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Abstract Volumetric muscle loss (VML) is a traumatic and

functionally debilitating muscle injury with limited treatment

options. Developmental regenerative therapies for the repair

of VML typically comprise an ECM scaffold. In this study, we

tested if the complete reliance on host cell migration to a

devitalized muscle scaffold without myogenic cells is suffi-

cient for de novomuscle fiber regeneration. Devitalized (mus-

cle ECM with no living cells) and, as a positive control, vital

minced muscle grafts were transplanted to a VML defect in

the tibialis anterior muscle of Lewis rats. Eight weeks post-

injury, devitalized grafts did not appreciably promote de novo

muscle fiber regeneration within the defect area, and instead

remodeled into a fibrotic tissue mass. In contrast, transplanta-

tion of vital minced muscle grafts promoted de novo muscle

fiber regeneration. Notably, pax7+ cells were absent in remote

regions of the defect site repaired with devitalized scaffolds.

At 2 weeks post-injury, the devitalized grafts were unable to

promote an anti-inflammatory phenotype, while vital grafts

appeared to progress to a pro-regenerative inflammatory re-

sponse. The putative macrophage phenotypes observed

in vivo were supported in vitro, in which soluble factors

released from vital grafts promoted an M2-like macrophage

polarization, whereas devitalized grafts failed to do so. These

observations indicate that although the remaining muscle

mass serves as a source of myogenic cells in close proximity

to the defect site, a devitalized scaffold without myogenic cells

is inadequate to appreciably promote de novo muscle fiber

regeneration throughout the VML defect.
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Introduction

Trauma results in upwards of $400 billion yearly in associated

medical costs and loss of productivity worldwide, and is a

primary contributor to the global burden of disease and injury

(Corso et al. 2006). Vehicle accident-related trauma cases

routinely present open fracture and/or soft-tissue injury to

the lower extremities, and are projected to rank third in

disability-adjusted life years (DALYs) lost in 2020 (Vos

et al. 2012). Although primarily from high-energy blast trau-

ma, the majority of injuries sustained in recent military con-

flicts are to the extremities, and often involve severe muscu-

loskeletal injury involving volumetric muscle loss (VML)

(Owens et al. 2007, 2008). The high prevalence of this severe

musculoskeletal trauma has highlighted VML as a limitation

to successful rehabilitation of salvaged limbs and, in turn, has

reinvigorated research efforts directed at regenerating a large

volume of muscle tissue. Currently, there is no definitive

therapy for VML that regenerates or restores the frank loss

of muscle mass.

Endogenous mechanisms of mammalian skeletal muscle

repair and regeneration are not efficient in replacing lost

muscle tissue after penetrating trauma, i.e., de novo muscle

fiber regeneration (Corona et al. 2013a; Wu et al. 2012; Mase

et al. 2010). This is at odds with the remarkable capacity of
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muscle to repair and regenerate following other types of

injuries (e.g., eccentric and toxin). VML presents such a

challenge because necessary regenerative elements, namely

satellite cells and the basal lamina, are physically removed. In

effect, there is a void in which there are no remnants of the pre-

existingmuscle to repair. That is, prolonged functional deficits

after VML are primarily due to the frank loss of muscle fibers

and their contractile machinery.

An attractive approach for the repair of VML is the trans-

plantation of a myoinductive decellularized scaffold (i.e., an

extracellular matrix) that attracts, from the host, the cells re-

quired for adult myogenesis. Biological scaffolds are used in a

variety of clinical tissue engineering applications (Keane and

Badylak 2014) and have been studied in preclinical skeletal

muscle VML injury models frequently over the last decade

(e.g., Brown et al. 2009; Corona et al. 2013a, 2013b; Gamba

et al. 2002; Machingal et al. 2011; Merritt et al. 2010a; Valentin

et al. 2010). Signifying the potential emergence of this therapy

to clinical practice, transplantation of a porcine-derived xeno-

geneic scaffold (small intestine submucosa; SIS, or urinary

bladder matrix; UBM) to VML in the lower extremities ap-

peared to be tolerated, although the magnitude of muscle fiber

regeneration appeared limited (Mase et al. 2010; Sicari et al.

2014). In most preclinical studies, scaffold-mediated de novo

muscle fiber regeneration also appears limited or restricted to

sites close to the remaining muscle tissue (Corona et al. 2013b;

Merritt et al. 2010a; Brown et al. 2012). However, extreme

observations of muscle tissue regeneration ranging from quite

remarkable (Turner et al. 2010) to absolutely aberrant (Corona

et al. 2013a; Gamba et al. 2002; Turner et al. 2012) have also

been reported. There are numerous potential explanations for

the variability among studies in observing de novo fiber regen-

eration following transplantation of biological scaffolds, to

include source and preparation (Keane and Badylak 2014).

Among these methodological considerations, a fundamental

question is also raised as to whether a scaffold devoid of

myogenic and other resident stem and progenitor cells is able

to orchestrate the complex spatiotemporal events necessary for

appreciable muscle fiber regeneration.

The promise of a myoinductive acellular scaffold as a

therapy for VML is predicated on the basic works published

in the late 1900s, in which transplanted devitalized whole or

minced muscle grafts were shown to support de novo skeletal

muscle regeneration. For instance, devitalized whole extensor

digitorum longus (EDL) muscle was shown to support a low

level of muscle fiber regeneration in mice without the exoge-

nous delivery of a myogenic cell source (Morgan et al. 1987).

In addition, Schultz et al. (1986) demonstrated that rat EDL

muscle devitalized in situ could support muscle fiber regener-

ation if either a portion of the muscle remained healthy, or if

the devitalized area was tethered to an injured adjacent muscle

(tibialis anterior (TA) muscle)—a scenario similar to current

VML models (Merritt et al. 2010a; Wu et al. 2012). However,

when devitalized EDL muscles were not in connection

with an injured muscle bed, despite maintaining vascular

supply from the host, muscle fiber regeneration was aber-

rant, suggesting the need for an activated source of nearby

myogenic cells to promote regeneration (Schultz et al.

1986). Supporting this notion, Ghins et al. (1984, 1985,

1986), demonstrated that devitalized grafts transplanted

after complete triceps surae removal in juvenile rats pro-

moted virtually no muscle fiber regeneration unless sup-

plemented with autologous vital minced grafts or cultured

muscle progenitor cells.

Because VML models leave remnants of injured muscle

actively regenerating (Corona et al. 2013c), it is therefore

plausible that the remaining muscle mass can supply cell

populations to a myoinductive scaffold, resulting in de novo

muscle fiber regeneration. Herein, we test this hypothesis in a

rat TA muscle VML model (Corona et al. 2013a, 2013c) in

which transplanted devitalized grafts (devoid of any live

resident muscle cells) are in close proximity to the injured

remaining musculature.

In this study, we have chosen to use devitalized minced

muscle grafts because derivations of this scaffold (e.g.,

decellularized allogeneic or xenogeneic scaffolds) are capable

of supporting de novo muscle fiber regeneration in whole

muscle ablation models under distinct conditions in which

an active myogenic cell source is readily available (Schultz

et al. 1986; Ghins et al. 1984). Vital minced muscle grafts

were used as a positive control for de novo muscle fiber

regeneration in the VML defect. Muscle fiber regeneration

and the innate immune response to devitalized and vital

minced muscle grafts were investigated in vivo, and macro-

phage polarization was studied in vitro.

Methods

Experimental design Male Lewis rats with VML were

repaired with either devitalized or vital autologous minced

muscle grafts. Rats from each treatment group were recovered

out to 14 days or 8 weeks post-injury (devitalized and vital;

n=5 and 6 per group, respectively). At these times, TA mus-

cles were collected for histological and molecular analyses. At

8 weeks only, rats underwent in vivo functional testing of the

anterior crural muscles prior to tissue harvest. An additional

VML injured no repair group (n=5) was included for func-

tional assessment to ascertain therapeutic benefits of

devitalized and vital grafts. To further investigate the effect

of devitalized and vital grafts on macrophage polarization,

in vitro transwell culture assays were performed.

Animals This work has been conducted in compliance with

the Animal Welfare Act, the implementing Animal Welfare

Regulations and in accordance with the principles of the
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Guide for the Care and Use of Laboratory Animals. All animal

procedures were approved by the United States Army Institute

of Surgical Research Institutional Animal Care and Use

Committee. Adult male Lewis rats (Harlan Laboratories,

Indianapolis, IN, USA) were housed in a vivarium accredited

by the Association for Assessment and Accreditation of

Laboratory Animal Care International, and provided with

food and water ad libitum.

Surgical creation and treatment of VML injury The surgical

procedure for creating VML in the rat TA muscle was per-

formed as described previously (Wu et al. 2012; Corona et al.

2013a). Using aseptic technique, a surgical defect of ~10 × 7 ×

3 mm (length x width x depth) was created in the middle third

of the TA muscle in left leg using a scalpel. The excised defect

weight approximated 20 % of the estimated TA muscle weight,

using a regression equation based on the rat’s body weight at

the time of surgery, as reported previously (Wu et al. 2012). As

per experimental condition, TA muscles were repaired with

vital tissue, also referred to as autologous minced muscle grafts,

which were created using the piece of TA muscle excised for

the VML defect and mincing it into ~1 mm3 fragments. To

create devitalized tissue, minced fragments were flash frozen in

liquid nitrogen, thawed, and heated for 10 mins at 65 °C. The

minced tissue and the devitalized tissue were then placed

orthotopically into the fresh wound bed and the fascia was

closed using Vicryl suture followed by skin closure. Rats were

administered sustained release buprenorphine-HCl, 1.2 mg/kg,

SC, 30 minutes before surgery.

In-vivo tibialis anterior muscle functional testing TA muscle

in vivo mechanical properties were measured in anesthetized

rats (isoflurane 1.5–2.0 %) in both legs as previously de-

scribed (Corona et al. 2013c). Core body temperature was

monitored and maintained at ~36–37 °C. A nerve cuff with

multistranded stainless steel (Cooner Wire, 632) wire elec-

trodes was implanted immediately before testing in each leg

around the peroneal nerve. Legs were tested separately and in

randomized order. The foot was strapped using silk surgical

tape to a footplate attached to a dual-mode muscle lever

system (Aurora Scientific, Inc., Mod. 305b). The knee was

secured on either side using a custom-made mounting system,

and the knee and ankle were positioned at right angles.

Optimal voltage (2–5 V) was set with a series of tetanic

contractions (5–10 contractions; 150 Hz, 0.1 ms pulse width,

400 ms train). Then, a skin incision was made at the antero-

lateral aspect of the ankle, and the distal EDL muscle tendon

and extensor hallicus longus (EHL) muscle was isolated and

severed above the retinaculum. The TAmuscle and tendon, as

well as the retinaculum, were undisturbed. Four to five tetani

were performed with a 1-minute rest interval to allow for

torque stabilization. The contribution of the tenotomized

EDL muscle was negligible in this testing system (Corona

et al. 2013c). This is likely, because the released EDL muscle

was in an extremely shortened position and therefore pro-

duced little force upon stimulation (Huijing and Jaspers

2005). TA muscle maximal tetanic isometric torque was de-

termined across a range of stimulation frequencies (100–

200 Hz) with at least a 1-minute rest interval (0.1 ms pulse

width, 400 ms train). To control for variation in body weight

among groups, isometric torque (Nmm) was normalized body

weight (kg).

Scanning electron microscopy After mincing, autograft tissue

(vital or devitalized) was placed in a well-plate and fixed with

2.5 % phosphate-buffered glutaraldehyde (0.1 M pH 7.2–7.4)

overnight at 4 °C. The tissue was then washed with phosphate

buffered saline (PBS) and dehydrated through a series of

alcohol concentrations (50–100 %) before air drying. The

tissue was mounted to a specimen stub using double-sided

carbon tape. Samples were sputter-coated with gold (108Auto

Sputter Coater, TedPella, Inc, Redding, CA, USA) and then

visualized using a Carl Zeiss VP-40 field emission scanning

electron microscope (Oberkochen, Germany) operated at a

scanning voltage of 2 kV.

In-vitro cell culture TA muscle tissue was minced to approx-

imately 1 mm3 pieces. Single autograft pieces (vital and

devitalized) were placed in wells of a 48-well tissue culture

treated plate coated with collagen (Rat Tail Collagen I, BD

Biosciences, 25 μg/cm2 in 0.02M acetic acid). Autograft tissue

was cultured in growth medium (DMEM/F12 supplemented

with 20 % fetal bovine serum and 1 % penicillin/streptomycin)

for up to 14 days at 37 °C and 5%CO2. On days 1, 4, 7, 11, and

14, plates were washed with PBS and stored at −80 °C. A

CyQUANT® cell proliferation assay was performed according

to themanufacturer’s instructions (Life TechnologiesTM) for each

timepoint (n=6 wells). Plates were read on a SpectraMax M2

plate reader (Molecular Devices). Background was diminished

by subtracting appropriate blank controls that contained growth

media in collagen-coated wells. Resulting nucleic acid concen-

trations were obtained per well by correlating to a standard curve.

Additionally, cells emanating from vital minced grafts were also

cultured on laminin-111 (Invitrogen) coated 48 well plates. The

myogenic cells on collagen and laminin coated well plates were

stained after 14 days of culture with desmin (Sigma) and Alexa

Fluor 488 or 594 (Invitrogen) as described previously (Corona

et al. 2013c).

In-vitro macrophage (MФ) phenotype experiment Adult

male Lewis rats were euthanized, the bone marrow was iso-

lated from the femurs and tibias, and the red blood cells were

lysed. The harvested bone marrow was cultured in complete

RPMI (with 1 % penicillin and streptomycin, L-glutamine,

HEPES, sodium pyruvate, 10 % FBS, and 30 ng/ml recombi-

nant rat MФ-colony stimulating factor (rM-CSF)). The culture

Cell Tissue Res (2014) 358:857–873 859



was allowed to go on for 7 days in the presence of rM-CSF

(30 ng/ml). After maturation, the bone marrow derived mac-

rophages (BMMФ) were divided into three different groups

and stimulated for 48 h in the presence of either rat IL-4 and

IL-13 (Peprotech, 20 ng/ml each) to polarize BMMФ to an

M2 phenotype or rat INF-γ (Peprotech, 20 ng/ml) and LPS

(Sigma-Aldrich L6529, 100 ng/ml) to polarize the BMMФ to

an M1 phenotype. Untreated BMMФs constituted the naïve

group (M0s). The minced graft and devitalized graft pieces

were put in a 3 μm pore transwell in a 24-well plate with the

BMMФ (M0, M1 and M2) cultured on the well plate on the

bottom for 1 or 4 days (n=3/group/time).

Histological & immunohistochemistry analysis TA muscles

were embedded in a talcum-based gel and frozen in 2-

methylbutane (Fisher Scientific) super-cooled in liquid nitrogen

using standard methodology reported previously (Corona et al.

2013a). Frozen cross-sections (8 μm) were cut from the middle

third of the TA muscle in the area where the original surgical

defect was made. Immunofluorescence stained tissue sections

were probed for collagen I (1:500, Millipore AB755P), sarco-

meric myosin (MF20: 1:10, Hybridoma Bank), laminin (1:200,

Abcam AB11575), CD68 (1:50, AbD Serotec MCA341R),

Pax 7 (1:500, Abcam ab34360), Sca-1 (1:500, Millipore,

AB4336), cellular membranes (wheat germ agglutinin, WG;

1:1000, Invitrogen) and nuclei (DAPI; 1:100, Invitrogen).

Corresponding Alexa Flour® 488 and 596 labeled secondary

antibodies (1:200–1:500), Invitrogen) were incubated at room

temperature for 1 h. Qualitative assessments of immunostained

sections were made by observing three sections (separated by no

less than 160 μm) from 3–5 muscles per time point per group.

Additionally, the area fraction of collagen 1 and myosin in the

defect area of dual-probed sections was quantified in non-

overlapping images using ImageJ (NIH). RGB channels were

separated and then thresholded to remove background. Sections

from devitalized, and minced graft-repaired VML injured mus-

cles were also stained with hematoxylin and eosin (H&E).

RT-PCR RNA was isolated from snap-frozen cross-sections

of TA muscle that was comprised of the defect area and the

remaining muscle mass (50–100 mg). RNA was extracted

using Trizol LS reagent (Invitrogen), and purified using

RNeasy mini kit (Qiagen). The yield of RNAwas quantified

using a NanoDrop spectrometer (NanoDrop Technologies

Inc.) and optical density (OD)260/280 ratios were determined.

RNA (500 ng) was reverse-transcribed into cDNA using the

Super-Script® III first-strand synthesis kit (Invitrogen). The

primer sets used in the study are listed in Table 1. All primer

sets have been synthesized by Sigma-Aldrich DNA oligos

design tool. Aliquots (2 μL) of cDNA were amplified with

200nM forward/reverse primers, SYBR GreenER

(Invitrogen) in triplicate using a Bio-Rad CFX96 thermal

cycler system (Bio-Rad). Nontemplate control and no reverse

transcriptase controls were run for each reaction. Gene ex-

pression was normalized to 18S (housekeeping gene) to de-

termine the ΔCT value. Expression levels for each mRNA

transcript were determined by the 2-ΔΔCT method by normal-

izing each group (devitalized or vital graft) to its contralateral

control (n=3–6 per group).

Western blot The soluble protein fraction of cross-sections

that comprised the defect area and remaining muscle mass of

TA muscles was extracted as described previously (Corona

et al. 2013c). The protein isolated from these tissues (n=5/

group) was probed for Collagen 1 (Abcam, ab90395) and Pax

7 (Abcam, ab34360) via Western blot at 2 or 8 weeks post–

injury. The cell lysates (n=3/group) from BMMФ were ana-

lyzed for Arginase1 and iNOS expression by western blot on

Day 1 and 4 of culture. Protein concentrations were deter-

mined with the Pierce BCA protein assay kit (Thermo

Scientific). Proteins were resolved by SDS-PAGE using total

protein from cell lysates (10 μg) and tissue homogenates

(20 μg, Col1; 40 μg Pax7) on 4–20 % Tris-glycine gels

(Bio-Rad). Transfer was made onto nitrocellulose membranes

subsequently blocked for 1 h at room temperature in Tris-

buffered saline containing 0.05 % (v/v) Tween 20 (TBST) and

5 % (w/v) nonfat dried milk. Membranes were then incubated

overnight at 4 °C in TBSTcontaining 5 % (w/v) bovine serum

albumin and primary antibody diluted 1:1000. Membranes

were rinsed 6 times in TBST, and then incubated at room

temperature for 1 h in TBST and 5 % milk containing

peroxidase-conjugated goat anti-rabbit secondary antibody

diluted 1:2000. Membranes were rinsed 6 times in TBST

before exposure to ECL Reagents (Invitrogen). The mem-

branes were then imaged using the Odyssey® Fc system (LI-

COR Biosciences).

Statistics

Dependent variables were analyzed using one and two-way

ANOVAs or independent samples t-tests. Post hoc means

comparisons testing was performed when a significant

ANOVA was observed. Alpha was set at 0.05. Values are

listed as means ± SE. Statistical testing was performed with

Prism 6 for Mac (Graphpad, La Jolla, CA, USA).

Results

In-vitro analysis of vital and devitalized minced grafts

TA muscle was minced into ~1 mm3 pieces, and both the

devitalized and vital grafts were analyzed by SEM (Fig. 1 a,

b). The images show lysed cell debris in the devitalized grafts,
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and bundles of muscle fibers in the vital graft. Both of the

grafts were also cultured on collagen-coated dishes for

14 days. The proliferative capacity of cells emanating from

the grafts was quantified, and showed a continued increase in

the nucleic acid content from day 1 to day 14 (Fig. 1c) for vital

but not devitalized grafts. Vital grafts cultured on laminin and

collagen for 14 days demonstrated the development of des-

min+multi-nucleated myotubes and presence of desmin− cells

(Fig. S2 in electronic supplementary material), indicating a

heterogenous population of stem and progenitor cells capable

of myogenic differentiation emanating from the vital grafts.

Prolonged response after VML (8 weeks post-injury)

Remodeling of the defect area and remaining muscle mass To

determine the capacity of devitalized minced grafts to promote

de novo fiber regeneration in a VML defect, grafts were

transplanted and allowed to regenerate over the following

8 weeks, a time period sufficient for muscle regeneration in

this model (Corona et al. 2013c). Representative images of TA

muscle cross sections from the devitalized and vital repaired

groups 8 weeks post-injury are presented in Fig. 2 a–c. Little

to no muscle fiber regeneration (myosin+ fibers) occurred in

the defect area repaired with devitalized minced grafts.

Instead, there was an increased collagen 1 presence in the

defect site. In contrast, the muscles repaired with the vital

minced grafts demonstrated substantial regeneration of myo-

sin+ muscle fibers within the defect area. H&E-stained sec-

tions showed that regenerating fibers had centrally located

nuclei, and inflammatory cell infiltrates indicating ongoing

remodeling events. However, the orientation of the regenerat-

ed muscle fibers was not always in line with the fibers in the

adjacent remaining muscle mass. The area fraction of myosin

was significantly lower in devitalized than vital grafts (Fig.

2d), and the area fraction of collagen 1 in the defect was

similar between groups (Fig. 2e). Little satellite cell (Pax7+)

presence was observed in the defect area of devitalized grafts,

in contrast to vital grafts (Fig. 2c). Reflecting the

immunohistological findings in the defect area, the protein

content of Pax7 was lower in the devitalized than the vital

graft repaired muscles (Fig. 2f) and the protein content of

collagen 1 was higher in the devitalized than the vital graft

repaired muscles (Fig. S1)

TA muscle weight and functional capacity

There were no differences in contralateral control TA or EDL

muscle weights. The weight of the tissue excised to create the

VML defect was similar among groups (Table 2). Devitalized

and vital graft repair restored TA muscle weight to similar

values as their contralateral control muscles, although vital

graft repaired muscles weighed significantly more (+12 %)

than those repaired with devitalized grafts (p<0.05). In all

injured legs, EDL muscle weight was significantly greater

than respective contralateral control muscles (+21 %), sug-

gesting compensatory hypertrophy occured.

Maximal tetanic isometric TA muscle torque was assessed

8 weeks post-injury in vivo. Contralateral, non-repaired, and

devitalized and vital minced graft repaired VML-injured mus-

cles were assessed. No differences were observed among

contralateral control muscles in the groups tested (Fig. 3;

Table 2). The VML-injured legs in all groups generated sig-

nificantly less torque than their respective contralateral con-

trols (e.g., no repair −36.2 %). Compared to VML injured

non-repaired muscles, there were significant improvements

with devitalized (+17 %) and vital graft (+34 %) repair; the

Table 1 Nucleotide sequence for primers used for quantitative RT-PCR

Forward sequence Reverse sequence Amplicon length, bp

ARG1 5′-GTGAAGAACCCACGGTCTGT-3′ 5′-GTGAGCATCCACCCAAATG-3′ 180

CCR7 5′-GCTCTCCTGGTCATTTTCCA-3′ 5′-AAGCACACCGACTCATACAGG-3′ 107

CD163 5′-TCATTTCGAAGAAGCCCAAG-3′ 5′-CTCCGTGTTTCACTTCCACA-3′ 101

eMHC 5′-TGGAGGACCAAATATGAGACG-3′ 5′-CACCATCAAGTCCTCCACCT-3′ 180

FIZZ1 5′-CATCTGCGTCTTCCTTCTCC-3′ 5′-GAGGCCCATTTGCTCATAGA-3′ 171

IL-4 5′-TGATGTACCTCCGTGCTTGA-3′ 5′-AGGACATGGAAGTGCAGGAC-3′ 197

IL-10 5′-CCCAGAAATCAAGGAGCATT-3′ 5′-GCTCCACTGCCTTGCTTTTA-3′ 116

IL-12 5′-GCTTCTTCATCAGGGACATCA-3′ 5′-TTTTCTTTCTTGCGCTGGAT-3′ 169

MRC1 5′-CAAAACAAAGGGACGTTTCG-3′ 5′-CCTGCCACTCCAGTTTTCAT-3′ 116

Myogenin 5′-CTACAGGCCTTGCTCAGCTC-3′ 5′-GTTGGGACCAAACTCCAGTG-3′ 153

Pax7 5′-GCAGTCGGACCACATTCAC-3′ 5′-CGCACGACGGTTACTGAAC-3′ 155

TGF-β1 5′-GTCAGACATTCGGGAAGCA-3′ 5′-CCAAGGTAACGCCAGGAAT-3′ 138

TNF-α 5′-ACTCGAGTGACAAGCCCGTA-3′ 5′-CCTTGTCCCTTGAAGAGAACC-3′ 184

VEGF 5′-TGAGACCCTGGTGGACATCT-3′ 5′-TGGCTTTGGTGAGGTTTGAT-3′ 180

18S 5′-GGCCCGAAGCGTTTACTT-3′ 5′-ACCTCTAGCGGCGCAATAC-3′ 173

Cell Tissue Res (2014) 358:857–873 861



vital graft group produced significantly greater torque than the

devitalized graft group (+15 %).

Early response after VML (2 weeks post-injury)

Tissue presence in the defect After observing that devitalized

grafts did not notably promote de novo fiber regeneration

8 weeks post-injury, observations of the acute response to

the devitalized and vital grafts were made to broadly identify

potential mechanisms for their regenerative deficiency.

Two weeks post-injury, immunohistological analyses of tissue

regeneration were performed (Fig. 4). The defect site repaired

with devitalized grafts exhibited little evidence of muscle fiber

regeneration, marked by a few clusters of myosin-positive

fibers in close proximity to the remaining muscle mass (i.e.,

the interface). In contrast, vital minced grafts presented small

myosin positive fibers throughout the defect area (Fig. 4d)—

the area fraction of myosin was significantly lower in

devitalized than in vital grafts (Fig. 4m). Connective tissue

(laminin+ (Fig. 4a–f) and collagen 1+ (Fig. 4g–l)) was abun-

dant in the defect area of both types of graft-repaired muscles,

and the area fraction of collagen 1 in the defect was similar

between groups (Fig. 4n).

Cellular presence in the defect The general identity of cell

types within the defect of both types of graft-repaired muscle

was also investigated immunohistologically 2 weeks post-

transplantation. Reflecting the spatial orientation of muscle

fiber regeneration with devitalized and vital grafts, pax7+ cells

were only observed at the interface in devitalized muscle

grafts, but throughout the defect area in vital graft-repaired

muscles (Fig. 5a). Reflecting the immunohistological

findings in the defect area, the protein content of Pax7

was lesser in the devitalized than the vital graft repaired

Fig. 1 Devitalized and vital

muscle graft characterization

in vitro. Scanning electron

microscopy was performed to

illustrate the gross structure of the

(a) devitalized and (b) minced

muscle grafts. c Devitalized and

minced muscle grafts were

cultured in vitro to demonstrate

the proliferative capacity of the

resident progenitor cells in the

minced muscle. Proliferation was

analyzed by measuring the

nucleic acid content over 14 days

in culture. Values are means ±

SEM. *, P<0.05
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muscles (Fig. 5d). Stem cell antigen expressing cells

[Sca-1+, (Fig. 5b)] were observed in the defect site of

both grafts, although qualitatively to a greater extent in

devitalized graft-repaired muscle. Evidence of vascular-

ization (vWF+ cells) was observed at the interface and

in the defect region for both grafts, suggesting the

arrival of the infiltrating cells may have migrated from

the systemic or local environment.

Myogenic gene expression in graft-repaired TA muscle Pax7,

myogenin, and embryonic MHC expression in muscles

repaired with devitalized or vital grafts were analyzed to further

Fig. 2 Devitalized grafts do not promote appreciable de novo skeletal

muscle fiber regeneration in VML-injured TA muscle. Representative

images from the cross-sectional area of the defect, interface, and the

remaining muscle mass 8 weeks post-injury are shown. a Hematoxylin

and eosin stained section of the defect area shows chronic injury in the

devitalized muscle graft, as compared to the vital minced muscle graft,

which shows de novo skeletal muscle fiber regeneration. b TA muscle

cross sections were probed for myosin and collagen 1 (yellow arrows

denote the void space in the devitalized graft) and (c) Pax7 and wheat

germ agglutinin (white arrows show examples of positively stained cells,

and orange arrows show unstained nuclei). The defect area was analyzed

quantitatively using Image J (d and e) for myogenesis (myosin, MF20),

and extracellular matrix deposition (collagen 1). Protein isolated from

these tissues was probed for (f) Pax 7 byWestern blot. The protein levels

were normalized to GAPDH. Significantly increased Pax 7 content was

observed in the vital grafts compared to the devitalized grafts. Scale bars

100 μm. Values are means±SEM, * P<0.05
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characterize the myogenic response in the tissue 2 weeks post-

injury. For all myogenic genes, expression in the devitalized

group was significantly lesser than that of the vital group

(Fig. 5g). Also, the myogenic response in the devitalized-

repaired muscles was low, as only myogenin exhibited an ~2-

fold change compared to uninjured contralateral muscle.

Inflammatory response 2 weeks after graft-repair Because

muscle regeneration involves coordination with the innate

immune response, the macrophage (CD68+) invasion in the

defect area was characterized—at this time, devitalized grafts

presented a significantly greater macrophage content per area

than vital grafts (Fig. 6a,b). Additionally, gene expression of

inflammatory markers was also analyzed in muscles repaired

with each type of graft. Pro-inflammatory markers such as

CCR7 and CD86 were similarly upregulated in both groups,

with the exception of tumor necrosis factor-alpha (TNF-α)

and interleukin-12 (IL-12), which were significantly higher in

the vital minced muscle graft group (Fig. 6c–f). The expres-

sion of anti-inflammatory markers such as CD163IL-4,

transforming growth factor beta (TGF-β1) vascular endothe-

lial growth factor (VEGF), found in inflammatory zone 1

(Fizz1), and IL-10 was significantly higher in the vital minced

muscle graft repaired group, with the exception of mannose

receptor (MRC1) and arginase 1 which were upregulated

similarly in both groups (Fig. 6g-n).

In-vitro macrophage polarization To elucidate the impact of

trophic factors released from devitalized and vital grafts spe-

cifically on macrophage polarization, an in vitro macrophage

culture system was used (Garg et al. 2013). Naïve macro-

phages and pre-polarized M1 and M2 macrophages were

cultured with devitalized and vital minced muscle grafts in a

transwell system for 4 days. On day 1 after culture (Fig. 7a–c),

it was observed that naïve macrophages (M0) expressed no

Arginase 1 (anM2-like marker). However, statistically similar

levels of iNOS (an M1-like marker) were detected from both

devitalized and vital minced muscle grafts. Pre-polarized M1

macrophages showed a mixed response of both Arginase

1 and iNOS, as has been shown previously (Garg et al.

2013; Munder et al. 1998, 1999). The pre-polarized M2

macrophages expressed similar levels of Arginase 1, but

iNOS was only detected in the vital minced muscle

grafts.

On day 4 of culture (Fig. 7d–e), vital minced grafts induced

arginase expression in unstimulated naïve macrophages (M0)

and further increased arginase expression in pre-polarized M1

and M2macrophages. Culture with devitalized grafts failed to

induce arginase expression in M0 macrophages and reduced

arginase expression in pre-polarized M2 macrophages by day

4. The iNOS expression was completely abolished by day 4 in

all macrophages (M0, M1, and M2). Collectively, vital

minced muscle grafts induced a mixed M1 and M2 response

in macrophages on day 1, which was completely replaced by a

strong M2 response by day 4.

Table 2 Lewis rat body and muscle morphological and functional characteristics

No repair Devitalized Vital ANOVA (P value)

Contralateral Injured Contralateral Injured Contralateral Injured

Sample size 5 5 6

Defect size (mg) 108±2 114±6 105±4 0.002

Body weight (g) 416.6±6.9 426.4±1.7 395.3±5.2*† 0.002

TA muscle wt (mg) 693±20 554±20# 669±15 625±22* 682±26 703±41*† < 0.001

EDL muscle wt (mg) 170±4 208±7# 175±4 199±3# 169±5 216±4# < 0.001a

Vivo TA muscle maximal isometric tetanic torque

Nmm/kg body wt 62.5±2.4 39.9±1.9# 61.8±0.8 46.5±1.0#* 64.3±3.5 53.5±2.8#*† < 0.001

% deficit 36.2±1.1 24.7±1.8* 16.4±2.5*† < 0.001

Fig. 3 Devitalized and vital minced muscle grafts improve in vivo TA

muscle torque 8 weeks post-injury. Maximal isometric torque presented

for contralateral and injured legs of the devitalized and vital minced

grafts-repaired groups. Values are means ± SEM. #, VML<Contralateral;

within VML: *, ≠ No Repair, †, ≠ Devitalized; P<0.05
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Discussion

Skeletal muscle is endowed with a remarkable capacity to

regenerate in cases of physical trauma involving minimal loss

of tissue. However, with VML injury a critical mass of muscle

is lost that the regenerative capacity of the remaining muscle

mass is unable to regenerate or compensate for functionally

(Machingal et al. 2011; Merritt et al. 2010b; Grogan and Hsu

2011). Several approaches for the repair of VML have been

reported in the literature (e.g., Brown et al. 2009, 2012;

Corona et al. 2012, 2013a, c; Rossi et al. 2011). From a

regulatory and surgical standpoint, the simple transplantation

of a commercially available scaffold is advantageous.

However, this approach may be limited in capacity to regen-

erate muscle tissue de novo in areas remote from the remain-

ing muscle tissue. In the current study, this potential limitation

was tested by transplanting devitalized minced muscle grafts

into a VML defect that was surrounded by muscle tissue

and fascia, which is likely conducive to cell migration

and de novo muscle fiber regeneration (Schultz et al. 1985,

1986). Eight weeks post-injury, devitalized grafts failed to

appreciably promote de novo muscle fiber regeneration

(Fig. 2a,b,d) in regions not directly adjacent to the remaining

muscle mass. As a positive control, vital minced grafts pro-

moted de novo fiber regeneration throughout the defect area,

as previously reported (Corona et al. 2013c). These findings

therefore suggest that an acellular scaffold may be an effective

myoconductive therapy for VML when in close proximity to

damaged (activated) muscle tissue.

The limited de novomuscle fiber regeneration promoted by

devitalized grafts was unexpected. Previously, devitalized

grafts were shown not to support appreciable myogenesis

when the entire muscle was devitalized (Schultz et al. 1986;

Ghins et al. 1984), even if the devitalized muscle was left

intact with the host vasculature (Schultz et al. 1986).

However, Ghins et al. (1985, 1986) demonstrated that

devitalized grafts have the capacity to support muscle fiber

regeneration with co-transplantation of isolated muscle pro-

genitor cells or vital minced grafts in rats. Moreover, in

conditions in which damaged muscle tissue is in apposition

to devitalized grafts, host myogenic cells can migrate to and

partially re-establish the muscle (Schultz et al. 1986). The

Fig. 4 Characterization of the tissue deposition in VML injured TA

muscles following devitalized and vital minced graft transplantation.

The cross-sectional area of the defect, interface, and the remainingmuscle

mass of TA muscles harvested 2 weeks post-injury is presented. Defect

area was analyzed qualitatively using immunohistological staining (a–l)

and quantitatively using Image J (m and n) for myogenesis (myosin,

MF20), and extracellular matrix deposition (collagen 1). Yellow arrows

denote the void space in the devitalized graft. Only regenerated tissue area

within the defect area was included for quantitative analysis. Scale bar

100 μm) Values are means±SEM; *, P<0.05
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current study was performed in a ~10 × 7 × 3 mmVML defect

in the middle third of the TA muscle, surrounded on five sides

by remaining tissue that had been damaged during surgery and

one side by fascia. Therefore, there was probably an ample

repository of activated satellite cells (and other stem cells) to

migrate to the devitalized grafts. Furthermore, up to at least

2 weeks post-injury the defect area contained laminin+ rem-

nants of the basal lamina of the devitalized tissue (Fig. 4),

suggesting an optimal substrate for satellite cell migration

within the defect (Siegel et al. 2009). Similar findings

Fig. 5 The regenerative response of VML-injured TAmuscles following

devitalized and vital minced graft transplantation. The cross-sectional

area of the defect, interface and the remainingmuscle mass of TAmuscles

harvested 2 weeks post-injury is shown. Defect area was analyzed using

immunohistological staining for (a) satellite cell presence by Pax7 and (b)

stem cell antigen expressing cells using Sca-1. c Vascularization using

von Willebrand Factor (vWF). Protein isolated from these tissues was

probed for Pax 7 byWestern blot (d). The protein levels were normalized

to GAPDH. Significantly increased Pax 7 content was observed in the

vital grafts compared to the devitalized grafts. Tissue samples comprised

of the defect area and the remaining muscle mass were assayed for (e–g)

myogenic [Pax 7, embryonic myosin heavy chain (eMHC) and

Myogenin] gene expression. Scale bar100 μm) White arrows show

examples of positively stained cells or vessels, and orange arrows show

unstained nuclei. Values are means±SEM; *, P<0.05

866 Cell Tissue Res (2014) 358:857–873



that muscle regeneration is confined to within a close proxim-

ity of the remaining muscle has been demonstrated for

decellularized scaffolds derived from muscle (laminin+;

Corona et al. 2013a; Wolf et al. 2012) and SIS (laminin−;

Wolf et al. 2012), suggesting that the primary limitation to this

approach may not be substrate-specific.

It should be noted that devitalized and decellularized scaf-

folds are similar yet different in some key aspects. The

Fig. 6 The pro- and anti-inflammatory response of VML injured TA

muscles following devitalized and vital minced graft transplantation. The

cross-sectional area of the defect, interface, and the remaining muscle

mass of TA muscles harvested 2 weeks post-injury is presented. Defect

area was analyzed using immunohistological staining for (a) inflamma-

tion using a pan macrophage marker, CD68 and quantitatively using

Image J (b). Tissue samples comprised of the defect area and the

remaining muscle mass were assayed for: (c–f) Pro-inflammatory (M1-

like) markers [CCR7, CD86, tumor necrosis factor alpha (TNF-α) and

interleukin-12 (IL-12)], (g–n) Anti-inflammatory (M2-like) markers

[CD163, mannose receptor (MRC1), IL-4, transforming growth factor

beta 1 (TGF-β1) and vascular endothelial growth factor (VEGF), found

in inflammatory zone 1 (FIZZ1), Arginase 1 and IL-10] gene expression.

Scale bar 100 μm). Values are means ± SEM; *, P<0.05
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devitalization procedure has previously been reported to de-

stroy all of the cellular content of the muscle and enzymatic

activity; however, cellular debris and DNA fragments may

remain (Ghins et al. 1984). The devitalized and vital scaffolds

used in the study are autologous, and therefore the cellular

remnants (e.g., DNA) in the scaffold carry minimum risk of

adverse immune reactions or disease transmission, unlike

allogeneic and xenogeneic decellularized scaffolds (Zheng

et al. 2005). Importantly, the DNA remnants of the

transplanted autologous vital grafts and devitalized scaffolds

used herein would elicit similar endogenous responses from

the host tissue, allowing for direct comparisons of muscle

regeneration (Lu et al. 2011; Seif-Naraghi et al. 2010). The

ECM structure of the devitalized scaffolds is expected to

remain fairly intact, as the denaturation temperature range of

collagen (70–85°C) reported in the literature is well above the

temperature (65°C) used in the preparation of the devitalized

scaffolds (Lee et al. 1995; Miles and Ghelashvili 1999). In

addition, the immunohistological staining clearly shows col-

lagen+ (Fig. 2b, 4g) and laminin+ (Figs. 4a, 6a) structures in

the devitalized scaffolds. Therefore, minimum alterations in

the ECM structure are expected with devitalized scaffolds, as

previously reported for detergent and enzyme-decellularized

scaffolds (Williams et al. 2009; Liao et al. 2008; Schenke-

Layland et al. 2003). That being said, acellular scaffolds

derived from intricate decellularization processes may react

differently from the devitalized scaffold used in this study, and

therefore caution should be used in making direct compari-

sons between devitalized and decellularized scaffolds.

A central thesis to this study is the putative mechanism by

which acellular scaffolds promote de novo muscle fiber re-

generation. A teleological mechanism is that scaffold-

promoted regeneration recapitulates the normal spatiotempo-

ral events of muscle fiber repair and regeneration observed

after recoverable injuries (Ciciliot and Schiaffino 2010) and

for whole muscle regeneration by autologous minced muscle

(Ghins et al. 1984; Carlson 1968; Snow 1973; Studitsky

1964). Following recoverable injuries, factors released from

injured muscle fibers induce an intricate spatiotemporal com-

munication between the innate immune response and myo-

genic progenitor cell activity (i.e., primary satellite cells) that

promotes repair and regeneration of the injured tissue (Tidball

and Villalta 2010). Disruption of either the immune response

or satellite cell activity impairs regeneration (Ochoa et al.

Fig. 7 Characterization of the

macrophage response to

devitalized and vital grafts

in vitro. Rat bone marrow derived

macrophages were cultured

in vitro under naïve (M0), pre-

polarized M1 and M2 conditions

with devitalized and vital grafts in

a transwell system for 4 days. a

The protein isolated from

macrophages on day 1 of culture

was analyzed for Arginase 1

(Arg1) and iNOS by western blot.

b, c The levels of Arg1 and iNOS

were normalized to GAPDH. No

significant differences were

noted. Vital minced muscle grafts

promoted an M2-like phenotype

of macrophages in vitro on day 4.

d The protein was isolated from

macrophages on day 4 of culture

was analyzed for Arginase 1

(Arg1) and iNOS by western blot.

No iNOS expression was

detected. e The levels of Arg1

were normalized to GAPDH.

Arg1 expression was found to be

significantly higher in M0, pre-

polarized M1, and pre-polarized

M2 macrophages on day 4 of

culture. Values are means ± SEM;

*, P<0.05
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2007; Warren et al. 2005; Lepper et al. 2011). Within the

defect in close proximity to the remaining musculature, there

was evidence that this process was occurring 2 weeks after

devitalized graft transplantation, as Pax7+ cells, small

regenerating myobfibers, and macrophages were all

colocalized (Figs. 4–6). However, beyond no more than

0.5 mm from the remaining muscle mass, no evidence of

Pax7+ or myosin+ cells was present in the defect, and no

evidence of further regeneration had occurred by 8 weeks

post-injury. In contrast, minced graft transplantation presented

muscle fiber regeneration throughout the defect with associ-

ated satellite cell (Pax7+) colocalization (Figs. 4 and 5), which

may have been derived from the transplanted grafts or migrat-

ed from the host tissue. As an alternative myogenic cell

source, perivascular stem cells and CD133+ progenitors have

been identified previously within regenerating muscle fibers

in the area where decellularized scaffolds were transplanted

(Sicari et al. 2014; Turner et al. 2010). In the current study we

also observed that Sca-1+ cells were prevalent in defect re-

gions not populated by Pax7+ cells after devitalized graft

transplantation 2 weeks post-injury (Fig. 5). Sca-1 is

expressed on a variety of stem and progenitor cells including,

but not limited to, hematopoietic stem cells, muscle-derived

stem cells and side population cells (Torrente et al. 2001;

Polesskaya et al. 2003; Zammit et al. 2006). Although we

did not further identify these Sca-1+ cells, their presence

indicates that stem and progenitor cells are capable of migrat-

ing into the devitalized grafts, and further raises the question

as to whether these potentially alternative myogenic cells

require interaction with adult myofibers or activated satellite

cells (Camargo et al. 2003) to induce myogenic function.

Based on these findings it appears that de novo muscle fiber

regeneration promoted by devitalized and vital scaffolds may

be partially dependent on satellite cell activity.

The role of the inflammatory response and the importance

of conversion from pro- to an anti-inflammatory phenotype

has become an increasingly recognized component in regen-

eration. Resident and recruited macrophages, among other

immune cells, exhibit complex and heterogeneous phenotypes

that are believed to be sequentially activated and abated in a

timely fashion through the phases of repair and regeneration.

Pro-inflammatory activity is important for the migration and

activation of myogenic precursor cells (Tidball and Villalta

2010; Arnold et al. 2007; Tidball and Wehling-Henricks

2007), while an anti-inflammatory response stimulates muscle

precursor cell differentiation and myotube formation (Brown

et al. 2012; Arnold et al. 2007; Tidball and Wehling-Henricks

2007, Tidball and Villalta 2010). In this study, we generally

characterized the inflammatory response of muscles repaired

with devitalized and vital grafts at 2 weeks post-injury. The

expression of CD163, widely recognized as a macrophage

specific anti-inflammatory marker (Moestrup and Moller

2004; Van Gorp et al. 2010; Kowal et al. 2011; Raes et al.

2002a, 2002b; Mosser 2003) was significantly lower in

devitalized than vital graft-repaired muscles indicating an

inferior anti-inflammatory (M2-like) macrophage polarization

(Fig. 6). Furthermore, the overall inflammatory response de-

spite the greater presence of CD68+ macrophages in

devitalized graft-repaired muscles appeared to be functionally

less active since TNF-α, IL-12, IL-4, IL-10, VEGF, and

TGF-β1 expression was significantly lower also.

Interestingly, since TNF-α is involved in the recruitment,

activation, and proliferation of muscle precursor and pax7+

satellite cells (Li 2003; Guttridge et al. 1999), and IL-4 and IL-

10 are associated with the differentiation and maturation of

myoblasts into myotubes (Arnold et al. 2007; Tidball and

Villalta 2010), the lower gene expression of these markers

suggests that the inflammatory response to the devitalized

grafts is not conducive to continued fiber regeneration in areas

further than ~.5 mm from the remaining musculature.

Because several inflammatory cells express surface

markers such as CCR7, CD86, FIZZ1, Arginase 1, and

MRC1 (Munder et al. 1999, Murphy et al. 2008; Zea et al.

2005; Nair et al. 2005), it is difficult to conclude a specific

macrophage phenotype in vivo. Moreover, M1 and M2 are

hypothetical ends of a spectrum and macrophages can acquire

overlapping phenotypical states that co-express M1 and M2

markers (Kou and Babensee 2010; Biswas and Mantovani

2010). To further understand the effect of devitalized and vital

grafts exclusively and specifically on macrophages, an in-

vitro study was conducted using bone marrow derived mac-

rophages. The study showed that both devitalized and vital

grafts induced a mixed macrophage phenotype response on

day 1, but only the vital grafts were able to induce and

maintain a more M2-like phenotype by day 4 (Fig. 7). This

in vitro study demonstrates that in the absence of biological

cues from live and functionally active cells, macrophages do

not acquire or maintain a functionally active M2 or pro-

regenerative phenotype. Therefore, we postulate that 2 weeks

post-injury in vivo the inflammatory cells (e.g., macrophages)

in the devitalized grafts (1) have an attenuated functional

activity, and (2) the paucity or absence of their biological

stimuli diminishes the migration and sustenance of myogenic

cells (e.g., Pax 7+ satellite cells) in the defect site (Fig. 5a).

This speculation is partially supported by the low expression

of IL-4, IL-12, IL-10, TNF-α, TGF-β1, and VEGF in the

devitalized graft-repaired muscles at 2 weeks post-injury

(Fig. 6), but requires further testing in VML models of a

clinically relevant scale. An extension of these findings is that

functionally active pro- and anti-inflammatory cells (e.g., M1

and M2 macrophage phenotypes) are important for de novo

regeneration of VML-injured skeletal muscle. In support of

this contention, other studies have also shown that a mixed

macrophage phenotype response (consisting of both M1 and

M2) is required for scaffold vascularization (Spiller et al.

2014) and remodeling (Agrawal et al. 2012). A prolonged
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and unrestrained M1 macrophage response or an early and

premature M2 response has been shown to result in aberrant

regenerative outcomes (Li 2003; Sindrilaru et al. 2011; Chen

et al. 2005; Torrente et al. 2003; Warren et al. 2002).

Furthermore, a chronic injury like VML consists of repeated

degeneration-regeneration cycles creating a complex cellular

microenvironment (Corona et al. 2013a, 2013c). Therefore,

coordinated efforts by both pro- and anti-inflammatory cells

(e.g., M1 and M2 macrophage phenotypes) might be required

for effective regeneration of VML, as demonstrated by the

vital grafts in this study.

The functional improvements promoted by transplantation

of devitalized grafts are encouraging for the clinical transla-

tion of acellular scaffolds. We suggest that the limited fiber

regeneration observed with the devitalized grafts, in compar-

ison to that promoted by the vital graft positive control group,

is not likely to significantly contribute to functional recovery.

However, the fibrotic mass deposited in the defect in response

to devitalized grafts, while not itself contractile, also

corresponded to a significant (albeit lesser than vital grafts)

functional improvement compared to no repair (Fig. 2 and 3).

We (Corona et al. 2013a) and others (Chen and Walters 2013)

have previously observed this functional fibrosis using a va-

riety of decellularized scaffolds in rodent VML models. A

recent clinical study reported that UBM transplantation im-

proved the functional capacity of individuals with VML

(Sicari et al. 2014). Given the low density of small muscle

fibers that regenerated in this study, it is plausible that a

portion of the functional improvement may have been due to

improved force transmission. In this regard, a scaffold de-

signed to constructively model a mechanical bridge in the

defect may optimize force transmission and protect the re-

maining musculature from functional overload (Corona et al.

2013a), and therefore may be an exemplary surgical interven-

tion used for acute repair of VML. That being said, functional

recovery of VML-injured muscle will only approach its full

potential with restoration of the lost muscle mass. Thus, the

goal of emerging therapies should remain focused on func-

tional gains made through regeneration.

Herein, we demonstrate that de novo muscle fiber regener-

ation in a VML defect following devitalized scaffold trans-

plantation is limited, and restricted to areas in close proximity

to the remaining musculature. These findings indicate that

transplantation of a devitalized scaffold without local queues

from injured skeletal muscle is too great a deviation from the

normal spatiotemporal events that define mammalian skeletal

muscle regeneration. A stark absence is the presence of satel-

lite cells in remote regions of the defect, and an attenuated

activity of pro- and anti-inflammatory cells. As a positive

control, vital minced grafts comprised of myogenic and scaf-

fold elements allow for interaction with the ensuing inflam-

matory response and the promotion of muscle tissue regener-

ation throughout the defect area. The current results suggest

that de novo muscle fiber regeneration promoted by

devitalized grafts may be improved if the migration distance

for myogenic cells is reduced.
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