophic and glial-derived growth factors, we first determine 

their relative regenerative potency in sensory (DRG) in vitro. We observed that the number 

of axons elongating from the sensory ganglia and their maximum axonal length was 

influenced by the growth factor treatments. Qualitatively DRGs with GDNF, NT3 and NGF 

showed enhanced axonal growth, which was further increased when combined with PTN 

(Fig. 6A). Quantitative analysis of axonal length in the DRG showed that the maximal 

growth observed in the absence of growth factors (100 ± 2 μm), was significantly stimulated 

by PTN (208 ± 4 μm) and NGF (202 ± 4 μm), and the one mediated by GDNF (131 ± 3 μm) 
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and NT-3 (137 ± 4 μm), was potentiated by the addition of the pleiotrophin as seen in those 

with PTN-NT-3 (195 ± 3 μm) and PTN-GDNF (195 ± 3 μm; p ≤ 0.001; Fig. 6B). The 

addition of three growth factors did not increase significantly the effect further as indicated 

by the mean axonal length observed in the PTN-GDNF-NT-3 (202 ± 3 μm). Since axonal 

length can represent the growth of different populations of DRG neurons, we also evaluated 

axonal density to estimate the number sensory neurons responsive to the growth factors. This 

analysis showed a lack of effect of GDNF compared to the negative control, and moderate 

effects of NT-3 (142 ± 42), PTN (135 ± 42), NGF (186 ± 16), and PTN-NGF (173 ± 40), 

whereas the combination of PTN-GDNF (209 ± 19) and PTNNT-3 (223 ± 13) showed a 

statistically significant increase in axonal density compared to that induced by the individual 

growth factor treatments (Fig. 6C; p ≤ 0.05). The addition of three factors in combination 

yielded no further increase in axonal number in these cells.

While both GNDF and NT-3 synergized with PTN, given the recognized benefit of GDNF 

on motor axons, we decided to test whether the PTN-GDNF synergistic effect could be 

reproduced in ventral spinal cord explants. Control explants with no growth factors showed 

limited axonal growth in vitro (100 ± 7 μm) which was not different from those with PTN 

(136 ± 6 μm) or GDNF (113 ± 9 μm; Figure 7A-B). However, the PTN-GDNF combination 

showed a significant increase (Fig. 7C; p ≤ 0.001) in the number of regenerating axons (185 

± 11 μm). This effect was also observed in the number of growing axons from the spinal 

cord explants, which were limited in the control (4 ± 1) and GDNF (5 ± 0.4), and 

significantly improved by PTN (15 ± 2), and enhanced by the PTN-GDNF combination (18 

± 1; p ≤ 0.001). The lack of response of GDNF was surprising which indicated that the assay 

was insensitive to this growth factor alone but sufficient to reveal a synergistic effects of the 

combined treatments. Taken together, the in vitro data on motor and sensory neuron growth 

indicated that a combination of PTN-GDNF would provide a synergistic effect on nerve 

regeneration, particularly on critical nerve gaps.

3.3. PTN-GDNF mediates nerve regeneration across a 4 cm critical gap.

The release of PTN in the BNI provided only a moderate effect on the 3 cm gap, and the 

systematic in vitro screening for synergistic effects between PTN and other growth factors 

indicated that PTNGDNF stimulates the growth of both motor and sensory neurons. We then 

tested the regenerative effect of GDNF, PTN or a PTN-GDNF combination in a 4 cm critical 

nerve gap lesion, and compared it to cut and re-suture controls (i.e., idealized positive 

control not clinically available), and BNI-BSA as a negative control. Five months after 

implantation, the gross inspection of the regenerated tissue confirmed that BNI repaired 

nerves were able to regenerate in all groups, connecting the proximal and distal nerve 

stumps. The regenerated nerve appeared denser in those with growth factor support 

compared to the BSA control (Fig. 8A). Double immunofluorescence of tissue sections 

taken at 1 cm from the proximal end, showed that most of the β-tubulin positive axons in the 

BSA group were not remyelinated (P0), and that all growth factors were able to improve in 

the apparent number of regenerating axons. However, evaluation of the tissue 1 cm from the 

distal end, showed a qualitative reduction in the number of axons, particularly in the BSA 

and PTN groups (Fig. 8B). Quantification of the number of axons in the proximal end 

showed similar growth on all the BNI groups ranging from 1350 to1806, compared to the 
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cut-resuture group (1412 ± 186; Fig. 8C). However, the number of axons distal to the repair 

site revealed a reduction in the number of axons in all the BNI groups. While the cut-

resuture group maintained the similar number of axons that were counted proximally (1885 

± 247), those with BSA, PTN and GDNF showed less than 25% of those in the positive 

control group (361 ± 394). However, those with a PTN-GDNF doubled the number of axons 

distally (708 ± 385) compared to the other BNI treatments to approximately 37.55% of those 

in the positive control group, and different compared to the PTN group (372 ± 231; p ≤ 

0.053; Fig. 8D).

Despite the effect on nerve regeneration in the PTN-GDNF group, only a small number of 

axons were myelinated distally in the BNI repaired nerves (Fig. 8B).

To better understand this phenomenon we evaluated the tissue distal to the implants with 

electron microscopy. We observed that the regenerated tissue in the BSA group was 

composed of small diameter unmyelinated axons, mostly located within Remak bundles 

(Fig. 9A), with an apparent increase in axon diameter in those with GDNF and PTN (Fig. 

9B-D). Large diameter axons were also found in the PTN-GDNF group within Remak 

ensheathing as well as some re-myelination of large axons (Fig. 9E). Evaluation of the axon 

diameter distribution revealed that the mean fiber size in the cut-resuture control was 1 ± 0.5 

μm, with large axons up to 7 μm in diameter. Those with BSA averaged 0.7 ± 0.3 μm in 

diameter, and no axons larger than 2 μm were observed, whereas GDNF and PTN induced a 

moderate increment in axon diameter to 0.8 ± 0.5 μm and 0.8 ± 0.2 μm; respectively. In 

contrast, animals implanted with PTN-GDNF BNIs showed average axon diameter (1 ± 0.4 

μm) similar to the cut-resuture control and statistically different compared to the BSA and 

individual growth factor treatments (Fig. 9F; p ≤ 0.01). This result suggested that while 

axons regenerated across the BNI, the resident Schwann cells failed to support axon sorting 

and remyelination, underscoring a limitation in the growth-promoting milieu provided by the 

distal stump to the regenerating axons.

To determine if the axons in these groups were able to regrow to their muscle targets, we 

labeled the neuromuscular junctions (NMJ) in the tibialis anterior muscle with double 

immunofluorescence for NF200 and α-bungarotoxin which binds to acetylcholine receptors 

(AchR). The NMJs on the cutresuture group were large and abundant (5–7 per section; Fig 

10A) and those with BSA and PTN showed fewer (2 per section) and smaller clustered 

AchR, mostly negative for NF200 (Fig. 10B, C). In contrast, those with GDNF and PTN-

GDNF showed a range of 3–5 NMJ per section, slightly larger than those in the BSA and 

PTN groups, with evident NF200/AchR co-labeling, indicating that these were re-innervated 

muscles (Fig. 10D, E). However, quantification of the tibialis anterior muscle mass was 

significantly larger in the cut-resuture control (6 ± 0.4 g) compared to all others with a 

growth factor (3 ± 0.4 g) or BSA (3 ± 0.7 g; Fig. 10F). The data suggested that the PTN-

GDNF treatment was able to mediate some muscle reinnervation but less efficiently 

compared to the re-sutured positive control.

To determine whether these axons were functional, we conducted an electrophysiological 

evaluation of compound motor action potentials (CMAPs) on the tibialis anterior muscle 

evoked from stimulating electrodes placed proximal to the repair site. This test confirmed 
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that electrical stimulation elicited CMAP with a peak amplitude of 0.7 ± 0.2 mV at 3X 

threshold in the cut-resuture group (Figure 11A). Conversely, no activity was evoked in 

animals implanted with BSA, GDNF or PTN, and only 1 of 5 rabbits repaired with PTN-

GDNF showed evoked CMAP, with just 10 % (0.05 mV) of the amplitude compared to cut-

resuture controls (Figure 11B-C). This result was inconsistent with the number of axons 

observed to regenerate across the 4 cm gap in the BNI-implanted animals, which in all cases 

were more than 10%, but in agreement with the limited re-myelination of the regenerated 

nerves.

Evaluation of the recovery of function by toe-spread index (TSI) during five months after the 

4 cm gap repair revealed 40% loss of function immediately after injury compared to 

baseline, which improved over the course of 5 months (Fig. 12). Signs of functional 

recovery were first observed in the cutresuture group after three months, whereas those with 

BNI showed signs of improving two months later. This was confirmed by two-way ANOVA 

with repetitive measurements which showed significant effects of treatment (F4,84 = 2.9; p ≤ 

0.03) and time (F4,84 = 68.4; p ≤ 0.0001). Five months after the repair surgery, a 76% 

improvement in TSI was observed in animals with PTN-GDNF, which was significant 

compared to the BSA (p ≤ 0.05), but failed to reach the 95% regain of function observed in 

the cut-resuture control group (p ≤ 0.0001) (Fig. 12). This data confirmed that the PTN-

GDNF combination was able to entice some functional nerve regeneration to the distal 

targets compared to the negative BSA control and those with individual growth factor 

treatments.

Together, our findings demonstrated that the topographical multiluminal design of the BNI 

supplemented with sustained release of PTN-GDNF allowed the moderate regeneration of 

axons across a critical 4 cm critical gap and mediated partial restoration of function after 

common peroneal nerve lesion in rabbits.

3. Discussion

Multi-channel conduits are recognized as a viable strategy to entice linear regeneration in 

injured peripheral nerves and mimic the multi-fascicular anatomy of this tissue [31]. We and 

others have demonstrated that multi-channel conduits are effective in nerve regeneration 

across 1 cm gaps in the rat sciatic nerve mode [32,33] and this approach has also been 

reported beneficial in repairing a 1.5 cm defect in the rat [34]. It is also recognized that long 

critical lesion in the rabbit and cat models require growth factor support such as GDNF for 

optimal regeneration and target reinnervation [35–37]. Despite this progress, the type of 

growth factors needed, and whether they should be neurotropic or stimulate additional 

cellular targets including Schwann cells, fibroblasts, and endothelial cells, have not been 

fully elucidated [11]. Recent studies in the rat using a 1 cm injury gap model reported that 

NGF induced a modest improvement in the number of re-myelinated axons compared to 

BDNF, NT-3, GDNF, and FGF [38]. Others have shown that co-releasing GDNF and NGF 

from collagen nerve guides coated with PLGA have a beneficial effect [39]. However, the 

early effect in stimulating axonal growth did not translate into increased myelination or 

functional recovery [40]. Additional studies have tested the synergistic effect of granulocyte 

colony stimulating factor (GCSF) and VEGF using gene transfection into the murine sciatic 
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nerve prior to a very short (0.3 cm) gap repair using a hollow conduit and reported improved 

recovery of function. These reports indicated that a combined growth factor therapy might 

offer distinct advantages over single neurotrophic support, and raised the possibility of an 

improved functional outcome from a broad range of cellular targets during nerve repair. In 

the first phase of this study, we tested the effect of VEGF and PTN in a 3 cm gap, with the 

objective of comparing the regenerative potency between these pleiotrophins, and to confirm 

that PTN will provide neurotrophic support without inducing abnormal growth. The results 

indicated that both growth factors stimulate nerve growth, which was observed unevenly 

distributed in the microchannels, but the regenerative effect was modest. Since both PTN 

and GDNF are significantly up-regulated in Schwann cells after injury [9], it seemed 

plausible that a combination of neurotrophins, glial derived growth factors, and PTN would 

offer synergistic regenerative effects. We confirmed this possibility by measuring the 

regenerative potency of several growth factors in both sensory and motor neurons, in vitro. 

Our results are consistent with an additive effect of PTN and GDNF in stimulating a larger 

number of responding neurons with long axon extensions.

In the second repair study, we compared the regenerative efficacy of multi-luminal BNIs 

filled with PTN, GDNF or PTN-GDNF and compared to optimal regenerative control, the 

cut-resutured approach and to BSA negative implants, in a 4 cm critical nerve injury. This 

approach enticed nerve regeneration across the critical gap as indicated by the number of 

axons distal to the BNI which in the PTN-GDNF group was estimated to be 37% of that in 

the cut-resuture idealistic positive control, and supported by the significant in increased in 

the diameter of those axons (Fig. 9F), mediating partial reinnervation of the anterior tibialis 

muscle, and moderate, but significant recovery in toe spreading compared to the single 

growth factor treatments (Fig. 12). Together, the results indicate a modest, but a significant 

regenerative benefit of combining pleiotrophic and glial derived growth factor sustained 

release in multi-channel nerve scaffolds, for the regeneration of critical gap injuries

The synergistic PTN-GDNF effect may be explained by an increase in regenerative neural 

capacity and the recruitment of non-neuronal cells. These possibilities are supported by 

previous reports indicating that GDNF binds to the receptor tyrosine kinase Ret receptor 

which functions as a multifunctional co-receptor for guidance molecules [41] and to GFRα 
co-receptors in both motor neurons and non-peptidergic DRG sensory neurons [42]. It is also 

known that the Ret receptor is modulated by NGF during development [43] and after injury 

[44]. Conversely, PTN binds to ALK receptors in SC motor neurons and DRG cells, which 

are up-regulated after injury [25,45]. DRG neurons also express the Syndecan-1 PTN 

receptor with antiapoptotic effects during development [46], and contributes to the survival 

of injured neurons [47,48]. Sensory neurons also express the RPTPα/ζ PTN [49], which 

stimulates the phosphorylation of Fyn, a member of the Src family involved in 

oligodendrocyte differentiation, myelination, and re-myelination [50–52], suggesting a 

similar role in Schwann cells. These studies indicate that GDNF and PTN are synergistic by 

increasing the growth capacity of single cells, and by activating different cell types in the 

injured nerve including Schwann cells, fibroblasts, endothelial cells, DRG sensory axons 

and SC motor neurons [25,45,53,54]. However, more studies are necessary to define the 

precise cellular and molecular mechanisms that mediate the synergistic effects observed with 

PTN and GDNF in the regeneration of adult peripheral nerves.
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Despite the observed effect of PTN-GDNF in axon regeneration, most of these axons were 

associated with Remak bundles and showed limited re-myelination distal to the implant. A 

similar defect occurs in mice with loss of Grb2-associated binder 2, a scaffolding protein 

involved in Neuregulin 1 type III (NRG1)/ErbB receptor signaling in Schwann cells [55,56]. 

NRG1 is known to be up-regulated by Schwann cells after losing contact with the axons due 

to Wallerian degeneration and is required for later stages of Schwann cell re-differentiation 

and re-myelination [57]. Thus, it is possible that regenerative axons produce insufficient 

NRG1 necessary for re-myelination, needed to proceed through radial sorting [58]. 

Alternatively, the data can be interpreted to indicate that regeneration supported by PTN-

GDNF, albeit delayed compared to the re-sutured control, may proceed normally with 

additional time. This notion is suggested by the recovery in toe-spreading function, first 

observed 3 months after injury in the cut-resuture animals, and 5 months post-injury in the 

PTN-GDNF group. This might explain the significant number of axons distal to the implant, 

but insufficient muscle reinnervation and minimal CMAP activity. However, axonal 

regeneration is expected to proceed at 1–2 mm a day, and five months should be enough time 

for axons to regenerate 2 mm distal to the injury site. An additional scenario might be the 

retention of axons in the middle of the BNI due to the sustained release of growth factors, 

although this possibility seems less likely due to the expected depletion of the growth factor 

release by 8 weeks. It is also possible that the regenerative capacity of the neurons 

diminished overtime despite the growth factor support. This possibility could be addressed 

by incorporating methods for priming the regenerative potential of injured nerves such as 

electrical stimulation for 1 hour prior to the repair [59–61]. Also, the uneven axonal growth 

in the micro-channels likely represents microdomains of a focal release of growth factors by 

the MPs, which are also randomly loaded into the lumen. This can also be improved by 

methods that provide a more precise control of growth factor release, particularly forming a 

controllable chemotactic gradient [62–64] To that end, we previously reported that 

polymeric coils placed in the walls of the agarose microchannels, can be used to form 

chemotactic gradients that improved the linear growth of axons in vitro [26]. It remains to be 

determined if the combination of methods that accelerate axonal growth can improve the 

functional regeneration of long critical nerve defects.

In summary, our results demonstrate that the topographical multiluminal structural design of 

the BNI with sustained PTN-GDNF release successfully entice moderate functional nerve 

regeneration across a 4 cm long gap defect. This result is significant not only because this 

effect was compared to an idealized best positive cut-suture control, not clinically available, 

but also because this growth was achieved with only 38% of the luminal area in the BNI (0.9 

mm2) compared to collagen filled conduits (2.3 mm2) that fail at 3 cm. Future devices will 

benefit from strategies in which the structural support provided by agarose in the BNI could 

be replaced or degraded over time in order to further increase the total growth area for nerve 

repair in these devices.
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Statement of significance:

Nerve injuries due to trauma or tumor resection often result in long gaps that are 

challenging to repair. The best clinical option demands the use of autologous grafts that 

are associated with serious side effects. Bioengineered nerves are considered a good 

alternative, particularly if supplemented with growth factors, but current options do not 

match the regenerative capacity of autografts. This study revealed the synergistic effect of 

neurotrophins and pleiotrophins designed to achieve a broad cellular regenerative effect, 

and reports that GDNF- PTN are able to mediated axonal growth and partial functional 

recovery in a 4 cm nerve gap injury, albeit delays in remyelination. This report 

underscores the need for defining an optimal growth factor support for biosynthetic nerve 

implants.
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Figure 1. 
Experimental design. The flow chart indicates the three phases of the study, the groups, the 

sample size and timelines for the repair studies.
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Figure 2. Toe spread apparatus.
(A) Photograph of the TSI custom device shows a rabbit secured to a sliding hook via a 

harness on the top of the device. Removing of the metal element causes the rabbit to free fall 

and then come to a halt resulting in a startle response. (B) Baseline shows left, and right foot 

has equal toe spreads. (C) One month after injury shows a loss of toe spread in the injured 

foot (D) Five months after injury shows the recovery of the toe spread in the left foot.
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Figure 3. BNI with multi-luminal growth factor release for nerve gap repair.
(A) Cross section schematic of the BNI with MPs mixed in collagen. (B) Release profile of 

PTN-MPs. Inserts: SEM images of the PTN-MPs and confocal images of DRG axonal 

growth (β-tubulin; red) demonstrating the bioactivity of the encapsulated growth factors. C) 

COMSOL model of PTN diffusion in the BNI microchannels overtime. (D) BNI fabrication: 

(i) placement of metal rods in the silicone conduit and filled with agarose, (ii) rod removal 

and MPs/collagen loading, (iii) implantable device. (E) Cross section of the BNI showing 

the eight microchannels with luminal MP-collagen (insert). (F) BNI sutured to both ends of 

the injured common peroneal (CP) nerve. Tib = tibial nerve. Scale bars: B) SEM: 5 μm, 

DRG: 1 mm, D) 1 mm, E) Device: 250 μm, Insert: 10 μm. F) 2 mm.
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Figure 4. Effect of PTN and VEGF in nerve regeneration across a 3 cm-long nerve gap.
(A) Photographs of regenerated nerves 9 weeks after implantation. Collagen-filled conduits 

failed to mediate nerve growth. Conversely, BNIs with collagen, VEGF-MPs or PTN-MPs 

showed nerve regeneration. (B) Axonal growth in the BNI was confirmed by positive NFP 

staining. (C) Representative growth inside the microchannels at the middle of the conduit is 

shown at higher magnification. (D) Double labeling of axons (β-tubulin) and myelin (P0), 

confirmed nerve regeneration across the gap. (E) The number of axons per channel and (F) 

distal to the implant showed a mild effect of PTN. *** = p ≤ 0.001. Scale bars: A) 0.5 cm, 

(B) 350 μm, (C and D) 50 μm.
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Figure 5. Motor functional recovery after a 3 cm gap repair with BNI-PTN.
(A) All injured animals were unable to show digit abduction (black arrow) up to 6 weeks 

after injury repair. (B, C) By week 9, those implanted with PTN MPs showed significant 

improvement in toe spreading (red arrows) compared to those with collagen filled conduits. 

(D) None of the groups showed a significant recovery in the total mass of the tibialis anterior 

muscle at this time. * = p ≤ 0.05.
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Figure 6. Synergistic growth factor effects on sensory axons in vitro.
(A) Confocal images of neonatal DRG with neurotrophin/pleiotrophin support for axonal 

growth. (B) Quantitative analysis revealed that PTN, alone or in combination, doubled the 

axonal length, and that (C) the combination of PTN with GDNF or NT-3 increased the 

axonal density (number of regenerating axons) compared to control. Axonal density is 

reported as a percentage of the negative control. *** = p ≤ 0.001, ** = p ≤ 0.01, * = p ≤ 

0.05. Scale bar 10 μm.
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Figure 7. Enhanced motor nerve growth in SC slices by PTN-GDNF.
(A) Axon growth from the ventral SC explants. (B) PTN-GDNF showed a significant 

improvement on axon length compared to control, or PTN and GDNF alone. (C) Compared 

to control and GDNF, PTN was able to show a significant effect in the number of extending 

axons, which was further improved in the PTN-GDNF group. The mean represents the 

average of 20 axons per SC slice and four separate experiments per group. ***=p ≤ 0.001. 

Scale Bar 50 μm
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Figure 8. Effect of PTN-GDNF on nerve regeneration across a 4 cm nerve gap.
(A) Photographs of the regenerated nerves in the conduits or with the conduit indicated by 

longitudinal broken lines. (B) β-tubulin/P0 immunofluorescence at 1 cm (proximal) and 3 

cm (distal) from the proximal end. Enhanced axonal regeneration is evidenced in the PTN-

GDNF group. The number of axons proximally (C) is comparable among the groups, but (D) 

reduced distally in those with BNI implants, where PTN-GDNF showed a trend towards 

significance over the PTN group (p=0.053). Scale Bar: A) 600 μm, B) 50 μm.
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Figure 9. Radial sorting delay.
Electron micrographs of axons in Remak bundles. (A) Compared to those with BSA, larger 

axons were observed in the (B) PTN and (C) GDNF implants (arrowheads). (D) Re-

myelinated axons were only present in the PTN-GDNF group. (E) Schematic representation 

of axons in the Remak bundles per treatment. (F) Axon diameter distribution showed 

significantly smaller axons in the BSA, PTN and GDNF groups compared to the PTN-

GDNF. Scale bar: 5 μm. *** = p ≤ 0.001, ** = p ≤ 0.01.
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Figure 10. Re-innervation of the tibialis anterior muscle.
(A) Co-labeling of axons (NF200) and AchR clustering (α-bungarotoxin) demonstrated the 

successful target re-innervation. The amount of axon/NMJs overlap was larger in the GDNF 

(D) and PTN-GDNF (E) compared to the BSA (B) and PTN (C) groups, but not as elaborate 

as the (cut-resuture) control. (F) Muscle mass did not improve significantly compared to the 

positive control. Scale bar: 5 μm. * = p ≤ 0.05.
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Figure 11. Evoked compound action potentials from regenerated nerves.
(A) Compound action potentials were evoked in the cut-resuture control but failed in all 

animals implanted with (B) BSA, GDNF or PTN BNIs. (C) Only 1 of 5 rabbits repaired with 

PTN-GDNF showed a CMAP with an approximately 10% of the amplitude generated in the 

control group.
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Figure 12. PTN-GDNF mediates moderate functional recovery after critical nerve gap repair.
Evaluation of toe-spread index after five months confirmed that animals implanted with 

PTN-GDNF BNIs were significantly better compared to those implanted with BSA, but not 

compared to the positive control. *** = p ≤ 0.001, * = p ≤ 0.05.
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