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Abstract

Peripheral nerve possesses the inherent ability to regrow and recover following injury. However, 

nerve regeneration is often slow and incomplete due to limitations associated with the local 

microenvironment during the repair process. Manipulation of the local microenvironment at the 

site of nerve repair, therefore, represents a significant opportunity for improvement in downstream 

outcomes. Macrophages and Schwann cells play a key role in the orchestration of early events 

after peripheral nerve injury. We describe the production, characterization, and use of an 

injectable, peripheral nerve-specific extracellular matrix-based hydrogel (PNSECM) for promoting 

modulation of the local macrophage and Schwann cell responses at the site of nerve repair in a 

rodent model of sciatic nerve injury. We show that PNSECM hydrogels largely maintain the 

matrix structure associated with normal native peripheral nerve tissue. PNSECM hydrogels were 

also found to promote increased macrophage invasion, higher percentages of M2 macrophages and 

enhanced Schwann cell migration when used as a lumen filler in a rodent model of nerve gap 

repair using an inert nerve guidance conduit. These results suggest that an injectable PNSECM 

hydrogel can provide a supportive, bioactive scaffold which promotes repair of peripheral nerve in 
vivo.
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INTRODUCTION

Despite advances in microsurgical technique and extensive studies on nerve repair, presently 

used surgical re-innervation methods produce only moderate results and full functional 
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recovery after nerve injury is seldom achieved. 1–4 Therefore, methods that accelerate or 

improve re-innervation following reconstruction of peripheral nerve are of significant 

clinical interest. One opportunity for functional improvement after nerve reconstruction or 

grafting is manipulation of the microenvironment at the site of nerve repair to promote 

modulation of the host inflammatory response and to promote Schwann cell migration and 

axon extension across the repair site. 5–8 Extended axonal regrowth cannot occur without 

closely apposed Schwann cells (SC) 9 and the specificity of this process is enhanced both by 

extracellular matrix (ECM) components, such as collagen IV or laminin, which provide 

basement membrane support for SC migration and by neovascularization promoted by 

certain macrophage subsets. 5,9–13 Macrophages are a key component of the host response to 

nerve injury 5 and have been described as having diverse and plastic phenotypes along a 

continuum between M1 (classically activated; proinflammatory) and M2 (alternatively 

activated; remodeling, homeostatic) extremes. 14–16 M1 macrophages are characterized by 

the secretion of reactive oxygen species and proinflammatory cytokines and chemokines. 

Persistence of M1 macrophages can lead to tissue damage and destruction. In contrast, M2 

macrophages secrete anti-inflammatory immune modulators and participate in the 

constructive healing and remodeling phase of the tissue remodeling response by promoting 

tissue deposition and in growth.

Numerous approaches for delivery of matrix components, immunomodulatory or growth 

factors, and cells to the site of nerve repair have been used. The majority of studies have 

investigated single or combinations of a small number of additives to common hollow tube 

nerve guidance conduits with the goal of altering the local environment and improving 

recovery through the addition of growth factors such as Brain Derived Neurotrophic Factor 

(BDNF), Glial Derived Neurotrophic Factor (GDNF), Nerve Growth Factor (NGF), 

Neurotrophibn-3 (NT-3) or accessory cells into a supportive matrix (Table 1). 17–29 While 

many of these studies have reported positive outcomes, limitations include tailoring growth 

factor release profiles, optimizing the mechanical environment of the substrate used at the 

site of repair, and maintaining cell viability after transfer. 18,30 One alternative to 

engineering a complex microenvironment is to mimic the native microenvironment of 

healthy peripheral nerve using a decellularized tissue based hydrogel.

Scaffolds composed of extracellular matrix (ECM) derived through the decellularization of 

intact tissues and organs have been shown to promote a process of “constructive 

remodeling” following injury, 31 including the formation of new, functionally innervated, 

site-appropriate host tissue. 32–34 While the exact mechanisms which underlie the ability of 

these materials to promote such remodeling are unknown, a number of studies have now 

shown that the release of bioactive tissue specific molecules and a shift in the local 

inflammatory response at the site of implantation are key occurrences during the remodeling 

process. 31 A number of ECM scaffolds have been demonstrated to be supportive substrates 

for axonal growth and the degradation products of such materials have been demonstrated to 

be bioactive and chemotactic for SC. 32,35,36 Recently, a method for fabricating ECM 

scaffold degradation products into injectable, temperature responsive, hydrogels has been 

described, 36,37 enabling delivery in multiple settings without prior fabrication of solid 

matrices into specific shapes and sizes.
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Here we describe the generation and characterization of an injectable, peripheral nerve-

specific extracellular matrix-based (PNSECM) hydrogel for peripheral nerve repair. We then 

test the effects of these hydrogels in a classical rodent nerve injury model to assess their 

potential for use in nerve repair. Specifically, we focus upon two key early events in the 

remodeling process: modulation of the host macrophage response and recruitment of 

Schwann cells. We then evaluate the effects of PNSECM on functional recovery in a rodent 

nerve gap defect model.

MATERIALS AND METHODS

Preparation of Peripheral Nerve ECM

Canine sciatic nerves were harvested following euthanasia of adult animals for reasons 

unrelated to nerve injury or neurological disease. The tissue was then frozen for at least 16h 

at −80°C. The outer portion of the epineurium of the nerve was stripped by sharp dissection 

and mechanical delamination, leaving the nerve bundles intact. The tissue was then 

sectioned longitudinally and cut into lengths of < 5cm and quartered lengthwise prior to 

treatment.

Tissues were then processed using a modification of a protocol for spinal cord de-

cellularization as previously described. 38

Briefly, the decellularization process consisted of a series of agitated washes: water (type 1, 

ultrapure, Milli-Q® purified water,14 hours at 4°C), 0.02% trypsin (HyClone) /0.05% EDTA 

(Invitrogen, Waltham, MA USA) (60 minutes at 37°C), 3.0% Triton X-100 (Sigma, 60 min), 

water rinse (type 1, repeated until agitation no longer produced bubbles), 1M sucrose 

(Thermo Fisher, Waltham, MA USA, 15 min), 4.0% sodium deoxycholate (Sigma, St. Louis, 

MO, USA 60 min), 0.1% peracetic acid/4% ethanol (Sigma, 120 min), 1X PBS (15 min), 

water (14 hours), 1X PBS (15 min). Following treatment, samples were frozen (-80°C) and 

then lyophilized.

The present studies utilized urinary bladder matrix from a canine source as a control for 

characterization of decellularization and biochemical composition. Urinary bladder matrix 

was chosen as a control as it is a well characterized source for tissue decellularization, 

protocols resulting in effective decellularization have been established. Canine urinary 

bladder matrix was prepared as previously described. 39 Briefly, the tissue was bisected into 

a sheet and mechanically delaminated to remove the outer muscular layers, leaving the 

urothelial basement membrane and underlying connective tissue intact. The delaminated 

tissue was then subjected to washes in 0.1% peracetic acid/4% ethanol (Sigma, 120 min), 1X 

PBS (15 min), water (14 hours), 1X PBS (15 min). All tissues were then treated in a manner 

similar to that described for PNSECM.

Confirmation of Decellularization

Qualitative assessment of cellular content was performed using histologic staining and 

immunofluorescent labeling. Fixation of lyophilized ECM scaffolds was performed in 10% 

neutral buffered formalin (Electron Microscopy Sciences, Hatfield, PA, USA). Samples were 

embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E) or with 4',
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6-diamidino-2-phenylindole DAPI to verify removal of nuclei. Additional samples were 

stained using Luxol fast blue to determine removal of myelin as an additional metric of 

decellularization. Qualitative assessment of DNA content was conducted by digesting the 

ECM scaffold in 0.1 mg/mL proteinase K solution (Invitrogen). Protein content was 

removed from the sample by repeated phenol/chloroform/isoamyl alcohol (Thermo 

Scientific) extraction and centrifugation (10,000 G) until no protein precipitate was observed 

at the interface. The aqueous layer was mixed with 3 M sodium acetate (Fisher Scientific) 

and 100 % ethanol. The solution was frozen using dried ice and centrifuged to produce a 

DNA pellet. The pellet was rinsed with 70% ethanol, centrifuged (10,000 G), and dried. 

Double-stranded DNA was then quantified using Quant-iT™ PicoGreen dsDNA assay kit 

(Life Technologies) following kit instructions. Statistical significance was assessed using 

one-way ANOVA with Tukey post-hoc test. Additionally, agarose gel electrophoresis was 

performed to assess base pair length of any remaining DNA.

Assessment of Extracellular Matrix Ultrastructure and Components

Maintenance of collagen IV, an extracellular matrix component of the basal lamina was 

assessed using immunolabeling. Scaffold materials were fixed in 10% neutral buffered 

formalin, embedded in paraffin and sectioned at 5 μm. Immunolabeling was performed with 

antibodies specific to ECM components (collagen I, III, and IV). Briefly, after 

deparaffinization, all slides were subjected to antigen retrieval by immersion in 95°C–100°C 

in citric acid solution (Acros Organics, Waltham, MA USA, 10 mM, pH 6.0; 20 min), 

followed by rinsing in a 1X Tris buffered saline/Tween-20 solution (0.1% Tween 20, Fisher 

Scientific, v/v, pH 7.4; 3 washes, 5 minutes each). Samples were then washed in PBS and 

treated with a pepsin digestion (0.05% pepsin, Sigma, w/v in 10 mM HCl, 15 minutes at 

37°C) solution for further antigen retrieval. Samples were blocked against nonspecific 

binding using a solution consisting of 2% horse serum, 1% bovine serum albumin, 0.1% 

Tween-20, and 0.1% Triton X-100 in PBS for 30 minutes at room temperature. Primary 

antibodies for collagen I, III, and IV (Sigma, 1:200) were applied to sections overnight at 

4°C. Samples were washed in PBS and appropriate fluorescently labeled secondary 

antibodies (AlexaFluor 488, 1:250) were applied for 60 minutes at room temperature.

For scanning electron microscopy (SEM), lyophilized samples were fixed in cold 2.5% (v/v) 

glutaraldehyde and processed using a standard SEM preparation procedure. The dried 

samples were mounted onto aluminum stubs and sputter coated with a 3.5 nm layer of gold–

palladium alloy prior to imaging. Quantitative assessment of collagen (hydroxyproline) and 

glycosaminoglycan (GAG) content was performed through spectrophotometric assays. 100 

mg of dry tissue was digested overnight at 60°C in 0.125 mg/ml papain (Sigma) in 

phosphate buffer with 0.01 M EDTA and 0.01 M cysteine (Sigma). Afterwards, GAG 

content was assessed by mixing aliquots of the resultant digest with the dye 1,9-

dimethylmethylene blue (Fisher Scientific) and reading the absorption of a 525 nm 

wavelength. Hydroxyproline content was analyzed as per a published protocol. 24 Statistics 

for both assays were calculated using one-way ANOVA with a Tukey post-hoc test.
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Formation of hydrogel from enzymatic degradation products

Enzymatic degradation products were generated from PNSECM scaffold materials as 

previously described. 36

Briefly, lyophilized scaffold materials were powdered and solubilized at a concentration of 

20 mg/mL in a solution containing 2.0 mg/mL pepsin (Sigma) in 0.01 N HCl (ACROS 

organic) at a constant stir rate for 48h. The resultant ECM digest solution was then frozen at 

−80°C until use in subsequent experiments. ECM hydrogels were formed from the 

degradation products as previously described. 36 Briefly, gelation was induced by adjusting 

the pH of the pepsin digest to 7.4 through the addition of one-tenth the digest volume of 0.1 

M NaOH, one-ninth the digest volume of 10X PBS, and then diluting to the desired final 

ECM concentration in 1X PBS. Dilutions were performed on ice and the gel solution was 

placed in a non-humidified incubator at 37°C and allowed to gel for 1h for benchtop 

confirmation of gelation. Concentrations between 8 and 15 mg/mL were examined visually 

for their ability to form a hydrogel. Hydrogels were prepared and evaluated under SEM 

using a standard preparation procedure and imaged at 4,000 magnification..

Ethics Statement

Animal studies were performed in accordance with the PHS Policy on Humane Care and 

Use of Laboratory Animals, the NIH guide for Care and Use of Laboratory Animals, federal 

and state regulations, and was approved by the Cornell University Institutional Animal Care 

and Use Committee (IACUC). Animals were brought into the research unit and given a 7-

day acclimatization period prior to any procedure. Daily record logs of medical procedures 

were maintained. Cages with elevated floors were cleaned daily and disinfected biweekly. 

ARRIVE guidelines for reporting in vivo experiments were used throughout. 40

Assessment of Macrophage Response and Schwann Cell Migration

To determine the effects of cell PNSECM on macrophage and Schwann cell migration 

animals underwent creation of a sciatic nerve gap defect followed by repair with a silicone 

conduit alone (n=7) or a silicone conduit with PNSECM (n=7). Rats (Sprague Dawley, 

females, 200–250g) were pre-medicated with subcutaneous buprenorphine (2mg/kg), 

anesthetized with isoflurane and maintained under anesthesia with isoflurane/oxygen. The 

sciatic nerve was exposed and transected and a 15mm critical-length defect 41 was created 

within a 17 mm silicone nerve conduit (Tuzic, Siliclear tubing, 4.6mm OD, 3.4mm ID). 

Proximal and distal nerve stumps were aligned and sutured 1mm into the conduit with 9-0 

suture. Conduits were filled with PNSECM hydrogel at a concentration of 8 mg/ml, 

prepared as described above. The hydrogel was brought to room temperature 5 minutes prior 

to injection into the conduit. The hydrogel was observed to gel within the silicone conduit 

with 5 minutes. Excess gel was removed and the site irrigated with saline solution. Muscular 

and cutaneous layers were closed routinely. Post-surgical pain control was provided by 

subcutaneous meloxicam (2mg/kg) injection immediately postoperatively and 12 hours after 

surgery. Rats were euthanized with pentobarbital (I.P.) 21 days after implantation and the 

conduit and proximal and distal stumps removed intact. Samples were fixed in Zamboni's 

solution for immunofluorescent labeling as described below.
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Immunolabeling and Quantitative Analysis

Samples were embedded in paraffin and sectioned longitudinally at 4 μm for 

immunofluorescent labeling to assess the host macrophage, and Schwann cell response. 

Complete consecutive sections were used for M1, M2 and Schwann cell labeling. Three 

slides from each rat were generated for each label. After deparaffinization and rehydration, 

antigen retrieval was performed by steaming in 10 mM citrate (pH 6.0) for 20 min followed 

by incubation for 20 min at room temperature. Sections were then processed with a 

MicroProbe System (Fisher Scientific) and phosphate buffered saline containing 0.05% 

Tween 20 (PBST) was used for washing between each of the steps described below. Slides 

were blocked in a solution of 2x casein and 10% antibody host species matched serum for 

30 minutes at room temperature. The sections were then incubated with a mixture of 

antibodies specific for markers of M1 macrophages (CD68, CCR7), M2 macrophages 

(CD68, CD206), and Schwann cells (GFAP) for 90 minutes at room temperature. Incubation 

in appropriate AlexaFluor 488 and Texas Red conjugated secondary antibodies was 

performed sequentially for 30 minutes each at room temperature. Sections were coverslipped 

in an aqueous mounting media containing DAPI (Vectashield, Vector Laboratories). For 

negative control, the primary antibodies were replaced with a mixture of isotype IgG at 

equivalent concentrations. Antibody species, isotype, dilution, and supplier information are 

provided in Table 2.

High resolution images of the entire proximal stump and regenerative bridge were obtained 

from fluorescently labeled slides (Zeiss 510). The original site of transection was identified 

in each image and a straight line drawn perpendicular to the long axis of the nerve at that 

level to allow identification of individual cells relative to this line (Volocity Image Analysis 

Software, Perkin Elmer). The location of all individual macrophages (M1, CD68+ CCR7+; 

or M2, CD68+ CD206+) and Schwann cells (GFAP+) and their location relative and 

perpendicular to the transected proximal nerve stump were then determined (Volocity) with 

concealment of group allocation. Cell position (M1, M2 macrophage or Schwann cell) 

relative to the original site of transection was binned into 500μm increments, log 

transformed and treated as a categorical variable to allow for non-linear effects. M2:M1 ratio 

was calculated for each section as the total number of CD68/CD206+ macrophages divided 

by the total number of CD68/CCR7+ macrophages. The distribution of each cell population 

was analyzed using a mixed effect models, with animal identity as a random effect. Linear 

contrasts were used to make specific comparisons when appropriate.

Functional Assessment in rodent gap defect using walking track analysis

To evaluate the effects of PSECM on functional recovery, a non-critical 8mm gap defect was 

created in the common peroneal nerve using a 10mm conduit in the left hind limb of 

Sprague Dawley rats (females, 200–250g). Conduits were filled with PNSECM or left empty 

(control, n=6 /group). All surgeries were block randomized and anesthetic and surgical 

procedures were performed as described above. Walking track analysis was used to 

determine hind limb function using a modified peroneal functional index (PFI) before injury 

(week 0) and 2, 4, 8, 12 and 16 weeks after repair42. Briefly, a minimum of three walking 

track assessments were obtained by inking the rat’s feet, using an oversized inking pad 

(Ranger Industries, Tinton, NJ), and then permitting them to run across a single 43 cm long 
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by 10 cm wide piece of plain white paper within a clear Perspex corridor. Three trials for 

each rat at each time point were retained for analysis, and rejection of a trial occurred if the 

rat paused or stopped in the middle of the trial or otherwise did not maintain a relatively 

constant velocity or if the prints made were unusable due to poor inking. Walking tracks 

were scanned into digital images (CanoScan LiDE 110, Canon USA, Inc, Melville, NY), 

and measurements for print length (PL, the distance between cranial extent of digit III and 

caudal extent of the print); total spread (TS, the distance between the centers of paw pad I 

and paw pad V); intermediate toe spread (IT, the distance between the centers of paw pad II 

and paw pad IV); distance to the opposite foot (TOF, the vertical distance between the 

cranial aspects of contralateral prints) and deviation angle (DA, the angle of the foot with 

respect to the direction of travel; destination = 180°) obtained, with concealment of group 

allocation, using Photoshop CS6® software (Adobe Systems, Inc., San Jose, CA). All 

measurements for all prints were recorded for each trial (usually 2 prints per limb) and mean 

measurements determined from all ipsilateral prints.

Factors contributing to PFI (PL, IT and DA) were calculated as a percentage of baseline 

(preinjury) value rather than as a percentage of the contralateral limb. Modified PFI was 

calculated as PFI= (−55.47×PL)+(74.87×IT)+(163.43×DA)-2.18. A mixed effect model was 

fitted to the data with animal identity as a random effect. Time after injury (weeks) was 

treated as a categorical variable to allow for a non-linear effect of time and an interaction 

term (time*group) included. Tukey’s post hoc tests and linear contrasts were used as 

appropriate. Statistical analysis was performed using one-way ANOVA and Tukey post-hoc 

with SPSS (IBM Corporation, Armonk, NY, USA) or JMP (SAS Institute, Cary, North 

Carolina, USA). Significance was set at p<0.05 throughout.

RESULTS

Confirmation of Decellularization

Following decellularization of canine sciatic nerve, few nuclei were visible in hematoxylin 

and eosin (H&E) stained sections under light microscopy (Figure 1A–B). In some samples, a 

small number of nuclei (5–10 nuclei/20X field) were observed when labeled with DAPI 

(Figure 1C–D). When present, retained nuclei were observed within the central most nerve 

fascicles relative to the whole nerve tissue or within the dense perineurium of the treated 

tissues. Myelin, a potentially immunogenic axonal component, 43 was reduced after 

decellularization process (Figure 1E–F).

dsDNA content was decreased by approximately 85% in the decellularized tissue (158.1 

± 34.5 ng/mg) compared to native tissue (1,043.6 ± 291.2 ng/mg) (Figure 1G). These values 

are consistent with those reported for multiple FDA approved, commercially available ECM 

scaffold materials. 44

Maintenance of Extracellular Matrix Ultrastructure and Components

Maintenance of the basal lamina was investigated through staining of collagen IV, a major 

constituent of the basal lamina. While immunofluorescent labeling showed that the content 

and organization of collagen I and III was affected by decellularization (Figure 2A–D), 
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collagen IV within individual nerve bundles was strongly preserved (Figure 2E–F). Strong 

positive staining within the decellularized samples both within the endoneurial basal lamina 

and within the perineurium (Figure 2E–F), suggests a strongly preserved basal lamina 

structure. The intensity of the staining within the endoneurium, however, was less than the 

perineurium and the architecture was slightly disrupted as compared to native tissue.

Biochemical testing was performed to assess the quantity of basic ECM components 

including hydroxyproline and glycosaminglycans (GAG). Hydroxyproline concentration 

within the scaffold material was unchanged by decellularization (p = 0.57). PNSECM 

contained less hydroxyproline than UBM (p = 0.001) (Figure 2K). GAG content decreased 

slightly after decellularization but not significantly (p = 0.26) and still contained more than 

UBM (p=0.001, Figure 2L).

The solubilized PNSECM can be reconstituted into a stable hydrogel at concentrations as 

low as 8 mg/ml. This was visually confirmed by depositing the neutralized PNSECM 

solution within a stainless steel ring and incubating at 37°C for 30 min (Figure 2M). Under 

SEM, the hydrogel was characterized by a highly porous network of fibular proteins (Figure 

2N).

Assessment of Macrophage Response and Schwann Cell Migration

Macrophage phenotype—Macrophages within the remodeling site tended to be 

distributed on the margins of the regenerative bridge (Figure 3) and the number of both M1 

and M2 macrophages (M1: CD68+ CCR7+; M2: CD68+ CD206+) was found to be 

increased in the presence of PNSECM within rodent sciatic defects (Figure 4A–B) as 

compared to conduit alone. The number of M1 macrophages was significantly increased in 

the PNSECM group at 2.5–3.0mm from the original site of transection (p=0.01, linear 

contrast) and M1 macrophages were identified up to 5.5mm from the original site of 

transection, in contrast to the control (3.5mm). The number of M2 macrophages was also 

significantly increased in the PNSECM group at each 500um interval from 1.0 to 3.0mm 

from the original site of transection (all p=0.001, linear contrast) and M1 macrophages were 

identified up to 5.5mm from the original site of transection, in contrast to the control 

(3.0mm). The presence of PNSECM also increased the M2:M1 ratio within the conduit 

(p=0.002, Figure 4C).

Schwann cells: Schwann cells (SC) tended to be distributed on the margins of the 

regenerative bridge and SC numbers were significantly increased in the PNSECM group at 

2.5–3.0mm from the original site of transection (p=0.02, linear contrast). SC were identified 

up to 5.5mm from the original site of transection, in contrast to the control (3.5mm, Figure 

4D).

Improvement of function with a common peroneal defect

As anticipated, modified peroneal functional index decreased significantly after injury in 

both control and PNSECM groups (p<0.001, figure 5). Partial recovery was observed in the 

PNSECM group with significantly improved PFI 8 and 16 weeks after nerve repair 

compared to the control group (linear contrasts p=0.004 and p=0.006 respectively). Overall 
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the interaction term (week * group) was significant (p=0.03) as were fixed effects for group 

(p=0.01) and week (p<0.001). Model fit was good (Adjusted R2 =0.87) and model 

assumptions were met. We did not observe autophagy in any of the rats in either the short 

term (immunohistochemistrty) or long term (functional) studies.

DISCUSSION

In this study, we characterized the structure of an injectable peripheral nerve-specific ECM 

hydrogel, determined the biological effects of these hydrogels upon the early progression of 

peripheral nerve reconstruction across a critical gap defect, and demonstrated mild 

improvements in function using walking track analysis. We show that PNSECM hydrogels 

largely maintain matrix structure and several growth factors, promote increased macrophage 

invasion and higher percentages of M2 macrophages and enhance Schwann cell migration 

when transplanted into a rodent model.

ECM based scaffold materials such as those used in the present study have been derived 

from a wide variety of tissues and organs through decellularization. These materials have 

subsequently been used in a similarly wide variety of preclinical and clinical studies to 

promote constructive tissue remodeling at the implantation site. 31,45 The majority of the 

scaffold materials which are used clinically are derived from xenograft sources; however, a 

smaller number of decellularized tissue based products are sourced from cadaveric human 

tissues. In the present study, we chose to utilize a xenogeneic scaffold material composed of 

canine sciatic nerve. Canine tissue was utilized due to local availability, and the necessity of 

a large animal tissue source to provide sufficient tissue to complete the study. It is noted that 

the majority of the commercially available products utilize source tissues from porcine and 

bovine sources. Regardless of the tissue source, the development of effective 

decellularization protocols is essential to remove the majority of immunogenic cellular 

constituents while maintaining the tissue-specific structural and functional components 

intact. 37,46,47 For this reason, it is generally desirable to use the mildest, least disruptive 

protocol possible that yields an acellular material with the least interference to the structural 

and functional components of the ECM. The nerve-specific extracellular matrix generated 

by decellularization in the present study was demonstrated to be effectively decellularized 

with an 85% decrease in DNA content when compared to native tissue, yielding a material 

with similar or less DNA content than many commercially available ECM-based 

materials. 44

The PNSECM used in this study retained many of the structural and functional components 

of native nerve following processing to remove cellular content. SEM demonstrated an 

ultrastructure similar to that of native nerve, with retention of predominantly the endoneurial 

architecture including the basal lamina. This was confirmed by immunofluorescent labeling 

that demonstrated preservation of large amounts of collagen IV, a component of the basal 

lamina. Previous studies have demonstrated that other tissues, such as UBM also maintains 

tissue-specific structural features including an intact basement membrane rich in collagen IV 

as well as the underlying submucosal connective tissues. 39 In the present study, a shift in the 

balance of hydroxyproline to GAG content was observed when comparing PNSECM and 

UBM. UBM likely contains an increased hydroxyproline content due to the maintenance of 
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the underlying submucosal tissues during decellularization, while the PNSECM processing 

involves stripping of the epineurium and scaffold materials are therefore enriched in non-

fibrillar collagens and laminin, comparatively. Since the decellularization protocol was 

optimized to target immunogenic components such as cellular debris and myelin while 

maintaining the structural and functional proteins of the extracellular matrix, it is possible 

that the relative ratio of hydroxyproline and GAG to dry weight could remain the same or 

even to increase slightly because the decellularization protocol affected cellular components 

to a greater extent than these two structural proteins.

ECM hydrogels were found to be a practical solution for supporting nerve repair. The 

PNSECM degradation products begin to gel within 60 seconds after neutralizing to 7.4 pH at 

body temperature (37°C). The injectable substance was easy to handle and deliver to the site 

of injury. In a clinical setting, ECM hydrogels could be readily injected into an inert or 

bioactive conduit so that the liquid filled the available space before forming a hydrogel. 

Alternatively the hydrogel could be delivered directly at the site of nerve coaptation.

In the present study, when delivered into a rodent critically sized defect, we observed a 

switch in the ratio of M1:M2 phenotype macrophages, a phenomenon associated with 

improved nerve growth, 8 and promotion of Schwann cell migration across a gap defect. 

This was associated with improved function over time in a non-critical (8mm) common 

peroneal defect. We selected the common peroneal nerve as our experimental paradigm for 

functional studies as the consequence of axonal misdirection is reduced compared to sciatic 

nerve injury in which inappropriate reinnervation of muscular targets leads to dysfunction 

after injury . 48 We did not evaluate PNSECM in comparison to other biomaterials or 

biopolymers. This is the focus of ongoing work.

The present study does not attempt to investigate the mechanisms by which the injectable 

ECM promote these phenomena; however, a recent study has described M2 macrophage 

mediated angiogenesis as a mechanism leading to Schwann cell chemotaxis and downstream 

regeneration. 5 While ECM mediated shifts in macrophage phenotype have been reported in 

other applications, as has increased angiogenesis, further investigation of these phenomena 

in the context of nerve repair is warranted. Similarly, mechanistic studies linking these 

phenomena to improvements in function downstream should be performed. However, though 

the exact mechanisms are not clear, these results provide evidence that PNSECM is an 

effective tool for improving nerve repair.

5. CONCLUSION

In summary, here we characterize and show the effects of a nerve-specific extracellular 

matrix hydrogel on immunomodulation of the early macrophage response after nerve injury. 

We also describe effects on Schwann cell migration and function.
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Figure 1. 
Qualitative assessment of decellularization. Decellularized canine sciatic nerve shows 

significantremoval of nuclei through H&E staining (A) compared to native sciatic tissue (B). 

Dapi stain in decellularized (C) and native (D) shows similar results with a small number of 

disrupted nuclei remaining. Luxol Fast Blue staining myelin dark blue is reduced after 

decellularization (E) within the endoneurial tissue compared to dark circles of myelin in 

native tissue (F). (G) Picogreen assay for DNA content shows dsDNA content of the 

decellularized tissue of both PNSECM and urinary bladder matrix was significantly 

decreased as compared to native tissues (**, p<0.05, n=5). (H) The dsDNA that remains 

within PNSECM was highly fragmented (<100bp) compared to dsDNA extracted from 

native tissue.
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Figure 2. 
Characterization of remaining content within canine sciatic nerve after decellularization. (A–

F) Immunofluorescent staining of collagen I, collagen III, and collagen IV before and after 

decellularization Collagen I was seen both within the endoneurial and epineurial space 

before decellularization (A) but was reduced by decellularization (B). Little positive staining 

of collagen III was seen in both native (C) and decellularized (D) sciatic nerve tissue 

sections. Collagen IV, a major component of the basal lamina had strong staining around the 

individual nerve fibers, in the endoneurial space, and in the perineurium in native nerve (E). 

The same pattern of collagen IV staining was seen in the decellularized nerve tissue (F) 

suggesting a preservation of the basal lamina. (G, H) Low and (I, J) high magnification 

scanning electron microscopy (SEM) images of native and decellularized sciatic nerve. 

Cross-sectioned native (G) and decellularized (H) tissue at 150X magnification shows a 

dense epineurial space that it is largely cleared by decellularization but perineurium and 

endoneurium structure largely maintained. Enhanced magnification (1000X) of the same 

samples, native (I) and decellularized (J) endoneurial tissue. Images show the presence (I) 

and removal of (J) axons within the endonerium. Biochemical assays for hydroxyproline (K) 

and glycosaminoglycans (GAG) (L) did not reveal any significant changes to either 

component after peripheral nerve decellularization (p=0.57 n=5, p=0.26 n=5). These 

components were compared to urinary bladder matrix (UBM) which had significantly more 

hydroxylproline but significantly less GAG than PNSECM and native nerve. Different letters 

denote a significant difference (p<0.05).Image shows macroscopic (E) and SEM image (F) 

of an 8 mg/ml equine PNS-ECM hydrogel

Prest et al. Page 16

J Biomed Mater Res A. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Representative longitudinal sections of regenerative bridges immunohistolabeled for M1 

macrophages (panel A, CD68+CCR7+) for control (empty conduit) and PNSECM filled 

conduits. Representative immunolabeling for M2 (panel B, CD68+CD206+) macrophages in 

empty and PNSECM filled conduits. Insert demonstrates intracellular CD 68 labelling and 

surface CD206 labelling. No additional extension of proximal stump was observed in control 

sections.
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Figure 4. 
PNSECM promotes migration of both M1 (CD68+CCR7+) and M2 (CD68+CD206+) 

macrophage phenotypes, relative to the original site of transection (A,B); an increased 

M2:M1 ratio (C) and increased extension of Schwann cells populations relative to the 

original site of transection (D). Data shown are least square (adjusted) mean and standard 

error (A,B,D) and mean and standard error (C). n= 3 slides/ label/animal and 7 animals /

group.
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Figure 5. 
PNSECM improves hind limb function determined by walking track analysis and modified 

peroneal functional index. PFI was significantly higher in the PNSECM group 8 and 16 

weeks after nerve repair compared to the control group (linear contrasts p=0.004 and 

p=0.006 respectively, n=6 / group).
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Table 2

Antibody Host species Isotype Dilution Source

CD206 (C-20) goat IgG, polyclonal 1:50 Santa Cruz

CCR7 (Y59) rabbit IgG, monoclonal 1:500 Abcam

CD68 (ED1) mouse IgG1, monoclonal 1:50 BioRad

GFAP rabbit IgG, whole antiserum 1:500 Abcam

NF200 mouse IgG1, monoclonal 1:50 Abcam
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