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Abstract

The success of peripheral nerve regeneration is governed by the rate and quality of axon bridging

and myelination that occurs across the damaged region. Neurite growth and the migration of

Schwann cells is regulated by neurotrophic factors produced as the nerve regenerates, and these

processes can be enhanced by mesenchymal stem cells (MSCs), which also produce neurotrophic

factors and other factors that improve functional tissue regeneration. Our laboratory has recently

identified a population of mesenchymal progenitor cells (MPCs) that can be harvested from

traumatized muscle tissue debrided and collected during orthopaedic reconstructive surgery. The

objective of this study was to determine whether the traumatized muscle-derived MPCs exhibit

neurotrophic function equivalent to that of bone marrow-derived MSCs. Similar gene- and

protein-level expression of specific neurotrophic factors was observed for both cell types, and we

localized neurogenic intracellular cell markers (brain-derived neurotrophic factor and nestin) to a

subpopulation of both MPCs and MSCs. Furthermore, we demonstrated that the MPC-secreted

factors were sufficient to enhance in vitro axon growth and cell migration in a chick embryonic
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dorsal root ganglia (DRG) model. Finally, DRGs in co-culture with the MPCs appeared to

increase their neurotrophic function via soluble factor communication. Our findings suggest that

the neurotrophic function of traumatized muscle-derived MPCs is substantially equivalent to that

of the well-characterized population of bone marrow-derived MPCs, and suggest that the MPCs

may be further developed as a cellular therapy to promote peripheral nerve regeneration.
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1. Introduction

Peripheral nerve injury is currently a challenging complication of musculoskeletal trauma,

and the functional outcome of surgical reconstruction is often limited by the ability to repair

the injured nerves. Success of nerve regeneration depends primarily on the speed and

efficiency of axonal growth and myelination to bridge the damaged region (Gordon et al.,

2009; Lee et al., 2000), and these processes are mediated by the native neuroglial Schwann

cells (Madduri and Gander, 2010). Several recent studies have investigated the use of adult

mesenchymal stem cells (MSCs) as Schwann cell surrogates that can enhance the rate of

peripheral nerve regeneration (Bossolasco et al., 2005; Brohlin et al., 2009; Keilhoff et al.,

2006b; Mahay et al., 2008a; Pan et al., 2007; Ribeiro-Resende et al., 2009). Although the

precise role of undifferentiated MSCs in these processes is not completely understood, it has

previously been shown that these cells exhibit immunomodulatory effects that enable them

to regulate injury-initiated inflammation (Le Blanc, 2006; Le Blanc and Ringden, 2007).

Similarly, MSCs appear to have trophic characteristics to enhance regeneration by

expressing factors that are pro-angiogenic, limit scar formation and promote functional

tissue formation by local wound-healing cells (Caplan and Dennis, 2006; Ozaki et al., 2007;

Passweg and Tyndall, 2007; Tomchuck et al., 2008). MSCs have also been shown to secrete

specific neurotrophic factors that are characteristic of Schwann cells (Caplan, 2007; Crigler

et al., 2006; Hu et al., 2007; Munoz et al., 2005; Scuteri et al., 2006; Woodbury et al.,

2000). Therefore, MSCs are a desirable candidate cell type for use in cell-based tissue-

engineered constructs for peripheral nerve regeneration. However, the clinical use of

autologous bone marrow-derived MSCs usually requires additional surgical procedures, and

the availability of these cells at the point of care is relatively low. Thus, alternative

autologous sources of cells would be clinically useful.

Our laboratory has recently identified a population of multipotent mesenchymal progenitor

cells (MPCs) in traumatized muscle tissue, with characteristics similar to those of MSCs

(Nesti et al., 2008). The MPCs are available at high concentrations in tissue that has been

debrided from the zone of injury following musculo-skeletal trauma (Jackson et al., 2009a).

In addition to having multilineage differentiation potential, the MPCs appear to exhibit

trophic and pro-regeneration properties that are associated with MSC populations (Jackson

et al., 2010). For example, the MPCs are capable of modulating inflammatory responses and

they also participate in specific mechanisms of angiogenesis and vascular maintenance. We
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have also recently demonstrated that MPCs express neurotrophic factors, including nerve

growth factor (NGF), brain-derived growth factor (BNDF), ciliary neurotrophic factor

(CNTF) and neurotrophin 3 (NT-3) (Bulken-Hoover et al., 2011), all of which have specific

functions in peripheral nerve regeneration to promote the growth of axons and migration of

Schwann cells into the site of injury (Gordon, 2009; Xiao et al., 2009). Culturing the MPCs

in a defined medium for neurotrophic induction can also enhance the expression of these

factors (Bulken-Hoover et al., 2011).

Given the general pro-regeneration functions of traumatized muscle-derived MPCs and their

expression of specific neurotrophic factors, these cells represent a possible alternative cell

type for use in strategies to promote nerve repair. Although MPCs and MSCs exhibit many

similar regenerative functions, differences between these cell types have been observed,

including their response to particular extracellular stimuli and some mechanisms by which

they interact with other cell types (Jackson et al., 2010). The expression of neurotrophic

factors by MPCs has not been compared directly to a well-characterized population of MSCs

to establish a quantitative measurement of their neurotrophic potential. Furthermore, the

effect of the factors secreted by MPCs on neurons has not yet been evaluated to verify their

ability to promote nerve regeneration. Therefore, the objective of this study was to

determine whether the neurotrophic properties of traumatized muscle-derived MPCs are

equivalent to those of bone marrow-derived MSCs. Our specific aims were: (a) to compare

the gene- and protein-level expression of neurotrophic factors by MPCs and MSCs; (b) to

evaluate the functional effect of the secreted neurotrophic factors on axon growth; and (c) to

determine whether the neurotrophic function of MPCs and MSCs are enhanced by cellular

communication with neuronal cells. The findings of this study will be useful to determine

whether traumatized muscle-derived MPCs will be a sufficient substitute cell type for tissue-

engineering applications of peripheral nerve repair.

2. Materials and methods

2.1. Cell-harvesting procedure

Institutional Review Board (IRB) approval from the Walter Reed Army Medical Center

(WRAMC) was obtained to collect debrided muscle tissue following orthopaedic injury to

the extremities. MPCs were harvested from the viable edge of muscle samples along the

wound margin, as previously described (Jackson et al., 2009b; Nesti et al., 2008). In brief,

approximately 200 mg muscle tissue was minced and gently agitated for 2 h at 37°C in

digestion medium (DMEM with 0.5 mg/ml collagenase 2; Worthington Biosciences,

Lakewood, NJ, USA). The cells, pelleted by centrifugation, were plated in a T150 tissue

culture flask in DMEM containing 10% v/v fetal bovine serum (FBS; Invitrogen, Carlsbad,

CA, USA) and 5 U/ml penicillin, streptomycin and fungizone (PSF; Invitrogen). After 2 h,

non-adherent cells were removed by washing with phosphate-buffered saline (PBS;

Invitrogen) and the adherent cells were cultured in growth medium (GM; DMEM

supplemented with 10% v/v FBS and 1 U/ml PSF). Bone marrow-derived MSCs were

harvested from femoral heads obtained from total hip arthroplasties, following an IRB

approved protocol at the University of Washington and using an established technique

(Caterson et al., 2002).
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2.2. Neurotrophic induction

The cells were plated at a density of 1000 cells/cm2 and maintained in GM for 3 days. On

day 4, the cells were cultured in a pretreatment medium consisting of α-MEM (Sigma, St.

Louis, MO, USA), 10% v/v FBS and 1 U/ml PSF, which was supplemented with 1 mM β-

mercaptoethanol (Sigma) for 24 h and then 35 ng/ml retinoic acid (Sigma) for 2 additional

days. Seven days after the initial plating, the cells were incubated for an additional 7 days in

a previously optimized neurotrophic induction medium (NM) consisting of DMEM/HAM’s-

F12 supplemented with 2% v/v B27 Supplement (Invitrogen), 2% v/v FBS, 20 µµ retinoic

acid and 10 ng/ml basic fibroblast growth factor (bFGF) (Bulken-Hoover et al., 2011), and

the medium was replaced with fresh NM every 2–3 days.

2.3. Immunocytochemistry

The cells were seeded in eight-well chamber slides and cultured according to the 14 day

neurotrophic induction protocol described above. Control cells were maintained in GM for

14 days. The cells were washed once with HBSS, fixed in phosphate-buffered 3% w/v

paraformaldehyde for 20 min, permeabilized with 0.5% v/v Triton X-100 (Invitrogen) for 10

min and blocked in 2% w/v bovine serum albumin (BSA; Sigma) for 30 min. The fixed cells

were incubated with 10 µg/ml mouse anti-nestin IgG (Abcam, Cambridge, MA, USA) and 5

µg/ml chicken anti-BDNF IgY (Abcam) in phosphate-buffered saline (PBS) with 1% v/v

goat non-immune IgG for 2 h at room temperature or overnight at 4°C, and then with 5

µg/ml Alexa 488-conjugated goat anti-mouse IgG and 5 µg/ml Alexa 548-conjugated goat

anti-chicken IgG (diluted 1:100; Jackson ImmunoResearch, West Grove, PA, USA) in PBS

for 30 min. Primary antibodies were reactive against the human antigens, and the secondary

antibodies exhibited minimal cross-reactivity between mouse IgG and chicken IgY.

Negative controls were performed to rule out non-specific or cross-reactive staining.

Nuclear staining was carried out using Hoechst 33342 (Sigma). The coverslips were then

mounted to slides with VectaShield (Vector Labs, Burlingame, CA, USA) and viewed with

a Zeiss Observer Z1 microscope (Carl Zeiss Microimaging, Thornwood, NY, USA).

2.4. Histomorphometry

Cell density was extrapolated by counting the number of nuclei in each of five images taken

at × 10 magnification. Each image captured approximately 0.13 mm2 of the surface area and

the five images were taken from the same region of each culture, distributed over a total area

of approximately 3.1 mm2. The number of cells in each image that were positive for BDNF

and nestin was determined by uniformly thresholding the red and green channels and

counting the number of cells with fluorescence intensity above the set threshold.

2.5. Gene expression assays

RNA was extracted by phase separation, using TRIzol (Invitrogen) according to the

manufacturer’s protocol and purified using RNeasy Mini-columns (Qiagen). RNA

concentrations were estimated with UV spectrophotometry on the basis of A260/280 and

A260/230. Genomic DNA elimination, first-strand cDNA synthesis and real-time RT-PCR

analysis was performed using the RT2 PCR assay system (SA Biosciences, Frederick, MD,

USA) and a BioRad iCycler iQ real-time PCR detection system. Gene expression was
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normalized using β-actin (ACTB) as an internal housekeeping control (Bulken-Hoover et al.,

2011; Jackson et al., 2010). All primers were obtained from SA Biosciences.

2.6. ELISA assays

Cells were plated in 12-well dishes, and neurotrophic induction was performed as described

above. On day 14 of the neurotrophic induction protocol, cell supernatants were collected

and the concentration of NGF, BDNF, CNTF and NT-3 in each sample was measured using

ELISA kits (DuoSet ELISA systems, R&D Systems, Minneapolis, MN, USA), using a

Synergy HT Plate reader (Bio-Tek, Winooski, VT, USA).

2.7. Dorsal root ganglion (DRG) assays

DRGs (L1-L6) were harvested from embryonic day 9 chicken embryos, using a previously

described protocol (Nishi, 1996), and one DRG was positioned into the centre of each well

of a 12-well plate with laminin-treated culture surfaces (~1 µg/ml, Sigma). The DRGs were

cultured overnight in DRG medium, consisting of Eagle’s MEM (Invitrogen), 10% v/v horse

serum (Sigma), 2 mM glutamine (Invitrogen), 1 U/ml PSF and 1 ng/ml ciliary neurotrophic

factor (CNTF; Sigma). After 24 h, DRGs were prepared for either the conditioned media

assay or for co-culture. GM or NM used for culture of MPCs and MSCs during days 14–17

of the neurotrophic induction protocol were collected as cell supernatants, mixed at a 1:1

ratio with fresh DRG medium and used as conditioned media. GM and NM, handled

identically but placed in wells without cells for 3 days, were used as ‘no cell’ conditioned

medium controls. Co-culture was performed using MPCs and MSCs, plated into Transwell

inserts (Corning, NY, USA), cultured with GM or NM and then transferred to the wells

containing the DRGs on day 14 of the neurotrophic induction protocol. The co-culture was

maintained in fresh GM or NM, mixed at a 1:1 ratio with fresh DRG medium. After an

additional 2 days of culture with conditioned media or co-culture, the DRGs were fixed with

4% w/v paraformaldehyde (FD NeuroTechnologies, Catonville, MD, USA) and imaged with

phase-contrast and interference light microscopy. Neurite extension was compared to the

average neurite length of neurites that extended from DRGs cultured in DRG medium for 3

days (1.75 mm).

2.8. Statistics

Statistical significance for each of the indicated tests was assigned to p < 0.05. All assays

were performed with a minimum of three biological replicates consisting of cells derived

from different donors.

3. Results

As a result of neurotrophic induction, the traumatized muscle-derived MPCs and bone

marrow-derived MSCs both assumed a smaller and more spindle-shaped morphology

(Figure 1A). Under growth medium conditions, both cell types displayed nestin-positive

cells and a subpopulation of cells with BNDF staining associated with cytoplasmic vesicles

located adjacent to the nuclei (Figure 1B). Following neurotrophic induction, more intense

nestin and BNDF staining was evident in a greater number of both the MPCs and MSCs.

Most of the nestin- and BDNF-positive cells had an elongated, spindle-shaped morphology.
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Immunostaining of nestin and BDNF appeared to be highly co-localized in the traumatized

muscle-derived MPCs, whereas many of the bone marrow-derived MSCs were positive for

either BDNF or nestin. Using histomorphometry, we determined that there was a significant

increase in the number of MPCs following neurotrophic induction, but not for MSCs (Figure

2A). The percentage of BDNF-positive cells increased to approximately the same extent for

MPCs and MSCs, while the percentage of nestin-positive cells increased significantly more

for MPCs than for MSCs (Figure 2B).

We evaluated the gene- and protein-level expression of four neurotrophic factors: NGF,

BDNF, CNTF and NT-3. Only BDNF exhibited significant gene-level upregulation in

response to neurotrophic induction for both traumatized muscle-derived MPCs and bone

marrow-derived MSCs (Figure 3). However, significantly increased protein levels of CNTF

and NT-3, in addition to BDNF, were detected in the culture supernatants of the traumatized

muscle-derived MPCs maintained under neurotrophic induction conditions (Figure 4A).

Similarly, bone marrow-derived MSCs exhibited significantly elevated protein levels of

BDNF and NT-3 following neurotrophic induction (Figure 4B).

The effects of these secreted factors on neuron function were evaluated using a conditioned

medium-DRG assay. The density of neurites appeared to increase for DRGs that were

cultured in medium conditioned by either traumatized muscle-derived MPCs or bone

marrow-derived MSCs, with the latter having a greater effect on neurite densities (Figure

5A). Neurite density also appeared to be higher for DRGs that were cultured in conditioned

medium derived using NM. The number of neurites that extended beyond the average

neurite length of DRGs cultured in DRG medium alone (1.75 mm) was significantly

increased in cultures exposed to factors secreted by the MPCs and MSCs in both GM and

NM, compared to the ‘no cell’ control condition (Figure 5B).

The co-culture medium conditions affected the length of neurites and the proliferation of

fibroblastic cells in the DRG (Figure 6A). The DRGs cultured in the ‘no cell’ growth

medium condition exhibited the least fibroblastic cell proliferation and were able to maintain

their shape throughout the culture period, while fibroblastic cell density appeared to be

greater for the DRGs that were co-cultured with either traumatized muscle-derived MPCs or

bone marrow-derived MSCs. Under neurotrophic induction conditions, the fibroblastic cell

density did not appear to depend on the co-culture cell type for DRGs that were cultured.

The number of extended neurites was also significantly greater for the DRGs that were co-

cultured with either MPCs or MSCs under either medium condition compared to the ‘no

cell’ controls (Figure 6B), although the effect of MSC co-culture did not appear to be as

significant as co-culture with the traumatized muscle-derived MPCs.

4. Discussion

Traumatized muscle-derived MPCs are readily available following traumatic

musculoskeletal injuries, and these cells could provide a substitute for bone marrow-derived

MSCs for use in cellular therapies to promote functional tissue regeneration (Jackson et al.,

2010). The objective of this study was to determine whether the neurotrophic properties of

traumatized muscle-derived MPCs are equivalent to those of bone marrow-derived MSCs.
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Our results showed that both the MPCs and the MSCs contain a subpopulation of cells with

neurotrophic properties, and that treatment with an optimized neurotrophic induction

medium resulted in increasing the percentage of both cell types that express nestin and

BNDF. This treatment resulted in an overall increase in the number of MPCs but did not

alter the proliferation of MSCs. Neurotrophic induction also led to an increase in the gene-

and protein-level expression of BDNF in both cell types. Increased protein levels of CNTF

and NT-3 were detected in conditioned medium of MPCs after neurotrophic induction,

which was likely due to a higher number of cells expressing these factors. A similar result

was observed for NT-3 expression by MSCs. These secreted factors led to an increase in the

density and length of neurites that had extended from chick embryonic DRGs. Similar

results were observed in a co-culture assay, although the effect of the MPC-secreted factors

appeared to be more significant, suggesting crosstalk involving soluble factors between

these cells and the DRG cells. In summary, while there appeared to be some differences

between traumatized muscle-derived MPCs and bone marrow-derived MSCs in terms of

specific neurotrophic interactions, the two cell types appear to be functionally similar in

their ability to produce neurotrophic factors and to enhance the growth and proliferation of

neurogenic cell types.

Several aspects of this study contribute to the strength of our findings. First, the expression

of neurotrophic factors by the entire population of traumatized muscle-derived MPCs was

assessed at both gene and protein levels. We also used immunocytochemistry to substantiate

the expression of BNDF by localizing the protein to intracellular regions of the MPCs, and

further identified a subpopulation of cells that express higher levels of this neurotrophic

factor. Second, the trophic effect of secreted neurotrophic factors on neuronal cell types was

evaluated using a DRG model. We demonstrated not only that the MPCs express specific

neurotrophic factors, but also that these cytokines work in concert with other secreted

factors to promote the growth of neurites and the migration of fibroblastic cells away from

the DRG. The results of the co-culture experiment also suggest that there is crosstalk and

communication via secreted soluble factors between the neuronal cell types and the MPCs to

further enhance trophic factor production. Finally, all our experiments were carried out

using MPCs derived from traumatized human muscle and the results are compared against

human bone marrow-derived MSCs, a well characterized population of adult stem cells. Our

findings are thus directly applicable to developing clinical therapies using traumatized

muscle-derived MPCs, with their potential therapeutic effects evaluated in the context of

MSCs, a cell type that is currently in clinical use.

A few caveats of our study should be noted. First, the neurotrophic functional assays were

made using an in vitro model based on chick embryonic DRGs. Although this is a well-

characterized system for the study of neurotrophic effects, it will be necessary to verify the

neurotrophic activities of the MPCs in vivo. Second, the experimental outputs of our

functional neurotrophic assays were based on measurement of neurite length and cell

migration of fibroblastic cells away from the DRG, which are morphological observations

made without the identification of associated cell-type specific markers. While this

observation allows us to describe general neurotrophic effects of soluble, secreted factors

derived from MPCs, immunocytochemical detection of specific cellular markers, such as
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S100 for Schwann cells, is needed for more specific characterization of the effects and

cellular targets within the DRG. Finally, this is primarily a descriptive study and not an

investigation into the mechanism of the neurotrophic enhancement activity of the

traumatized muscle-derived MPCs. We believe that these findings serve as a foundation for

further development of clinical therapies based on the trophic function of the MPCs and, in

parallel, we have initiated amechanistic investigation into the trophic interactions between

the MPCs and neuronal cell types.

It is noteworthy that the neurotrophic potential of MSCs has previously been demonstrated

in vitro and in vivo using several animal models. Even without treatment to enhance their

glial cell-like properties, MSCs express glial cell markers, such as glial fibulary acidic

protein (GFAP) and nestin (Deng et al., 2006; Tondreau et al., 2004), as well as

neurotrophic factors that can promote the growth and survival of neurons in vitro (Pan et al.,

2007; Ribeiro-Resende et al., 2009; Wright et al., 2010; Yang et al., 2009). Untreated MSCs

have also been shown to promote nerve regeneration in vivo (Pan et al., 2007). Similar to

our findings described here, the previously reported neurotrophic behaviour appears to arise

from subpopulations of MSCs that exhibit baseline neurogenic characteristics (Crigler et al.,

2006). Treatment with defined induction factors can promote glial cell functions and

generate an in vitro phenotype suggesting their trans-differentiation into Schwann cells

(Brohlin et al., 2009; Keilhoff et al., 2006a; Mahay et al., 2008b). These Schwann cell-like

populations of MSCs function similarly to Schwann cells in vitro and can also be used to

promote nerve regeneration in vivo (Keilhoff et al., 2006b). The results of the previous in

vitro functional assays corroborate our findings, suggesting that traumatized muscle-derived

MPCs exhibit neurotrophic potential similar to that of MSCs. While few studies have

directly compared untreated MSCs to differentiated MSCs to assess whether the transplanted

cells are effective in the in vivo environment of the injured nerve, a recent study in a non-

human primate model demonstrated the long-term safety and efficacy of using MSCs to

promote peripheral nerve regeneration (Wakao et al., 2010).

There is currently conflicting evidence as to whether MSCs can undergo non-mesenchymal

trans-differentiation into a Schwann or glial cell type. There are several reports indicating

that Schwann cells can be generated from MSCs using an induction protocol involving

defined factors that yields morphological and functional properties that are lineage-

characteristic for glial cells (Brohlin et al., 2009; Caddick et al., 2006). However, some

studies indicate that the induction condition is merely triggering transient expression of

these characteristics, and that the MSCs will eventually revert to their previous phenotype

and function (Rooney et al., 2009). An alternative description of the neurotrophic induction

is that treatment with defined factors promotes the proliferation and survival of the

neurogenic MSC subpopulations, thus resulting in a population of MSCs with Schwann cell-

like characteristics by means of selection rather than trans-differentiation (Phinney and

Prockop, 2007). In our study, the defined induction medium used appears to emulate the

latter method of neurotrophic enhancement of MPC and MSC populations, although it does

not substantially affect the survival of the non-neurogenic cells. The resulting cell

population is thus able to continue providing the general trophic functions that are

characteristic of MSCs, but with a higher percentage of cells that produce BDNF and,
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presumably, the other neurotrophic factors as well. Furthermore, our data suggest that MPCs

and MSCs respond to cells in the DRG by exhibiting greater neurotrophic function, and this

effect has been observed previously in MSCs co-cultured with DRG neurons (Yang et al.,

2008). By extension, we speculate that untreated MSCs or traumatized muscle-derived

MPCs may be used as a cellular therapy to promote peripheral nerve regeneration, with

subpopulations of these cells assuming Schwann cell-type functions while they are exposed

to the wound-response factors in the nerve (Bulken-Hoover et al., 2011).

Several differences were noted that distinguish the neurotrophic function of traumatized

muscle-derived MPCs from that of bone marrow-derived MSCs. First, treatment of the

MPCs with the defined neurotrophic induction medium resulted in an increase in their

proliferation and, in particular, there was an increase in the percentage of nestin-positive

cells. There also appeared to be a higher number of MPCs expressing both BNDF and

nestin. These findings suggest that there may be differences in the neurogenic

subpopulations between MPCs and MSCs, likely reflecting their different tissue origin.

Second, the overall protein-level expression of BDNF was lower for the traumatized muscle-

derived MPCs, and the functional neurotrophic enhancement from MPC-secreted factors, as

measured by the density of extended DRG neurites, appeared to be less effective than that of

the MSC-secreted factors. However, the MPCs also appeared to communicate via soluble

factors with the DRG cells in co-culture and, in response, the neurotrophic function of the

MPCs was enhanced. These observations corroborate our previous studies suggesting that

the MPCs should become more neurotrophic when they are in the environment of an injured

peripheral nerve (Bulken-Hoover et al., 2011). We have previously described the similarities

between the MPCs and MSCs in terms of differentiation potential and pro-regeneration

activities, and this study extends our previous findings to neurotrophic functions as well.

In summary, the findings of our study show that the neurotrophic characteristics of MPCs

isolated from traumatized muscle tissue appear to be substantially equivalent to the well-

characterized population of bone marrow-derived MSCs. Both cell types exhibit gene- and

protein-expression of neurotrophic factors, which act on neuronal cell types to enhance DRG

cell migration and neurite growth. The MPCs and MSCs are also both responsive to

neurotrophic induction via defined factors, and our immunocytochemistry results suggest

that different subpopulations of these cell types may be responsible for the enhanced

neurotrophic function. Our current studies are aimed at investigating the mechanism by

which the MPCs respond to the neurotrophic induction factors, as well as the factors

secreted by the DRG neurons, and to differentiate the responses of specific MPC

subpopulations. We are also evaluating the ability of the traumatized muscle-derived MPCs

to improve peripheral nerve regeneration in vivo, using a segmental peroneal nerve defect

model. We believe that the findings of the present study strongly suggest that MPCs derived

from traumatized muscle tissue may be developed as an alternative cell type to bone

marrow-derived MSCs as a cellular therapy to promote neurite growth and cell migration

during peripheral nerve regeneration.
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Figure 1.
Morphology of MSCs and MPCs cultured in either growth medium or neurotrophic

induction medium: (A) phase-contrast microscopy; (B) immunocytochemistry; both × 10

magnification. Cells were stained for nestin (green, top row), BNDF (red, middle row) and

with Hoechst 33342 (blue). Red and green merged panels (bottom row) indicate cells with

co-localized nestin and BDNF. All scale bars=100 µm
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Figure 2.
Histomorphometric analysis of MPCs and MSCs cultured in growth medium (GM) and

neurotrophic induction medium (NM). (A) Cell densities after 14 days of culture;*p < 0.05,

Student’s t-test with n = 3. (B) Percentage of cells that stained positively for BNDF or

nestin; a,bp < 0.05, b,cp < 0.05, a,cp < 0.01, one-way ANOVA with SNK post hoc

comparisons and n = 3
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Figure 3.
Neurotrophic factor gene expression: (A) traumatized muscle-derived MPCs and (B) bone

marrow-derived MSCs were cultured in either growth medium (GM) or neurotrophic

induction medium (NM) for 14 days, and gene expression was assayed using real-time RT-

PCR; *p < 0.01, Student’s t-tests with n = 4. NGF, nerve growth factor; BDNF, brain-

derived neurotrophic factor; CNTF, ciliary neurotrophic factor; NT-3, neurotrophin-3
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Figure 4.
Neurotrophic factor production: (A) traumatized muscle-derived MPCs and (B) bone

marrow-derived MSCs were cultured in either growth medium (GM) or neurotrophic

induction medium (NM) for 14 days, and the concentration of neurotrophic factors secreted

in the cell supernatants during the final 3 days was measured using ELISA; *p < 0.05,

Student’s t-tests with n = 4
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Figure 5.
Neurotrophic activity assay of MPC and MSC conditioned media using cultured DRGs. (A)

Neurite density was imaged using ×4 interference microscopy after culture for 3 days with

growth medium or neurotrophic induction media that had been conditioned with factors

secreted by MPCs or MSCs; scale bar = 250 µm. (B) The number of neurites that extended

beyond the average neurite length in control DRG medium (1.75 mm) as a result of culture

with growth medium or neurotrophic induction medium conditioned by MPCs or MSCs; a,bp

< 0.05, b,cp < 0.05, a,cp < 0.01, one-way ANOVA with SNK post hoc comparisons and n = 4
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Figure 6.
Neurotrophic activity of MPCs and MSCs in DRG co-culture assays. (A) The DRGs were

imaged using ×4 phase-contrast microscopy after co-culture with MPCs or MSCs for 3 days

in growth medium or neurotrophic induction medium; scale bar = 250 µm. (B) The number

of neurites that extended beyond the average neurite length in DRG medium (1.75 mm) as a

result of co-culture with MPCs or MSCs in growth medium or neurotrophic induction

media; a,b,cp < 0.05, one-way ANOVA with SNK post hoc comparisons and n = 4
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