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PREFACE 

 

This thesis contains work on the role of pericyte subtypes in tissue regeneration and pathology as 

it relates to previous work on pericyte biology. This thesis was prepared by Alexander Birbrair as 

a partial fulfillment of the requirements for the degree of doctor of philosophy (PhD). This thesis 

was made under the supervision of Dr. Osvaldo Delbono. The works contained within have been 

either submitted for publication or published previously, and are republished with permission. 

Publications have been reformatted to fit the guidelines of thesis preparation at Wake Forest 

School of Medicine. Stylistic variations within the chapters are due to specific requirements for 

each journal. 
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Glast, glutamate aspartate transporter 

GLU, glutamate 

GΩ, gigaohm 

H&E, hematoxilin and eosin 

h, hour 

H2O, water 

HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

Hoechst 33342, bisBenzimide H33342 trihydrochloride 

HS, horse serum 

HUVEC, human umbilical vein endothelial cell  
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IGF, insulin-like growth factor 

IGF-1, Insulin-like growth factor 1 

IGFR, Insulin-like growth factor receptor 

IgG, immunoglobulin 

IM, intramuscular  

IP, intraperitoneal  

iPSCs, induced pluripotent stem cells 

IV, intravenous  

K+, potassium 

kb, kilobase 

KCl, potassium chloride  

kHz, kilohertz 

Ki67, a cellular marker for proliferation 

Kir6.1, potassium inwardly-rectifying channel 

KOH, potassium hydroxide 

L, liter 

LacZ, the gene that encodes β-galactosidase 

LAD, left anterior descending 

LEPR, leptin receptor 

LoxP, a 34 bp element composed of two 13 bp inverted repeats separated by an asymmetric 8 bp 

spacer region 

Lrat, lecithin-retinol acyltransferase 

LSEC, liver sinusoidal endothelial cells  

http://en.wikipedia.org/wiki/Potassium_chloride
http://en.wikipedia.org/wiki/Potassium_hydroxide
http://en.wikipedia.org/wiki/Beta-galactosidase
http://www.researchgate.net/publication/5784020_Liver_sinusoidal_endothelial_cells_are_the_principal_site_for_elimination_of_unfractionated_heparin_from_the_circulation


XXI 
 

LSGS, low-serum growth supplement 

LV, lateral ventricle 

LZD, leucine zipper domain 

MACS, magnetic-activated cell sorting    

MCAM, melanoma cell adhesion molecule 

MD, monopartite domain 

MF20, monoclonal antibody that recognizes the heavy chain of myosin II, specificially the light 

meromyosin portion 

Mg2+, magnesium 

MgCl2, magnesium chloride  

MHC, myosin heavy chain 

MI, myocardial infarction 

min, minutes 

mm, milimetros 

mM, millimolar 

mmHg, millimeter of mercury 

MRI, magnetic resonance imaging  

mRNA, messenger ribonucleic acid  

ms, millisecond  

MSCs, mesenchymal stem cells 

mT, maximal magnetic field gradient 

MUC18, cell surface glycoprotein (CD146) 

mV, millivolt 
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MW, molecular weight 

Myf5, myogenic factor 5 

MyoD, key protein in muscle differentiation regulation  

MΩ, megaohm 

nA, nanoamperes 

Na+, sodium 

NaCl, sodium chloride  

NaOH, sodium hydroxide  

NES, nuclear export signal 

NEX, number of excitations 

NF-H, high molecular weight neurofilament subunit 

NF-L, low molecular weight neurofilament subunit 

NG2, neuron-glial antigen 2 

NGF, nerve growth factor  

NGFR, nerve growth factor receptor 

NLS, nuclear localization sequence 

NLSs/NoLSs, nuclear/nucleolar localization signals  

nm, nanometers 

Nonidet P40, a nonionic, non-denaturing detergent 

NSC, neural stem cell 

nu/nu, athymic nude mouse  

O/N, over night 

O2, oxigen 
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O4, oligodendrocyte marker 

OCT, optimum cutting temperature 

P1, type-1 pericytes 

P2, type-2 pericytes 

P75, low-Affinity Nerve Growth Factor Receptor 

pA, picoampere 

Pax7, paired box 7 gene 

PBS, phosphate buffered saline  

PCR, polymerase chain reaction 

PDGF-AA, platelet-derived growth factor glycoprotein composed of two A (-AA) chains 

PDGF-BB, platelet-derived growth factor glycoprotein composed of two B (-BB) chains 

PDGFR, platelet-derived growth factor receptor 

PDGFRα, platelet-derived growth factor receptor α 

PDGFRβ, platelet-derived growth factor receptor β 

PECAM-1, platelet endothelial cell adhesion molecule-1 

PEDF, pigment epithelium-derived factor 

PerCP, peridinin chlorophyll 

PFA, paraformaldehyde 

PML, promyelocytic leukemia. 

Pol, polymerase 

PParγ, proliferator-activated receptor-γ 

Psi, pounds per square inch 
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PW1, murine gene encoding a large protein containing 12 widely spaced zinc fingers and several 

unique structural motifs. 

RARE, rapid acquisition with relaxation enhancement 

rhEGF, recombinant human epidermal growth factor 

RNA, ribonucleic acid 

RNase, ribonuclease 

Rosa, refers to a locus that is widely used for achieving generalized expression in the mouse 

RPM, revolutions per minute 

RT, resistance training 

RT, reverse transcriptase 

S100a4, S100 calcium-binding protein A4 (FSP1) 

S100β, 21 kDa calcium-binding protein 

Sca-1, an 18 kDa phosphatidylinositol-anchored protein that is a member of the lymphocyte 

antigen 6 (Ly-6) family 

Scx, scleraxis 

SEM, standard error of the mean 

SL, sarcomere length 

SSC, side-scattered light 

SV40, simian virus 40 

SVZ, subventricular zone 

T25, 25 cm2 flask 

TA, tibialis anterior muscle  

TE, echo time 
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Tg, transgenic 

TGFβ, Transforming growth factor beta  

TGFβR, Transforming growth factor beta  receptor 

Tm, tropomyosin 

TnCT, TnT COOH-terminus 

TnFL, full-length TnT 

TnM, TnT middle region 

TnNT, TnT NH2-terminus 

TNNT1, slow troponin T 

TNNT3, fast twitch skeletal troponin gene 

TnT, Troponin T 

TnT3, Troponin T3  

TR, repetition time 

Tris-HCl, Tris(hydroxymethyl)aminomethane hydrochloride 

TRIZOL, monophasic solution of phenol and guanidinium isothiocyanate 

Tuj1, neuron-specific class III beta-tubulin 

U/mL, units per milliliter 

UUO, unilateral ureteral obstruction 

VEGF, vascular endothelial growth factor  

VHS, video home system 

Vm, transmembrane voltage 

Vmax, velocity extrapolated to a force zero 

W/V, weight/volume  
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ABSTRACT 

 

 

Normal tissue homeostasis as well as tissue regeneration and repair after damage rely on resident 

stem cells. Incomplete regeneration in mammals has been attributed to an insufficient number of 

stem cells and a rapid fibro/adipocytic infiltration after wounding. Excessive scar formation 

compromises tissue function and can lead to organ failure. Cells called pericytes, located around 

blood vessels, act as stem cells. Some studies suggest that pericytes may contribute to 

regeneration in various organs as well as fibrous tissue and fat formation in response to aging 

and pathologies. Based on markers and morphology, pericytes have been identified as 

heterogeneous. However, the differentiation capability of pericyte subtypes has not yet been 

explored. Here we distinguish two bona fide pericyte subpopulations based on molecular 

markers, Nestin-GFP-/NG2-DsRed+/ PDGFRβ+ (type-1) and Nestin-GFP+/NG2-DsRed+/ 

PDGFRβ+ (type-2). This thesis characterizes heretofore their unknown specific roles. Only type-

2 pericytes have the potential, under optimized culture conditions, to generate neural cells. 

Additionally, type-2 pericytes participate in muscle regeneration; while type-1 contribute to fat 

accumulation. Type-1 pericytes deposit fibrous tissue in an organ-dependent manner in response 

to tissue injury. Moreover, only type-2 pericytes participate in normal and pathological 

angiogenesis. Our discoveries provide novel central cellular targets susceptible to signaling 

manipulation and pharmacological modulation in many diseases. Based on this work, we expect 

to limit deleterious pericytes’ functions while preserving their healthy functions. 
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RESEARCH IMPACT 

 

 

Prolonged Nestin-GFP+ expression in skeletal muscle-derived cultures provides a unique tool to 

obtain predifferentiated neural progenitor cells. The fact that an individual can be the donor and 

host of these cells circumvents the immunological and ethical concerns impeding cell therapy. 

These cells can be efficiently isolated from the skeletal muscle of various species, including 

nonhuman primates and aging mice, suggesting that autologous transplantation may be a 

potential application for central nervous system therapy. 

Although stem cells ensure tissue regeneration, overgrowth of adipogenic cells may 

compromise organ recovery and impair function. In myopathies and muscle atrophy associated 

with aging (sarcopenia), fat accumulation increases dysfunction, and after chronic injury, the 

process of fatty degeneration, in which muscle is replaced by white adipocytes, compromises 

tissue function and environment. Here, we described two pericyte subtypes we identified and 

propose that in skeletal muscle, they are committed to distinct lineages. Our results suggest that 

type-1 and type-2 pericytes contribute to successful muscle regeneration which results from a 

balance of myogenic and non-myogenic cells activation.  

The pericytes involved in skeletal muscle repair differ from those associated with scar 

formation in injured muscles from aging mice. This finding may lead to new therapies either to 

enhance myogenesis or to decrease fibrous tissue accumulation, in skeletal muscle from aging 

mammals including humans. 

Distinguishing tumor pericytes from normal pericytes could provide a specific cellular target 

for more efficient cancer therapy. We found that only type-2 pericytes participate in new blood 

vessel formation during tumor angiogenesis. Future work will analyze whether and how tumor 
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type-2 pericytes differ from type-2 pericytes in normal vasculature. As pericytes are 

heteregoneous, and subsets have different functions, targeting only the pericyte subpopulation 

involved in angiogenesis may be more efficient.  

Due to their pivotal role in angiogenesis, pericytes represent a promising target for 

treatments designed to increase vascularization in ischemic diseases. Specifically manipulating 

type-2 pericytes instead of the whole pericyte population can preclude complications associated 

with type-1 functions. 

In summary, our discovery of two pericyte subtypes with specific functions may lead to 

developing therapies aimed at preserving tissue regeneration throughout the lifespan. Our 

findings provide a central cellular target susceptible to signaling manipulation and 

pharmacological modulation. 
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CHAPTER I 

PERICYTE SUBTYPES AT THE INTERSECTION BETWEEN TISSUE 

REGENERATION AND PATHOLOGY 

 

Alexander Birbrair, Tan Zhang, Zhong-Min Wang, Maria Laura Messi,  

Akiva Mintz, and Osvaldo Delbono 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

The following manuscript is prepared for submission at Clinical Science. Stylistic variations are 

due to the requirements of the journal.  

 



2 
 

ABSTRACT 

 

Perivascular multipotent cells, pericytes, contribute to the generation and repair of various tissues 

in response to injury. They are heterogeneous in their morphology, distribution, origin, and 

markers, and elucidating their molecular and cellular differences may inform novel treatments 

for disorders in which tissue regeneration is either impaired or excessive. Moreover, these 

discoveries offer novel cellular targets for therapeutic approaches to many diseases. This review 

discusses recent studies that support the concept that pericyte subtypes play a distinctive role in 

myogenesis, neurogenesis, adipogenesis, fibrogenesis, and angiogenesis.  
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INTRODUCTION 

In the late 1800s, the French scientist Charles-Marie Benjamin Rouget described a population of 

contractile cells in the capillaries, which were named after him [1]. Fifty years later, Karl 

Wilhelm Zimmermann renamed them pericytes because they are primarily located around 

microvessels [2]. Microvascular pericytes have long projections that encircle the vessel wall in 

almost all tissues and organs [3]. They communicate with endothelial cells along the length of 

the vessel by physical contact and paracrine signaling [4].  

Until recently, light and electron microscopy were the only techniques able to visualize them, 

and pericytes distinct from vascular smooth muscle cells, perivascular fibroblasts, juxtavascular 

microglia, and other perivascular cells could not be identified precisely, resulting in the still 

widely held notion that their physiological function is limited to supporting microvessel stability.  

In recent years, however, pericytes have been isolated successfully from a variety of organs 

and established in tissue culture. Rapidly expanding insights into their physiological functions 

have attracted the attention of many research groups. Approaches that combine genetic lineage 

tracing, anatomical location, and expression of surface markers now enable a clearer 

understanding of pericytes’ varying roles in health and disease. 
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PHYSIOLOGICAL FUNCTIONS  

Studies have shown that in addition to physically stabilizing vessels, pericytes regulate blood 

flow [5-7]. They participate in vascular development, maturation, remodeling, architecture, and 

permeability [8-12]. They collaborate with astrocytes to maintain the functional integrity of the 

blood–brain barrier [13-24]. Pericytes affect blood coagulation [25-27] and immune function by 

regulating lymphocyte activation [28-31]. Evidence for phagocytic properties has been reported 

[32-36]. We invite the reader to consult recent publications that detail these pericyte functions 

[37-42]. Here, we will discuss studies that identify pericytes as stem cells that participate in 

tissue formation.  

  

HETEROGENEITY  

Pericytes are heterogeneous in terms of phenotype, distribution, and origin [42-44]. In 1923, 

Zimmerman was the first to distinguish three varieties according to their location in the blood 

vessels: pre-capillary, true-capillary, and post-capillary [2]. Pre-capillary pericytes have circular 

branches that wrap themselves around the vessel and express varying amounts of α-smooth 

muscle actin [45]. True-capillary pericytes are spindle-shaped; highly elongated, extending 

mainly along the vessels’ long axis; and have short secondary processes; they do not express α-

smooth muscle actin protein [45]. Post-capillary pericytes cover the abluminal surface of 

postcapillaries and are shorter and stellate.  

Pericyte coverage of blood vessels also differs by organ. The ratio of pericytes to endothelial 

cells is approximately 1:1 in the central nervous system and retina, 1:10 in the lung and skin, and 

only 1:100 in skeletal muscle [46]. This variation may be linked to the tissue’s function. One 

study proposed that the more pericytes, the higher the blood pressure in the organ, and the 
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greater blood vessel control [46], which could explain why more pericytes surround larger 

diameter vessels [43].  

Pericytes also differ in their embryonic origin. Lineage tracing studies indicate that forebrain 

pericytes are of  neuroectodermal origin [47]. In most other organs, pericytes derive from the 

mesoderm; specifically, the sclerotomal compartment [48-55]. However, given their 

heterogeneity within and between tissues, their exact origin remains unclear. 

Markers used to identify pericytes include alpha smooth muscle actin (αSMA) [56], platelet-

derived growth factor receptor-β (PDGFR-β) [12,57], aminopeptidase N (CD13) [58], nerve/glial 

antigen-2 (NG2) proteoglycan, also called chondroitin sulfate proteoglycan 4  (CSPG4) [59], and 

many others [60]. Their expression profiles also confirm pericyte heterogeneity. Pericytes 

localized on venules express desmin and αSMA, while those on capillaries express desmin but 

are usually negative for αSMA [60,61]. ATP-sensitive potassium-channel Kir6.1 is undetectable 

in pericytes in the skin and heart but highly expressed in brain pericytes [62]. Spinal cord 

pericytes that express the glutamate aspartate transporter Glast differ from those that express 

desmin and αSMA [63]. Two distinct types of nestin-GFP+ pericytes express either high or low 

levels of GFP in the bone marrow [64]. Bone marrow sinusoid-associated leptin receptor 

(LEPR)+ pericytes are distinct from LEPR- pericytes [64]. Skin NG2- and NG2+ pericytes have 

been described [65]. We distinguished two populations of pericytes in the skeletal muscle based 

on intron-II-nestin-GFP expression [66]. Their roles in specific tissues are described below. 

Recent studies found that pericytes may behave like stem cells and form several tissues, 

suggesting their possible use in regenerative medicine. Below, we will examine the novel finding 

of their distinct differentiation potentials. 

 

http://en.wikipedia.org/wiki/Glutamate_aspartate_transporter
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PERICYTES AND MYOGENESIS 

Studies indicate that pericytes contribute to skeletal muscle formation. After xenographic 

transplantation, both freshly sorted and long-term cultured pericytes colonize host muscle, 

spontaneously fuse together with myoblasts to form myotubes [67], and help to regenerate 

muscle in cases of acute injury or chronic muscle necrotic disease, such as muscular dystrophy 

[67]. It has been proposed that pericytes generate satellite cells, the bona fide muscle stem cells. 

After muscle injury, a small percentage of transplanted pericytes localize beneath the myofiber’s  

basal lamina and express Pax7, indicating that they can occupy the satellite cell niche in skeletal 

muscle [68]. This myogenic potential can be generalized to pericytes residing in other tissues 

[69]. Since they can be cultured in vitro, pericytes are promising candidates for future cell-based 

therapies to treat muscular dystrophies [70]. 

Recently we reported two bona fide pericyte subpopulations, type 1 (nestin-GFP−/NG2+) 

and type 2 (nestin-GFP+/NG2+), in the skeletal muscle interstitium. They express the pericyte 

markers NG2, PDGFRβ, and CD146 and are associated with blood vessels. Type 2, but not type 

1, form myotubes in culture. We demonstrated that after injury, only type-2 pericytes participate 

in muscle regeneration, forming myofibers in vivo [71]. Whether transplanting type-2 pericytes 

will improve physiological performance and skeletal muscle repair and regeneration remains to 

be elucidated. 

Type-2 pericytes’ regenerative capacity is affected by the host microenvironment; after 

injection in older host animals, they generate fewer and smaller myofibers [72] and any future 

therapies will have to consider tissue context. Recombination-based lineage-tracing technologies 

are helping to determine the contribution of type-2 pericytes and other cell types to myogenesis, 
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but tracking pericyte fate in vivo will require the discovery of new markers that are expressed 

exclusively in a pericyte subpopulation.  

Future studies must also determine whether the depletion of type-2 pericytes compromises 

tissue regeneration. Without satellite cells, muscle regeneration fails [73-76], and their 

interaction with endothelial cells [77] and connective tissue fibroblasts [75] is necessary for 

efficiency. Dying satellite cells release factors that may directly compromise pericytes’ 

myogenic capacity. Pericytes may also require physical contact with satellite cells to induce 

muscle regeneration. Thus, ablating type-2 pericytes will be crucial to determining their role in 

muscle regeneration.  

 

PERICYTES AND ADIPOGENESIS 

Richardson et al. showed that rat adipose tissue pericytes can convert to adipocytes in situ in 

response to thermal injury induced by an incandescent wire [78]. These morphological 

observations led to the hypothesis that pericytes can be adipocyte progenitors [79] but do not 

constitute definitive proof. A close relationship between vascular growth and adipogenesis in 

vivo [80,81] suggests that vascular cells may function as adipocyte progenitors. More recently, 

pericytes cultured in adipogenic conditions accumulated lipid droplets in their cytoplasm and 

expressed peroxisome proliferator-activated receptor-γ (Pparγ), an adipocyte-specific 

transcription factor. This result was also described in vivo but not for endothelial cells [82]. 

Ectopic fat production by vascular cells has been associated with atherosclerosis [83].  

Early studies revealed that new adipocytes form along the vasculature [84], linking 

vascularization and fat formation [85], and suggesting that adipogenic progenitors reside on the 

perivascular niche [86]. Findings from several studies strongly suggest that adipogenic 
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progenitors are perivascular [87-90]. A 2008 study showed that vessel-associated Pparγ+ cells 

express the pericyte markers Pdgfrβ, NG2, and αSMA. Using the inducible genetic lineage-

tracing system (PdgfRβ-CRE/Rosa-LacZ mice), the authors demonstrated that PDGFRβ+ cells 

form adipocytes after transplantation [91]. Pericytes from various tissues differentiate into fat 

cells; for example, in skin and skeletal muscle cells when cultured under adipogenic conditions 

[69,92]. 

In a recent study, we reported that in skeletal muscle, adipogenic potential is restricted to type-1 

pericytes, and only type-1 pericytes express the adipogenic progenitor marker PDGFRα. We also 

found that unlike type-2, type-1 pericytes cannot form muscle cells in response to muscle injury. 

In contrast, they contribute to fat infiltration in diseased skeletal muscle in such disorders, as 

obesity, dystrophies, and aging [71]. As other cells are also involved in fat formation [93-101], 

the contribution of pericytes to adipose tissue accumulation must be quantified. So far it has been 

described only in skeletal muscle. Whether pericytes contribute to fat deposits in other organs, 

such as blood vessels, leading to atherosclerosis, is not known. Furthermore, monitoring the 

relative abundance of pericyte subtypes over time will clarify their correlation with increasing fat 

deposition in skeletal muscle with aging [102-106]. Future mechanistic studies should reveal 

how to block adipogenic (type-1) pericytes without affecting myogenic (type-2) pericytes. 

 

PERICYTES AND NEUROGENESIS 

The brain is one of the most vascularized organs [107]. Neurogenic cells are located very close 

to blood vessels, wrapping them in intricate processes [108-110]. Periventricular blood vessels 

develop at the onset of cortical neurogenesis [111]. Pericytes have a higher density in the brain 

compared to other organs [112] and play several roles in the CNS microenvironment; for 
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example, they produce neurotrophins that provide neuroprotection under hypoxic conditions 

[113].  

Pericytes migrate in response to traumatic brain injury [114]. The first evidence of their 

neurogenic potential was a study in the monkey hippocampus that showed neural differentiation 

of pericytes after ischemia [115]. Rat-brain primary pericytes can generate neurospheres 

[116,117] in the neuronal, astrocytic, and oligodendrocytic lineages, and the process is faster in 

co-culture with endothelial cells [116] supporting the suggestion that endothelial cells provide 

trophic support to neurogenic activity [109]. A more recent study reported this neurogenic 

potential in vitro in human brain-derived pericytes [118].  

Pericytes isolated from cerebral cortex can be converted to postmitotic functional neurons in 

vitro by direct cell reprogramming [119]. We do not know whether they can be directly 

reprogrammed in vivo, as recently shown for glial cells [120-122]. To confirm the apparent 

neural progenitor activity of pericytes throughout the CNS in response to ischemia in vivo [123], 

genetic cell tracking will be required. Note also that non-CNS pericytes from the aorta [124] and 

fat [125] can be induced to neural differentiation [124,125]. 

In our recent work, we found that not all skeletal muscle pericytes can differentiate into 

neural progenitors under the same culture conditions. Type-1 pericytes generate α-SMA+ 

pericytes but not neural cells. In contrast, type-2 pericytes generate neural progenitors that 

resemble brain NG2-glia in optimized culture conditions; when cultured alone, they become α-

SMA+ pericytes and do not form neural cells [66]. The counterpart of NG2-glia cells in skeletal 

muscle are Schwann cells, but whether pericytes can form Schwann cells is not known. Future 

studies will explore whether a particular pericyte subpopulation is the source of myelinating 

and/or nonmyelinating Schwann cells.  
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Other questions include whether organs apart from skeletal muscle have pericytes that cannot 

be induced to neural lineage; whether only type-2 pericytes in the CNS have neurogenic 

potential; and whether, in vivo, endogenous pericytes transform into neuron, astrocyte, or 

oligodendrocyte progenitors in response to neurodegenerative disorders or trauma. Some studies 

indicate that while one pericyte subpopulation contributes to scar formation, another contributes 

to neural regeneration in the injured spinal cord [63]. Determining the exact functions of pericyte 

subpopulations may provide new cellular targets for pharmacological manipulation and new 

ways to improve repair in several CNS diseases. 

 

PERICYTES AND TISSUE FIBROSIS 

Recent findings suggest that pericyte participation in fibrosis is organ-dependent. In the liver, 

pericytes are also called Ito or hepatic stellate cells and reside in close contact with vascular 

endothelial cells [126,127]. Early studies indicating that they play a central role in hepatic 

fibrosis by producing collagen [128,129] were confirmed using collagen-GFP transgenic mice 

[130] and in a recent lineage-tracing report. The authors generated pericyte-specific, lecithin-

retinol acyltransferase (Lrat) Cre mice, which marked nearly all pericytes. They confirmed that 

in animal models of cholestatic, toxic, and fatty liver disease, pericytes are the main source of 

collagen [131]. Whether a specific pericyte subpopulation is responsible for hepatic fibrous 

tissue formation remains unknown. 

In skeletal muscle, PDGFRβ+ NG2+ pericytes participate in the formation of a fibrotic scar 

after acute injury as shown by fate-mapping using an inducible tetracycline transactivator-based 

system [132]. Recently, we showed that skeletal muscle type-1, but not type-2, pericytes are 
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fibrogenic when exposed to TGFβ in culture, and in vivo, only type-1 produce collagen, which 

increases fibrous tissue deposition in the skeletal muscle of old mice.  

Although pericytes have been associated with regeneration, blocking the whole population 

would prevent tissue repair after injury. We must quantify the endogenous pericyte contribution 

to fibrous tissue formation relative to other fibrogenic cells (e.g., tissue resident fibroblasts) in 

skeletal muscle with aging. Recombination-based lineage tracing and ablation of type-1 pericytes 

may help to find the answer, but so far the only marker we found differentially expressed in 

pericyte subpopulations is nestin-GFP. Tracking pericyte fate or ablating a subtype in vivo will 

require the discovery of markers that are expressed in only one subtype, perhaps using single-cell 

microarrays to characterize their specific expression profiles. Future studies might target type-1 

pericytes to reduce skeletal muscle fibrosis in old mammals.  

In contrast to the dominant role of pericytes in liver and skeletal muscle fibrosis, their 

contribution in kidney, lung, and spinal cord remains controversial [63,133-137].  In the kidney, 

their role is under active investigation and debate. Fibrogenic cells were reported to expand from 

a perivascular location in an accelerated model of angiotensin II-induced renal fibrosis 

approximately a decade ago [138]. A more recent study reported that pericytes and perivascular 

fibroblasts in the kidney expand after induction of renal fibrosis using type I collagen-GFP mice 

[139]. The group concluded that the major source of fibrogenic cells are interstitial pericytes 

[135] using a Cre- reporter strategy to label renal epithelial cells or pericytes in mice subjected to 

unilateral ureteral obstruction and ischemia-reperfusion injury models.  

In sharp contrast, another group reported that pericytes do not participate in kidney fibrosis. 

The authors created a mouse in which the pericyte-marker promoter controlled thymidine kinase 

expression to ablate pericytes in response to ganciclovir administration. Following unilateral 
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ureteral obstruction, the grade of fibrosis did not change, suggesting that pericytes do not form 

renal fibrous tissue [133]. In agreement with this report, we found that only type-1 pericytes 

accumulate in the kidney fibrotic area after unilateral ureteral obstruction, but they do not 

produce collagen (unpublished data). Cell depletion, mouse strain, genetic tagging, and model-

specific differences may explain some discrepant conclusions about the role of pericytes in 

kidney fibrosis. 

In the lungs, pericytes expressing NG2 and PDGFRβ proliferate after bleomycin-induced 

fibrosis [137]. This study suggests that pericytes should be excluded as the origin of fibrogenic 

cells [137], but a recent fate-mapping report showed that FoxD1+ pericytes contribute to 

pulmonary fibrogenesis [136]. This apparent discrepancy could be explained by the first study’s 

use of inducible NG2-CreER transgenic mice. The recombination efficiency was low, and thus 

the analyses did not include the whole pericyte population. In a small percentage, we found that 

type-1, but not type-2, pericytes contribute to collagen production in the lungs (unpublished 

data). 

In the spinal cord, pericytes expressing Glast were recently found to participate in the 

formation of scar tissue after injury. The authors performed contusive injury in tamoxifen-

inducible Glast-CreER mice. Following the dorsal funiculus incision, the number of Glast+ 

pericytes increased and formed the core of the scar [63]. However, whether the cells identified as 

pericytes are a subset of glial cells and directly responsible for fibrosis is unknown [140-142]. 

The use of a NG2/collagen-specific transgenic reporter mouse may clarify this ambiguity. 

Soderblom and colleagues determined that, unlike perivascular fibroblasts, NG2+ pericytes are 

not major collagen-producing cells after contusive spinal cord injury [134]. We found that type-

1, but not type-2, pericytes increase and accumulate at the injured site two weeks after spinal 
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cord and brain contusion. Type-1 pericytes differ from collagen-producing PDGFRβ+ cells in the 

injured cortex (unpublished data), suggesting that their role in tissue repair after CNS injury 

differs [63,134]. 

In the heart, pericytes are the second-largest cellular population [143]. Experimentally, their 

exact pathogenic role in myocardial fibrosis is unknown, but a recent review article suggests that 

it may be significant [144]. We discovered that type-1 pericytes are recruited and accumulate in 

the interstitial space surrounding fibrotic tissue in the ischemic zone of the heart but do not 

contribute to tissue fibrosis (unpublished data). Whether proliferation and migration of type-1 

pericytes are important in the pathogenesis of heart fibrosis has not been studied. 

Similar studies investigating the relationship between pericyte subtypes and cancer-activated 

fibroblasts in the tumor microenvironment are needed. To what extent pericytes contribute to 

tissue fibrosis, especially in humans, remains an open question. All current studies were 

conducted in animal models. If we can unravel pericyte subpopulation mechanisms in human 

tissues, we may be able to design organ-specific antifibrotic therapies.  

 

PERICYTES AND ANGIOGENESIS 

Pericytes play a leading role in angiogenesis [145], promoting endothelial cell survival and 

migration [61,146-149]. Without them, capillaries rupture at late gestation [12], and nascent 

vessels regress [150]. In adults, most vessels are quiescent; nevertheless, pericytes participate in 

angiogenesis during wound healing [151] and tumor growth [152]. For this reason, they have 

been proposed as targets for pharmacological therapy, and since they are heteregoneous, and 

subsets have different functions, targeting only the subpopulation involved in angiogenesis may 

be more efficient.  
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We examined whether pericyte subtypes participate equally in angiogenesis. We found that 

type-2 pericytes are angiogenic in vivo and retain that potential in vitro. Only type-2 pericytes are 

recruited during tumor vessel formation [153]. Thus, they are the better cellular target for 

therapeutically inhibiting angiogenesis in cancer. Because of their angiogenic capacity, pericytes 

can be used to ameliorate limb ischemia after transplantation into a mouse model of critical 

hindlimb ischemia [154]. Again, we showed that type-2 pericytes improve blood flow in mice 

subjected to femoral artery ligation [153]. These results indicate that type-2 pericytes show 

promise for vascular therapy in ischemic diseases.  

Future work should investigate the mechanisms underlying type-2 pericytes’ angiogenic 

potential and whether their ablation affects normal vascular function. To apply their beneficial 

effects on angiogenesis to human therapy, the complete type-2 pericyte transcriptome should be 

explored for a specific marker to identify them in wild-type species. Currently, they can only be 

identified in the nestin-GFP transgenic mouse [66,155,156]. 

 

PERICYTES AND AGE-DEPENDENT DECLINE IN TISSUE REPAIR  

The mechanisms that impede tissue repair, particularly skeletal muscle regeneration with aging, 

remain poorly understood [72,157-159]. Some studies suggest that the decrease in, and reduced 

function of, stem cells play an essential role [160-163]. Recently, significant changes to the 

skeletal muscle pericyte microenvironment with aging have been reported [164]. Furthermore, 

some pericytes may not express a specific receptor that mediates the signaling pathway required 

for their differentiation, resulting in the emergence of a subpopulation with poor sensitivity to a 

specific agonist. Reduced expression of the Notch-ligand Delta affects Notch signaling and 
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consequently impairs muscle regeneration [159]. The TGFβ, Wnt, and IGF pathways have also 

been associated with age-dependent impairment of muscle regeneration [165-168].  

Because fibrous tissue accumulates in the skeletal muscle with aging [169-175], TGFβ, a 

profibrotic cytokine [176], must be examined. The constitutively active PDGFRα-receptor 

knock-in mouse exhibits fibrosis both systemically and in the skeletal muscle [177]. It can be 

used to determine whether impaired PDGFR signaling with age affects different pericyte 

subtypes [178] and how extrinsic and intrinsic pericyte factors contribute to impaired muscle 

regeneration. Cell-intrinsic changes may or may not be reversible but, either way, represent 

another source of heterogeneity; one pericyte subtype may be more prone to senescence or 

apoptosis with aging than another, with consequent imbalance in their relative proportions, and 

the aged environment may select for a subtype with distinct regenerative potential [179]. The 

newly characterized pericyte subtypes prompt investigation of reported heterogenous stem cells 

[180-183] and their role in tissue regeneration. 

Future studies should: (1) determine pericyte fate when exposed to such ligands as TGFβ, 

IGF-I, PDGF-AA, Wnt, and Delta; (2) test pericytes’ differentiation potential (myogenic, 

fibrogenic, or adipogenic) when incubated with PDGFRα-, TGFβR-, IGFR-, Frizzled-, or Notch 

Fc-chimeric receptors, which compete for ligands with pericyte receptors in vitro; and (3) induce 

muscle regeneration by activating any of the pathways involved in pericyte subtype signaling by 

injecting or locally overexpressing the ligand or receptor, respectively.  

 

CONCLUDING REMARKS 

Recent studies support unique functions for pericyte subsets that may enable new therapeutic 

strategies. Although overall, pericytes are multipotent stem cells, their subpopulations are 
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differentially committed to specific lineages (oligopotent) (Fig. 1). To translate animal research 

on pericyte subtypes to humans, specific markers for pericyte subpopulations must be validated 

in human tissues to clarify their endogenous physiological response to physiological and 

pathological conditions. Microarray analysis may provide new markers allowing ablation of a 

specific pericyte subtype in vivo. Whether pericyte subtypes have distinct requirements for self-

renewal, activation, and proliferation remains unknown, but using them indiscriminately for 

tissue repair may result in excessive fibrosis, fat accumulation, and, eventually, tumor expansion.  
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Figure 1 Figure 1. Diagram of the roles of pericyte subtypes in tissue formation. 

Figure 1. Diagram of the roles of pericyte subtypes in tissue formation. Two subpopulations 

of pericytes are associated with blood vessels: type 1 (yellow) and type 2 (green). Pericytes 

subtypes are oligopotent and their ability to differentiate is restricted. 
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ABSTRACT 

 

Background. Therapy for neural lesions or degenerative diseases relies mainly on finding 

transplantable active precursor cells. Identifying them in peripheral tissues accessible for biopsy, 

outside the central nervous system, would circumvent the serious immunological and ethical 

concerns impeding cell therapy.  

Methodology/Principal Findings. In this study, we isolated neural progenitor cells in cultured 

adult skeletal muscle from transgenic mice in which nestin regulatory elements control GFP 

expression. These cells also expressed the early neural marker Tuj1 and light and heavy 

neurofilament but not S100, indicating that they express typical neural but not Schwann cell 

markers. GFP+/Tuj1+ cells were also negative for the endothelial and pericyte markers CD31 

and α-smooth muscle actin, respectively. We established their a) functional response to 

glutamate in patch-clamp recordings; b) interstitial mesenchymal origin; c) replicative capacity; 

and d) the environment necessary for their survival after fluorescence-activated cell sorting.  

Conclusions/Significance. We propose that the decline in nestin-GFP expression in muscle 

progenitor cells and its persistence in neural precursor cells in muscle cultures provide an 

invaluable tool for isolating a population of predifferentiated neural cells with therapeutic 

potential.  
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INTRODUCTION 

 

Hopes for finding a therapy to replace lost or defective neuronal and/or glial cells, thus healing 

neural lesions or degenerative diseases, rest mainly on stem cells as transplantable active 

precursors. Primarily derived from embryonic and fetal tissues, their clinical use is limited by 

ethical and technical concerns related to heterologous transplants [1,2]. Autologous tissues 

would be a valid alternative, but neural precursors from the central or peripheral nervous system 

cannot be obtained without potentially harmful consequences for the donor.  

Interest in adult human stem cells arises from recent work demonstrating their ability to 

differentiate into various lineages [3,4,5] [6]. Multipotent cells, reminiscent of embryonic neural 

stem cells, have been isolated from several postnatal tissues, including skeletal muscle, skin, gut, 

heart, fat, and dental pulp, with promise for applications in research and therapy [7,8,9,10,11] 

[12,13]. Several markers are used to identify neuronal precursor cells in the nervous system; one 

is nestin [14], an intermediate protein classified as a type IV neurofilament, which, together with 

microfilaments and microtubules, constitutes most of the cytoskeleton. Previous work has shown 

that the nestin-GFP transgene is a useful marker of neurogenesis throughout life [15], and GFP 

fluorescence can be used to trace the migration and differentiation of newly generated neurons in 

the mammalian central nervous system [16].  

The persistence of neural stem cells in skeletal muscle raises the possibility of their use 

for a variety of research purposes and therapies. To identify and isolate a transplantable 

population highly enriched in neural precursor cells, we used a transgenic mouse in which nestin 

regulatory elements control GFP expression [15]. Here, we show that nestin is co-expressed with 

other neuronal stem cell markers in the skeletal muscle and that its presence can facilitate their 
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identification and isolation from adult skeletal muscle or neurosphere cultures by fluorescence-

activated cell sorting (FACS). 

Previous studies using immunostaining, RNA extraction, western blot, and antibody-

based FACS revealed that stem cells residing in adult muscle differentiate into neurons [7,11,17]. 

However, these procedures prevent their use for culture, cloning, or transplant. More important, 

functional identity, unequivocal source, replicative capacity, and survival after FACS are 

unknown. The decline in nestin-GFP expression in muscle progenitor cells coupled to its 

persistence in neural precursor cells indicates the discovery of a new tool to address these 

clinically relevant problems. 

 
 

MATERIALS AND METHODS 

 

Animals  

Nestin-GFP transgenic mice were maintained as homozygous for the transgene on the C57BL/6 

genetic background [15]. C57BL/6 wild-type mice were used as the control. All mouse colonies 

were housed at Wake Forest University School of Medicine (WFUSM) in a pathogen-free 

facility of the Animal Research Program under 12:12-h light/dark cycle and fed ad libitum. Both 

male and female homozygous mice were used, and their ages ranged from 3 to 5 months. Mice 

were sacrificed by cervical dislocation after isoflurane anesthesia.  

 

Ethics Statement 

Animal handling and procedures were approved by WFUSM Animal Care and Use Committee 

protocol A10-159. 
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Cell cultures  

A pool of hindlimb muscles; flexor digitorum brevis (FDB) muscle only; extensor digitorum 

longus (EDL) muscle satellite cell culture; and primary Schwann cells were used as indicated for 

each experiment. The pooled hindlimb muscles were used when a large number of mesenchymal 

cells was needed as for the experiments in Figure 9. The FDB muscle was preferred over more 

traditional muscles for most experiments because it is small and flat, allowing more complete 

dissociation by trituration in a single step, and shortening the experiment significantly. EDL 

myofibers were used to isolate exclusively nestin-GFP+ satellite cells, as reported in Figure 2. 

The primary Schwann cell culture was used as a positive control for the S-100 antibody. All 

muscle-derived cultures were grown on laminin-coated coverslips in tissue culture plates.  

Pooled  hindlimb muscle preparation 

The preparation includes all hindlimb muscles except for those in the foot. It was used for FACS 

on the day of muscle dissociation or at later times, followed by cell culture, as explained below. 

Hindlimb muscles were carefully dissected away from the surrounding connective tissue and 

minced. They were digested by gentle agitation in 0.2% (w/v) type-2 collagenase in Krebs 

solution at 37°C for 2 hours, then dissociated by trituration and resuspension in 0.25%  

trypsin/0.05% EDTA in PBS for 15 minutes at 37°C. After centrifuging  at1500 rpm for 5 

minutes, the supernatant was removed, and the pellet resuspended in resuspension medium 

consisting of Dulbecco’s modified Eagle’s medium (DMEM), containing 2 mM L-glutamine and 

1% penicillin/streptomycin, supplemented with 10% (v/v) horse serum (Invitrogen, Eugene, OR) 

and 0.5% (v/v) chicken embryo extract (CEE, Gemini Bio-products, West Sacramento, CA). 

Suspended cells were passed through a 40-μm cell strainer (BD Biosciences, Mississauga, 

Ontario, Canada) and used for FACS and culture.  
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For FACS experiments performed 7-14 days after muscle dissociation, cultured nestin-

GFP+ cells were washed with phosphate-buffered saline (PBS) and treated with 0.25% 

trypsin/0.05% EDTA to isolate them in a suspension. When all cells were detached, the 

enzymatic reaction was stopped with the resuspension medium described above. We applied 

mechanical trituration using fire-polished glass pipettes to increase cell dissociation. Cells were 

centrifuged at 1000 rpm for 5 min, and the pellet was resuspended in DMEM at 10
6
 cells/ml. 

Aggregates were removed by passing them through a 40-μm cell strainer prior to sorting.  

 

Flexor digitorum brevis (FDB) preparation 

FDB muscle from nestin-GFP transgenic and wild-type mice was used for most experiments in 

this work. Muscles were carefully dissected away from the surrounding connective tissue and 

digested by gentle agitation in 0.2% (w/v) Worthington’s type-2 collagenase in Krebs solution at 

37°C for 2 hours. They were resuspended in resuspension medium and dissociated by gentle 

trituration. The  growth medium used to plate cell cultures consisted of DMEM-high glucose 

(Invitrogen), supplemented with 2% L-glutamine, 50 U/ml penicillin and 50 mg/ml 

streptomycin, and 10% (v/v) horse serum (Invitrogen) and 0.5% (v/v) CEE (Gemini Bio-

products) [18]. It supported both proliferation and differentiation of myogenic cells [18].  

 

Extensor digitorum longus (EDL) muscle satellite cell culture 

EDL muscles were carefully dissected from tendon to tendon; connective tissue and fat were 

removed, and collagenase digested, as described above. Single myofibers were dissociated by 

gentle trituration with a fire-polished Pasteur pipette. Single, intact myofibers exhibiting 

associated GFP+ satellite cells and with no other fluorescence cells/debris attached were 
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transferred through a series of four 60 mm Petri dishes filled with DMEM to slough loose 

interstitial GFP+ cells. Myofibers (50-80) were treated with trypsin/EDTA 0,125% for 15 

minutes at 37°C and filtered through a 40-μm cell strainer. Filtered cells were cultured in F10 

Ham medium (Invitrogen) supplemented with 20% FBS, 2 mM L-glutamine, 50 U/ml penicillin 

and 50 mg/ml streptomycin (Invitrogen), and 5 ng/ml basic Fibroblast Growth Factor (Promega, 

Madison, WI). 

 

Primary Schwann cell culture 

Primary mouse Schwann cells, isolated from early postnatal (P2-P8) C57BL/6 mouse sciatic 

nerves, were purchased from ScienCell Research Laboratories and cultured in Schwann cell 

medium (ScienCell Research Lab, Carlsbad, CA). They were plated on 35-mm dishes coated 

with 50 µg/ml poly-L-lysine following the company’s protocol.  

 

Immunocytochemistry, skeletal muscle histology, and cell-proliferation assay 

For immunostaining, culture cells were fixed with 4% paraformaldehyde (PFA) for 30 minutes, 

then permeabilized in 0.5% Triton X-100 (Sigma, St. Louis, MO), and blocked to saturate 

nonspecific antigen sites using 5% (v/v) goat serum/PBS (Jackson Immunoresearch Labs, West 

Grove, PA) overnight at 4°C. The next day, the cells were incubated with primary antibodies at 

room temperature for 4 h and visualized using appropriate species-specific secondary antibodies 

conjugated with Alexa Fluor 488, 568, or 647 at 1:1000 dilution (Invitrogen). They were 

counterstained with Hoechst 33342 reagent at 1:2000 dilution (Invitrogen) to label the DNA and 

mounted on slides for fluorescent microscopy with Fluorescent Mounting Medium 

(DakoCytomation, Carpinteria, CA).  
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 For histological analysis of nestin-GFP and Pax7 expression in the nestin-GFP transgenic 

mouse, we used EDL muscle, whose fibers, in contrast to FDB, exhibit a simple pennation. The 

complexity of FDB fiber pennation precludes sharp, uniform perpendicular cross-sections. EDL 

muscles from nestin-GFP transgenic mice were dissected, prefixed in 2% PFA in 0.1 M of PBS 

at pH 7.4 for 24 h at 4°C, and cryoprotected with sucrose, as described [19]. Muscles were 

permeabilized with 0.5% Triton X-100 in PBS, blocked with 10% goat serum at 4°C overnight, 

exposed to Pax7 antibody (1/100 dilution) plus 1% goat serum for 3h  and then to the goat anti-

mouse Alexa Fluor 568 (1/1000) secondary antibody. Hoechst 33342 (1/2000) and Fluorescent 

Mounting Medium were used as described above for cultured cells. 

For cell proliferation, we used an EdU (5-ethynyl-2’-deoxyuridine) assay kit (Invitrogen), 

following the manufacturer’s instructions.  

 

Primary antibodies 

The following primary antibodies were used: rabbit monoclonal anti-Tuj1 (Covance, Princeton, 

NJ), mouse monoclonal anti-MyoD (BD Pharmingen, San Diego, CA), mouse monoclonal anti-

desmin (Sigma), rabbit polyclonal anti-S100β (GeneTex, Irvine, CA), rabbit polyclonal anti-

neurofilament L (anti-NF-L; Chemicon-Millipore, Temecula, CA), rabbit polyclonal  anti-

neurofilament-H (anti-NF-H; Chemicon-Millipore), mouse monoclonal anti-GFP (Invitrogen), 

rat monoclonal anti-mouse CD31 (BD Pharmingen), mouse monoclonal anti-  smooth-muscle 

actin (Sigma), and mouse monoclonal anti-Pax7 (Developmental Studies Hybridoma Bank, 

University of Iowa, Iowa City, IA) 
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Microscopy, Cell Imaging, and Counting 

An inverted motorized fluorescent microscope (Olympus, IX81, Tokyo, Japan) with an Orca-R2 

Hamamatsu CCD camera (Hamamatsu, Japan) was used to acquire images. Camera drive and 

acquisition were controlled by a MetaMorph Imaging System (Olympus). Ten arbitrary 

microscopic fields were counted in each immunostained plate, and values pooled from parallel 

duplicates per time point and individual experiment. 

 

Time-lapse recording 

FDB muscles were digested by gentle agitation in 0.2% (w/v) type-2 Sigma collagenase diluted 

in Krebs solution at 37°C for 2 hours. They were then dissociated into single myofibers by 

trituration with a Pasteur pipette, pretreated with serum to prevent fibers from attaching to the 

walls. After brief centrifugation, the supernatant was removed, and the pellet resuspended in 

plating medium (see above). The cell suspension was cultured in flasks coated with laminin, 

using plating medium in 5% CO2 at 37°C, and followed for 4-5 days in a time-lapse system until 

the fluorescence disappeared. 

The FDB myofibers were cultured on the stage of a time-lapse microscopy system (37°C, 

5% CO2) using an Olympus inverted phase-contrast microscope fitted with a video camera. Cells 

were observed for 4-5 days, and their morphology monitored with phase-contrast. Cell 

fluorescence was monitored at 2-hour intervals. Pictures were recorded on standard VHS tape 

and digitized for analysis.  

 

Fluorescence-activated cell sorting 

FACS was carried out on a BD FACS (Aria Sorter, San Jose, CA) at 4˚C and a pressure of 20 

psi, using a laser at the 488 nm line, a 530/30 band pass filter, a 100μm sorting tip, and a 34.2 
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kHz drive frequency, sterilized with 10% bleach. This instrument allowed us to characterize cells 

by size as well as fluorescence. Low flow rate improved the purity of cell sorting. Data 

acquisition and analyses were performed using BD FACS Diva 5.0.3 software, gated for a high 

level of GFP expression. The clear separation of GFP+ from GFP- cells explains the ease of 

sorting. Sorted cells were re-analyzed to confirm that all were GFP+. They were then plated on 

laminin-coated dishes. 

 

Patch-clamp recording 

Cells were voltage-clamped using an Axopatch-200B amplifier (Molecular Devices, Silicon 

Valley, CA) in the whole-cell configuration of the patch-clamp technique [20]. Nestin-GFP+ 

cells were cultured for 12-16 days on glass coverslips and continuously perfused with an external 

solution (see below), using a push-pull syringe pump (WPI). Only those exhibiting 3 or more 

multipolar processes were transferred to a small, flow-through Lucite chamber positioned on an 

Axiovert 100 (Zeiss) microscope stage. Patch pipettes were pulled from borosilicate glass 

(Boralex, WPI, Sarasota, FL) using a Flaming Brown micropipette puller (P97, Sutter Instrument 

Co., Novato, CA), then fire-polished to obtain electrode resistances ranging from 1.5 to 3.0 G. 

The pipette was filled with the following solution (mM): 140 CsCl, 4 NaCl, 0.5 CaCl2, 5 K-

EGTA (ethylene glycol tetraacetic acid), and 10 K-HEPES (N-[2-hydroxyethyl]piperazine-N’-

[2-ethanesulfonic acid]). The composition of the bath solution was (mM): 140 NaCl, 2.8 KCl, 

1.0 CaCl2, and 10 HEPES [21]. To test Ca
2+

 permeation through glutamate receptors, 0.5 mM 

MgCl2 was added in some experiments. Solution pH was adjusted to 7.2 with NaOH. All 

experiments were conducted at room temperature (21-22°C). Glutamate was flushed a few 
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microns away from the patch-clamped cells using a Picospritzer II (General Valve Co., Pine 

Brook, NJ) to control the pressure and duration of the perfusion pulse.  

 

Statistical Analysis 

Results are expressed as the mean ± SEM. Statistical significance was assessed using analysis of 

variance (ANOVA) followed by t-test using Prism GraphPad. P<0.05 was considered significant. 

 

 

RESULTS 

 

Skeletal muscle-derived neural stem cells are nestin-GFP+ and Tuj1+  

Figure 1A shows the change in appearance over time of neural phenotype cells expressing 

nestin-GFP and Tuj1 in FDB fiber culture. Tuj1 is commonly used as an axonal marker in young 

neurons [22,23,24]. Nestin-GFP+/ Tuj1+ cells increased from day 1 to 14, representing a fraction 

of the total number of cells in culture, based on Hoechst 33342 staining. Merged fluorescence 

and brightfield images indicate that at day 1, the nestin-GFP+ cells were loose in the chamber or 

associated with myofibers, but all were Tuj1-, while at day 4, nestin-GFP+/Tuj1+ cells with 

neural phenotype were apparent. At days 7 and 14, neural cells became the dominant population 

among nestin-GFP+ cells.  

To determine how early nestin-GFP+/Tuj1+ cells appear in our cultures, we examined 

their phenotype and immunoreaction profile daily during the first week and at two weeks after 

plating. Figure 1B shows nestin-GFP, MyoD, and Tuj1 expression in cell cultures derived from 

FDB muscles. Nestin-GFP allowed us to identify either muscle or neural precursor cells [15,25], 
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while MyoD and Tuj1 revealed myogenic and neurogenic cells, respectively [26,27]. At day 1, 

myofiber nuclei and activated muscle satellite cells are MyoD+ and Tuj1-, and nestin-GFP 

fluorescence was obvious; 10.2 ± 1.6 % of the nestin GFP+ cells were also MyoD+. The use of 

collagenase type-2, an enzyme that seems to destroy myofibers’ basal lamina, consequently 

releasing most satellite cells, may account for the large number of myofibers with no satellite 

cells attached [28]. Merged Pax7 and nestin-GFP images confirm the presence of quiescent 

muscle precursors in satellite position with respect to the myofiber (see below). Brightfield 

images support the presence of cells expressing nestin-GFP, either attached to satellite cells or 

detached from the myofiber. At day 2, the population of nestin-GFP+/MyoD+ increased to 13.3 

± 2.4% due to proliferation of released and attached satellite cells. At the same time, a population 

of Tuj1+ cells appeared, representing 24.5 ± 3.3% of the nestin-GFP+ cells. Notably, all Tuj1+ 

cells were also nestin-GFP+, which indicates that nestin expression at this stage fails to 

differentiate between the two cell progenitors. MyoD+ cells do not react to Tuj1 antibody and 

vice versa in more than 1,000 cells from 8 FDB muscles, supporting the concept that these two 

markers clearly identify two distinct cell populations: one committed to muscle and the other to 

neural lineages.  

At day 3, neural outpaced myogenic precursor cells to become the predominant or almost 

exclusive population in nestin-GFP+ cells. Nestin-GFP+/MyoD+ cells gradually began to 

decrease, representing 9.5 ± 3.2%, while Tuj1+ cells were already 40.4 ± 8% of all nestin-GFP+ 

cells. One factor contributing to this predominance is the decline of nestin-GFP expression in 

muscle progenitor cells with time in culture [25]. 

As early as day 4, almost three-fourths of nestin-GFP+ cells (73.8 ± 4.8 %) were Tuj1+, 

while nestin-GFP+/MyoD+ cells represented only 2.7 ± 2.7%. This finding is consistent with 
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previous reports of GFP fluorescence disappearing in satellite cells that are MyoD+ at a similar 

time point [25].  

At day 5, the population of nestin+/Tuj1+ cells increased to 88.8 ± 0.8%, while the 

nestin-GFP+/MyoD+ population disappeared completely, as confirmed by time-lapse 

experiments (see below).  

At day 6, 96 ± 0.4% of cells were nestin+/Tuj1+, while from day 7 to day 14, they 

represented 100% of nestin-GFP+ cells. This co-expression indicates that nestin-GFP+ 

fluorescence in cells cultured for 7-14 days defines a population of neural progenitor cells in the 

skeletal muscle of the adult mouse. These experiments were repeated three times using 4 nestin-

GFP transgenic mice, 8 FDB muscles, and 40 coverslips per experiment. Four microscope fields 

were analyzed per coverslip (160 fields total) at 20X magnification for cell quantification. 

Note that the culture medium used for these experiments contains chicken embryo 

extract, which is a cocktail of multiple trophic factors and mitogenic cues, and no specific 

neurotrophic factors were added. This medium is normally used for myogenic cultures and to 

support muscle cell proliferation and differentiation [29]. To assess its importance, we used 

cultures without embryo extract and obtained similar results (data not shown), which implies that 

it is not essential for commitment to neural cells. 

Laminin coating on dishes made an obvious difference. For prolonged periods, nestin-

GFP+ cells in culture did not adhere to uncoated dishes, indicating that they need laminin as an 

attachment matrix.  

Fibroblasts, myogenic cells, and pericytes may contribute to the significant number of 

MyoD-/Tuj1- cell nuclei in our cultures. Pericytes, a population of  smooth-muscle actin+ and 

CD31+ cells may contribute to the pool of nestin-GFP+ fluorescent cells during days 1-6, but 
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they do not react to Tuj1 (see below). Approximately all nestin-GFP+ cells co-expressed Tuj1 

from day 7 on, so they could not be pericytes.  

Nestin-GFP+ cells, expressed as a fraction of all cells, decreased during the first 4 days in 

culture. At days 1-4, this fraction was 19.3 ± 2.5 %, 16.5 ± 0.5 %, 9.4 ± 1.4 %, and 5.2 ± 0.8 %, 

respectively, which may be explained by either a relative increase in nestin-GFP- cells or 

decreased nestin-GFP+/MyoD+ cells, corresponding to satellite cells and/or nestin-GFP+/MyoD- 

cells. After day 4, the fraction of nestin-GFP+ outpaces negative cells, being 5.8 ± 2.2 %, 9.7 ± 

1.3 %, 14.7 ± 5.0 %, and 54.9 ± 19.0 % at days 5-7 and 14, respectively.  

 

Neural nestin-GFP+ cells do not derive from muscle satellite cells  

Investigating nestin-GFP+ cells in EDL muscle shows that most of them overlap with Pax7 

positive cells, although a small fraction does not (arrows in Fig. 2A). We speculate that this 

fraction of nestin-GFP+/Pax7- cells are interstitial and gives rise to our neural cells in culture 

(see below, Fig. 9). In this preparation, we have not detected Tuj1+ cells (data not shown). 

Satellite cells are considered the main source of stem cells in postnatal skeletal muscle, located 

beneath the myofiber basal lamina [30], but there are other progenitor cells in interstitial skeletal 

muscle [31]. Nestin-GFP+ cells remain attached as satellite cells to the myofiber after fine 

dissection and enzymatic dissociation with collagenase type-1. Quiescent satellite cells are 

typically defined by nestin-GFP [25] and Pax-7 [32]; their immunostaining coincides with 

Hoechst-based nuclear localization (Fig. 2B).  

We followed satellite cells attached to single FDB fibers, using a time-lapse technique 

that takes advantage of their nestin-GFP fluorescence. Figure 2C illustrates one of 6 individual 

FDB fibers in which a satellite cell in phase-contrast (a, c, e, g, h) and fluorescence (b, d, f) was 
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analyzed 4, 50, 80, 154, and 162 h after the experiment started. These snapshots of the complete 

record show that at 4h, the satellite cell is attached to the FDB fiber (a, arrow), and GFP 

fluorescence can be clearly discerned (b). At 50h, the satellite cell moves to a border of the 

myofiber (c), and GFP fluorescence starts to fade (d). At 80h, the myofiber shrinks, and the 

rounded satellite cell becomes an elongated myogenic cell (e), while nestin-GFP fluorescence is 

difficult to detect (f), as reported previously [25]. At 154 (g) and 162h (h), the parent myofiber 

has died and moved out of the microscope’s field, while the new muscle cell remains with both 

ends retracted (g) or, finally, elongated (h).  

We also used a pure satellite cell culture to determine whether satellite cells differentiate 

into neural cells (Fig. 2Da). These experiments used EDL fibers because they are longer and 

therefore have more satellite cells than FDB. Fibers showing GFP fluorescent satellite cells and 

no evidence of contamination were cultured in the medium reported above for 4 months. Satellite 

cells formed desmin+ myoblasts and myotubes exclusively; neural-like cells were completely 

absent from all cultures analyzed. To further examine the presence of neural precursor cells in 

our purified culture, we immunostained it with Tuj1 antibody and counterstained with Hoechst. 

All cells in the culture were Tuj1-, and most were MyoD+ (Fig. 2Db). These data, together with 

time-lapse experiments, support the conclusion that myofiber satellite cells do not give rise to 

neural precursor cells.  

 

Nestin-GFP+ cells isolated from skeletal muscle can form neurospheres  

Neural progenitor cells—multipotent cells from which central nervous system neurons and glia 

arise—often aggregate into neurospheres, which exhibit the capacity for self-renewal [33]. 

Neurospheres derived from FDB muscle were characterized by morphological and 
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immunohistochemical analysis. Nestin-GFP+/Tuj1+ cells typically formed them around day 7 in 

culture (n = 5 cell cultures). Most of the differentiated neurosphere-derived cells (neuron-like 

cells) displayed bipolar or tripolar morphology, some with 4 or 5 processes (Fig. 3A). 

Neurospheres spontaneously attached to the bottom of culture dishes and gave rise to cells with 

neural morphology. Nestin–GFP+ cells cultured from the skeletal muscle grew as monolayers in 

big clusters and exhibited a distinct phenotype characterized by a small cytoplasm with aligned 

multipolar extensions (Fig. 3B). From day 7 on, multipolar cells expressed Tuj1 protein and 

nestin-GFP in fairly even amounts. Brightfield images also show the predominance of a neuronal 

phenotype, characterized by small bright somata and two or more pronounced dendrite or axon-

like processes. Incipient cell-cell contact was detected at the ends of the dendrite-like processes 

(Fig. 3C); however, desmosoms or fused plasmalemmas were never found [33]. Some nestin-

GFP+ cells exhibited 5 or more processes (Fig. 3D). These characteristics were not evident in 

other cell types in the culture.  

 

A population of skeletal muscle nestin-GFP+ cells exhibit glutamate-evoked membrane 

currents  

To investigate whether nestin-GFP+ cells obtained from unsorted FDB muscle culture express 

the ion channels typically found in neurons, we challenged them with glutamate in the whole-cell 

configuration of the patch-clamp. Figure 4 shows typical responses to flushing 500 mM L-

glutamate over nestin-GFP+ cells with multipolar neural processes like those depicted in Figure 

3D. The membrane potential was held at -60mV, and the intracellular recording solution was 

devoid of Mg
2+

 (see Methods). Figure 4A shows inward currents in response to three glutamate 

pulses. Pulse durations are indicated above the traces. Figure 4B shows another response in a 
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neural cell exposed to glutamate for 1s; desensitization during the exposure is apparent. 

Unfortunately, these experiments did not last long enough to test currents in response to 

glutamate pulses at more than 2-3 membrane potentials, so channel conductance could not be 

calculated. An outward current at positive membrane potentials was recorded in 2 cells (data not 

shown). Differences in response kinetics may result from variable perfusion efficiency and/or 

channel expression or modulation. Figure 4C shows the 21 cells tested between days 4 and 14 in 

culture. Approximately 50% did not respond to glutamate pulses; 4 cells responded with a 

current greater than 300 pA, while the remaining 5 cells showed a current smaller than 200pA. 

The graph shows a small or no response to glutamate at days 4 and 5, increasing at days 12-14, 

which indicates the progressive differentiation and expression of ion channels in culture.  

 

Nestin-GFP+/Tuj1+ cells proliferate 

To determine whether they proliferate, nestin-GFP+ cells were cultured using the FDB 

preparation described above. On day 7, they were incubated with 10μM EdU (5-ethynyl-2’ 

deoxyuridine) for 2 h prior to fixation and immunostaining. Results were similar to those 

achieved with an EdU concentration of 20 μM (data not shown), which indicates that the 10µM 

EdU used in most experiments was not a limiting factor in assessing cell proliferation. 

Approximately 28% of nestin-GFP+/Tuj1+ were also EdU positive (Fig. 5A, B). These data 

support the concept that these cells proliferate. To confirm that they retain their proliferative 

capacity, EdU was examined at days 10 and 14: 26 ± 0.6 % and 29 ± 1.3% cells incorporated 

EdU, respectively (n = 3 FDB muscles from 3 mice) (Fig. 5B). These differences were not 

statistically significant.  
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Skeletal muscle neural progenitor cells can be purified from 7-day FDB skeletal muscle 

cultures based on nestin-GFP expression 

To investigate whether nestin-GFP+ cells can survive and proliferate in isolation from other cells 

in FDB cultures, they were sorted based on nestin-GFP fluorescence at day 7 and cultured. Flow 

cytometry showed that nestin-GFP+ cells represent approximately 5% of the presorted cell 

population (n=3 preparations from 3 different cultures; Fig. 6 A, C). We also sorted GFP- cells 

as a control. To verify the purity of our sorted cells, they were re-analyzed by cell sorting, which 

confirmed that all were GFP+ (Fig. 6 B). Sorted cells were plated on dishes precoated with 

laminin and cultured using the medium described above (Methods).  

 

Sorted nestin-GFP+ cells exhibit neural markers  

After 48 hours in culture, nestin-GFP+ sorted cells from the FDB muscle were examined for 

Tuj1, neurofilament-L (NF-L), and neurofilament-H (NF-H) expression in 4 FDB from 2 mouse 

cultures, which gave 4 dishes, each containing 5 coverslips; 100 cells were counted per stain. All 

nestin-GFP+ cells were positive for these markers (Fig. 7A). These cells survive at least 2 weeks 

in culture and retain proliferative capacity, as demonstrated by the number that incorporated EdU 

(25 ± 0.7 %) (Fig. 5B). All nestin-GFP- cells were negative for these markers (Fig. 7 B). Nestin-

GFP+ cell immunostaining that omitted the primary antibody was negative for the three neural 

markers (data not shown).   
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Endothelial cell, pericyte, and Schwann cell markers in unsorted FDB muscle-derived 

nestin-GFP+ neural cells 

We examined whether unsorted cells exhibit endothelial cell, pericyte, and Schwann cell markers 

in FDB muscle-derived nestin-GFP+ neural cells using CD31,  smooth-muscle actin, and 

S100β antibodies, respectively, at day 10 in culture. Figure 8A shows that nestin-GFP+ cells 

were negative to these three markers. The lack of immunoreactivity to these antibodies was 

confirmed in 4 FDB from 2 mouse cultures; 100 cells were counted per dish. We used a 

Schwann cell primary culture as a positive control for the S100 antibody to confirm that nestin-

GFP+/Tuj1+ cells lack of peripheral glial marker expression. Additionally, Schwann cells did 

not express  Tuj1 (Fig. 8B). To look for myelin production in culture, we stained cells with 

toluidine blue (1%) and sodium borate (1%), following published procedures [34], and observed 

no specific staining (n = 2 preparations, data not shown), supporting the concept that nestin-

GFP+ cells are not Schwann cells or their precursors. 

 

Nestin-GFP+ neural stem cells derive from interstitial progenitor cells in skeletal muscle  

To address the source of nestin-GFP+/Tuj1+ neural stem cells, immediately after isolating 

hindlimb muscles, we sorted two populations, GFP+ and GFP-, and cultured them separately 

under different conditions (Fig. 9A-C). Nestin-GFP+ cells represent a small fraction of all sorted 

cells (Fig. 9D), as reported above. Neither positive nor negative cells gave rise to cells with 

neural phenotype after 8 days in culture (Fig. 9E), which agrees with previous observations [25]. 

However, when co-cultured, approximately 12 nestin-GFP+/Tuj1+ cells/dish showed 2 or more 

processes. To determine the source of these neural cells, either nestin-GFP+ or nestin-GFP- cells 

were co-cultured with dissociated FDB muscle fibers from wild-type mice. While the negative 
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cell co-culture produced no cells with neural morphology, that with positive cells produced 

approximately 17 cells/dish with neural morphology, supporting the concept that nestin+/Tuj1+ 

cells arise from nestin-GFP+ progenitors residing in skeletal muscle. To exclude the influence of 

myofibers, before culture, FDB preparations were filtered through a 40µM strainer that retained 

the myofibers. After 7 days in culture, cells with neuronal phenotype co-expressing nestin-GFP 

and Tuj1 appeared normal (data not shown). To test the action of putative factors secreted by 

nestin-GFP- cells on nestin-GFP+ cell morphology, the medium from the FDB cultures was 

added to nestin-GFP+ cultured cells. Approximately 17 cells/dish showed neural phenotype, 

indicating that the medium contains soluble “factor(s)” that enable nestin-GFP+ cells to adopt a 

neural phenotype.  

 

 

DISCUSSION 

 

Nestin-GFP and Tuj1 expression markers can identify neural progenitor cells from adult 

skeletal muscle 

In this study, starting at day 2 in culture, we isolated neural progenitor cells from adult skeletal 

muscle-derived cultures based on nestin-GFP and Tuj1 expression. These cells also expressed 

light and heavy neurofilament as additional neural properties but not CD31, α smooth-muscle 

actin, or S100, which indicates that they express typical neural but not endothelial cell, pericyte, 

or Schwann cell markers. Here, we propose that the continuous expression of transgenic nestin-

GFP in muscle cultures provides an invaluable tool to isolate a population of predifferentiated 

neural cells with therapeutic potential. 



61 
 

Neural stem cells isolated from the embryonic central nervous system express nestin, a 

neuro-ectodermal cell marker [14]. After a few days in vitro, when plated on a coated surface, 

they spontaneously express classical markers of more differentiated neural cells, such as Tuj1 

[35], and recapitulate major features of central nervous system neural cell generation [36,37]. 

Based on these observations, we conclude that cells that express nestin and Tuj1 are neural 

progenitors. Under our culture conditions, nestin-GFP+/Tuj1+ cells seem to produce only 

predifferentiated neural cells, possibly from a reduced capacity to produce other cell types [38]. 

Whether they might produce a more diverse cell population in animals of different species or age 

is not known.  

Previous studies showed GFP+ neural progenitors in the brain [15] but not the skeletal 

muscle of the nestin-GFP transgenic mice used in this work [39], which may be explained by 

differences in cell isolation and culture [25]. In our work, cells sorted after 7 days in culture were 

already predifferentiated, while in Day’s publication, nestin-GFP+ cells were sorted and cultured 

at an earlier time. Their lack of neurogenic capacity indicates that neural progenitor cells need 

the influence of nestin-GFP- cells to develop a neural phenotype. 

 

Nestin-GFP+/Tuj1+ neural progenitors originate from interstitial but not myofiber satellite 

cells 

Nestin-GFP+ cells are located beneath the basal lamina in a myofiber satellite position and the 

interstitium of the skeletal muscle. In our culture conditions, nestin-GFP+ cells attached to 

myofibers are quiescent satellite cells, based on Pax7+ immunoreaction, and exhibit exclusive 

myogenic potential. Analysis of skeletal muscle cross-sections from the nestin-GFP transgenic 

mouse shows population of GFP+/Pax7- cells, which suggests that cells other than quiescent 
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satellite cells express GFP under nestin intron II control in the native muscle. These cells may 

correspond to activated satellite, neural progenitor, or some other cells. We ruled out the 

possibility that satellite cells produce neural cells because myogenic cells lose nestin-GFP 

expression by days 4-5 in culture, as reported previously [25], and satellite cells released 

enzymatically from myofibers differentiate into a myogenic but not neurogenic lineage, based on 

prolonged culture (4 month), morphology, staining/immunocytochemical analysis, and time-

lapse experiments. This prolonged culture stains positive for desmin and MyoD but not for Tuj1, 

which indicates that satellite cells do not give rise to neural precursor cells. Recently, using the 

same transgenic mouse used here [40], nestin was shown to identify sympathetic nervous 

system-innervated perivascular stromal cells, which supports the concept that muscle nestin-

GFP+/Tuj1+ neural cells derive from interstitial mesenchymal stem cells.  

 

Advantages of our experimental approach, biological significance, and potential 

therapeutic contribution  

Neural progenitor cells derived from adult skeletal muscle have been reported previously 

[7,11,41,42]. These studies provided the groundwork for analysis of neurogenic cells in 

peripheral tissue; however, some limitations must be overcome to move ahead with their clinical 

application. A heterogeneous population of endothelial, vascular smooth, skeletal, and cardiac 

muscle cell progenitors was isolated, but after in vitro differentiation, neurally committed cells 

did not exceed 10% of the total [7]. Probably due to its multipotentiality, the skeletal muscle-

derived culture was therapeutically ineffective, as demonstrated by lack of neural regeneration 

after cell engraftment in spinal cord lesions [7]. In contrast, our approach isolates a pure neural 

progenitor cell population, expressing nestin-GFP and Tuj1 from skeletal muscle cultures and 



63 
 

shows a promising capacity to induce neural regeneration. Cells other than neural progenitors 

may express nestin-GFP in our skeletal muscle-derived culture, but we demonstrated that all 

nestin-GFP+ cells are neural progenitors from day 7 on. Pericytes are unlikely to contaminate 

our cultures, based on the absence of their typical phenotype, which is flat and fibroblast-like 

[43], and lack of overlap with nestin-GFP+ cells after one week in culture.  

 

Neurosphere formation, immunoreactivity to neural markers, and survival in culture 

This work shows that nestin-GFP+ neural progenitor cells can expand into neurospheres. Our 

primary muscle-derived cell cultures showed the floating nestin-GFP+ spherical aggregates 

characteristic of neurospheres [44,45]. Neurospheres attached and detached from the culture 

substrate, but in contrast to previous publications [33], their composition and the cells’ 

morphology were more homogenous, supporting the similarity of their stem-like properties. 

These cells co-express nestin, which is a marker of neural progenitor cells [46], and Tuj1, 

commonly used as an axonal marker in young neurons [24,46]. After 8 days, the neurospheres 

retain nestin and Tuj1 expression and continuously produce outgrowing cells.  

One of the defining features of neural progenitors and stem cells in general is their ability 

to sustain multiple rounds of amplification. Nestin-GFP+/Tuj1+ cells derived from skeletal 

muscle cultures proliferated at a rate approximately one-fourth that of cell propagation. 

Moreover, these cells survive for at least two weeks and maintain their proliferation rate even 

when cultured after sorting. With EdU, we detected a skeletal muscle neural progenitor cell 

proliferation rate similar to that reported for neural progenitor cells in the hippocampus [47] and 

spinal cord [48].  

 



64 
 

Functional response to glutamate 

Functional analyses of our predifferentiated neural progenitor cells revealed that a population of 

nestin-GFP+ cells isolated from skeletal muscle had the electrophysiological characteristics of 

neurons. Glutamate-evoked currents shared some properties with those reported in native mouse 

central neurons [21]: they were evoked in a 1 mM Ca
2+

 solution; the current was inward at 

negative potentials; it responded to repeated glutamate challenges in a typical way; and it 

desensitized during prolonged glutamate application. Additionally, the number of cells 

responding to the agonist increased with time in culture. These recordings agree with a previous 

report in which intracellular Ca
2+

 concentration increased in response to glutamate [42]. The 

increased responsiveness of nestin-GFP+/Tuj1+ cells in culture supports their progressive 

differentiation and expression of ion channels. 

 

Nestin-GFP+/Tuj1+ cells exhibit additional neural markers and proliferation 

Nestin is expressed in both embryonic and adult CNS stem cells. In embryonic CNS, its 

expression is closely associated in space and time with the proliferation of neuronal progenitor 

cells [14]. It is also expressed in adult stem cells both in vivo and in vitro under 

nondifferentiating conditions [49]. To confirm that our cells are neural precursors, other markers 

were tested. After 7 days in culture, these cells expressed Neu-H and Neu-L, evidencing 

predifferentiation at later stages, but they still expressed nestin-GFP, a stem cell marker. As 

neurons differentiate from their precursors, they downregulate nestin expression, which is 

replaced by other tissue-specific intermediate filaments, such as neurofilaments [14]. The fact 

that nestin-GFP fluorescence does not disappear after two weeks in culture indicates that neural 

cells have not completely matured. That nestin expression can be re-induced after it disappears in 
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various degenerative and regenerative conditions in the fully differentiated organism has been 

reported [50]. A population of cells in the brain cortex co-expresses bromodeoxyuridine in Tuj1+ 

and Neu-L cells, suggesting generation of neurons with proliferative capacity [51] [52]. Tuj1 is 

initially expressed in immature neurons and persists as they mature [23].  

 

Likelihood of success in transplanting predifferentiated neural progenitor cells  

Our method can efficiently isolate immature neural progenitor cells from skeletal muscle culture. 

Predifferentiated neural precursor cells, cultured after sorting, may have a better chance for 

success in proliferating and replacing damaged tissue than more immature cluster cells or 

neurospheres. Restricting progenitor cell lineage may limit tumor formation, with better response 

to the tissue environment and capacity to integrate with the host tissue [53]. Several studies have 

indicated a higher rate of neurogenesis when a neuronal phenotype was already induced before 

cells were implanted [54]. Neural progenitor cells transplanted into the injured rat spinal cord 

favored differentiation into astrocytes but not neurons [55]. Late-stage precursors and immature 

neurons have been transplanted into the adult neocortex and induced pyramidal neurons to 

degenerate; the engrafted cells were found to follow pyramidal cell differentiation, as they were 

already committed to neuronal lineage [56]. Taken together, these results indicate the need for 

differentiation protocols before grafting.  

Our results imply that, to certain extent, skeletal muscle-derived neural stem cells 

expressing nestin are  highly proliferating and can be used for remodeling and repair processes 

[57,58]. Because they can be isolated based on their nestin-GFP fluorescence, proliferation 

capacity, and differentiation into neurons, they can be used as a source of neural progenitor cells 

for therapeutic purposes in animal models of neural injury or degeneration. 
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Nestin-GFP- cells promote appearance of the neural phenotype 

Neural phenotype differentiation depends on some factors secreted by co-cultured cells, such as 

myoblasts and fibroblasts. We observed that not only nestin-GFP- cells, but also their medium, 

induce a neural phenotype, indicating that factors important for neuronal progenitor 

differentiation may be soluble, diffusible, and secreted by neighboring cells. These results are 

comparable to those published for co-cultures of neuronal progenitors and conditioned medium 

from bone marrow stromal cells (BMSCs) [59]. Fibroblasts, myoblasts, or any other cell type 

derived from muscle interstitium may be the source of the molecules that influence muscle 

interstitial cells to evolve into a neural lineage.  

The main group of molecules regulating cell differentiation and proliferation are growth 

factors. Members of the transforming growth factor-β (TGFβ) family may influence premature 

neuronal differentiation [60]. Fibroblast growth factors (FGFs) are critical for 

midbrain/hindbrain [61] and forebrain [62] cell survival. A number of vasculature-related growth 

factors have been shown to regulate neural stem cell and progenitor proliferation, most notably 

PEDF [63] and vascular endothelial growth factor [64]. Factors secreted by blood vessels, such 

as the brain-derived neurogenic factor (BDNF), are known to influence neuronal stem cell 

behavior [65] [66]. BDNF can also be secreted by myofibers, which play an active role as an 

endocrine organ [67]. Many of these factors may originate from any of the nestin-GFP- cells in 

our skeletal muscle-derived cultures. Additionally, strong differentiation was only observed after 

cells adhered to laminin-coated dishes, indicating that they require a matrix anchorage. Although 

necessary, laminin was not sufficient to induce a neural phenotype, as nestin-GFP+ did not give 

rise to neural progenitor cells when cultured in isolation. 
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In summary, prolonged nestin-GFP+ expression in skeletal muscle-derived cultures 

provides a unique tool to obtain predifferentiated neural progenitor cells. Whether these cells 

differentiate into multiple phenotypes or an exclusive neuron subclass is unknown. Whether they 

are suitable for transplantation, retain the capacity to engraft, develop specific neuronal 

functions, and allow tissue repair are subjects of ongoing research in our lab. The fact that an 

individual can be the donor and host of these cells circumvents the immunological and ethical 

concerns impeding cell therapy. 
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Figure 2 Figure 1. Nestin-GFP+ cells from FDB muscle in culture. 

Figure 1. Nestin-GFP+ cells from FDB muscle in culture. A. Cells were grown for 14 days 

and fixed at various times (1, 4, 7 and 14 days). Nestin-GFP, Tuj1, and Hoechst 33342 were 

merged with phase contrast. Scale bar = 100 μm. B. Relative proportion of Tuj1+ and MyoD+ 

cells at different times in the nestin-GFP+ population. Notice the disappearance of MyoD 
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expression at day 5 and the progressive increase in Tuj1+ cells to become almost the only 

population by days 7 and 14 in culture.  
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Figure 3 Figure 2. Nestin-GFP+ cells attached to myofiber (satellite cells) do not produce Tuj1+ cells with a neural phenotype. 

Figure 2. Nestin-GFP+ cells attached to myofiber (satellite cells) do not produce Tuj1+ cells 

with a neural phenotype. A. A representative EDL muscle cross-section from a nestin-GFP 

transgenic mouse showing GFP expression and Pax7+ immunoreaction (n = 3 mice, 6 EDL 
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muscles). Myofibers were counterstained with Hoechst. The merge image shows examples of 

GFP+/Pax- cells (arrows). Scale bar = 50 µm. B. Enzymatically dissociated single FDB muscle 

fiber showing 2 nestin-GFP+ satellite cells that immunoreact to Pax7 and overlap with Hoechst 

nuclear staining. Scale bar = 100 µm. C. FDB satellite cell time-lapse analysis. A nestin-GFP+ 

satellite cell attached to an FDB fiber (arrow) analyzed for more than 6 days. Snapshots of the 

complete record at 4, 50, 80, 154, and 162 h. Brightfield (a, c, e, g, h) and fluorescence (b, d, f). 

Fluorescence completely disappeared at 162 h in culture. Scale bar = 50 µm. Da. Four-month 

satellite cell culture from isolated EDL fibers. Myoblasts and myotubes are stained for desmin 

and Hoechst, which overlap with the brightfield image. b. The culture shown in Da is MyoD+ 

but Tuj1-. Scale bar for all pictures in D = 100 µm. 
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Figure 4 Figure 3. Neurospheres derived from muscle FDB cultures. 

Figure 3. Neurospheres derived from muscle FDB cultures. A. Neurospheres formed on day 8 

in culture are nestin-GFP+ and Tuj1+. Nuclei were stained with Hoechst 33342. B. Nestin-GFP+ 

cells grow as monolayers after fusing into neurospheres. C. Nestin-GFP+ cells form networks. 

D. Nestin-GFP+/Tuj1+ cells exhibit neural morphology, with many processes. Right panels for 

B, C, and D are brightfield images. Images in B-D were taken on culture day 8. Scale bar = 100 

μm for all pictures, including insets in panel A. 
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Figure 5 Figure 4. Glutamate-evoked membrane currents in neural multipolar cells under voltage-clamp. 

Figure 4. Glutamate-evoked membrane currents in neural multipolar cells under voltage-

clamp. A. Typical inward currents in response to three 500 mM L-glutamate pulses in neural 

cells from FDB muscle culture. The membrane potential was held at -60 mV. Glutamate pulses 

are depicted above the current traces. The dashed lines represent baseline. B. Response to 

glutamate application for 1 s and desensitization during agonist application. C. Glutamate-

evoked current as a function of culture time (days 4-14). Data points represent individual cells. 

 



83 
 

 

Figure 6 Figure 5. Proliferation of neural stem cells derived from FDB skeletal muscle. 

Figure 5. Proliferation of neural stem cells derived from FDB skeletal muscle. A. Unsorted 

nestin-GFP+ and Tuj1+ cells from FDB muscle were exposed to EdU on culture day 7. Nuclear 

DNA was stained with Hoechst 33342. Scale bar = 100 μm. B. Percent of nestin-GFP+/Tuj1+ 

cells exhibiting EdU incorporation at days 7, 10, and 14 in culture. The fourth column 

corresponds to nestin-GFP+ cells sorted on culture day 7, cultured for 48 hours, and fixed (n = 3 

preparations). EdU (10μM) was administered 2 hours before cells were fixed. Data are mean ± 

SEM.  
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Figure 7 Figure 6. Nestin-GFP+ cell sorting. 

Figure 6. Nestin-GFP+ cell sorting. Representative scatter plots for 7-day FDB cultures, before 

(A) and after (B) FACS. GFP fluorescence was plotted against the number of cells. We selected 

cells with very high GFP fluorescence (P2). A. Sorting yielded approximately 5% of total GFP 

events and a large population of GFP- cells. B. Re-analysis of GFP+ cells after sorting. C. 

Percent of nestin-GFP+ cells before and after FACS. Data are mean ± SEM.  
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Figure 8 Figure 7. Sorted nestin-GFP+ cells from FDB cultures show neural markers. 

Figure 7. Sorted nestin-GFP+ cells from FDB cultures show neural markers. Sorted GFP+ 

(A) and GFP- (B) cells were seeded in parallel on dishes precoated with laminin and grown for 

48 hours until attached. The first column shows immunostaining for Tuj1, NF-L, or NF-H, while 

the second shows their corresponding nestin-GFP fluorescence. Nuclei were stained with 

Hoechst. Merged images are shown on the far right. Scale bar = 100 μm.  
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Figure 9 Figure 8. Unsorted nestin-GFP+ cells from FDB cultures do not exhibit endothelial cell, pericyte, or Schwann cell 
markers. 

Figure 8. Unsorted nestin-GFP+ cells from FDB cultures do not exhibit endothelial cell, 

pericyte, or Schwann cell markers. Unsorted FDB-derived cells were seeded on precoated 

dishes with laminin and grown for 10 days. A. A CD31 antibody identified a population of 

endothelial cells that did not overlap with nestin-GFP+ cells. Similarly, an  smooth-muscle 

actin antibody recognized a population of pericytes. Nestin-GFP+ cells do not react with the 

S100 antibody for Schwann cells. B. A primary Schwann cell culture shows positive 
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immunostaining when exposed to S100 but no immunostaining when incubated with Tuj1. 

Scale bar = 100 μm.  
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Figure 10 Figure 9. Nestin-GFP+ cell sorting and culture. 
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Figure 9. Nestin-GFP+ cell sorting and culture. A. Representative scatter plots showing 

fluorescence-activated sorting of cells derived from nestin-GFP+ hindlimb muscles immediately 

after isolation. GFP fluorescence was plotted against the number of cells. We selected cells with 

very high (P2) and no GFP fluorescence (P4). Sorts of total events yielded 1.9% GFP+. 

Histograms of re-analysis of sorted GFP- (B) and GFP+ cells (C). Note that B shows some GFP- 

cells, which probably result from a decline in fluorescence with time. D. Percent of nestin-GFP+ 

cells before and after FACS. E. Number of nestin-GFP+ cells differentiated into neurons after 

culture in different conditions: nestin-GFP- or nestin-GFP+ cells cultured alone; co-cultured 

nestin-GFP+ and nestin-GFP- cells; nestin-GFP- or nestin-GFP+ cells co-cultured with wild-type 

FDB fibers; and nestin-GFP+ or nestin-GFP- cells co-cultured with medium from wild-type 

mouse FDB analyzed after 8 days in culture. The number of nestin-GFP+ and nestin-GFP- plated 

cells were approximately 5000 and 40,000 per dish, respectively, in all conditions. Only GFP+ 

cells with 2 or more processes were counted. Data are mean ± SEM. 
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SKELETAL MUSCLE NEURAL PROGENITOR CELLS EXHIBIT PROPERTIES OF 

NG2-GLIA 
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ABSTRACT 

 

Reversing brain degeneration and trauma lesions will depend on cell therapy. Our previous work 

identified neural precursor cells derived from the skeletal muscle of Nestin-GFP transgenic mice, 

but their identity, origin, and potential survival in the brain are only vaguely understood. In this 

work, we show that Nestin-GFP+ progenitor cells share morphological and molecular markers 

with NG2-glia, including NG2, PDGFRα, O4, NGF receptor (p75), glutamate receptor-

1(AMPA), and A2B5 expression. Although these cells exhibit NG2, they do not express other 

pericyte markers, such as -SMA or connexin-43, and do not differentiate into the muscle 

lineage. Patch-clamp studies displayed outward potassium currents, probably carried through 

Kir6.1 channels. Given their potential therapeutic application, we compared their abundance in 

tissues and concluded that skeletal muscle is the richest source of predifferentiated neural 

precursor cells. We found that these cells migrate toward the neurogenic subventricular zone 

displaying their typical morphology and nestin-GFP expression two weeks after brain injection. 

For translational purposes, we sought to identify these neural progenitor cells in wild-type 

species by developing a DsRed expression vector under Nestin-Intron II control. This approach 

revealed them in nonhuman primates and aging rodents throughout the lifespan. 
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INTRODUCTION 

 

Central nervous system disorders are the leading cause of disability worldwide [1]. While whole-

organ transplantation is not viable, grafting neural precursor cells is one strategy to regenerate 

nerve tissue damaged by age, trauma, or disease [2]. However, problems with histocompatibility, 

inadequate tissue supplies, and the ethics of using embryonic stem cells and neural tissue isolated 

from the brain call for another source of neural progenitor cells. Adult stem cells from tissues 

apart from the central nervous system (CNS) are under study as an alternative source of cells 

capable of neural differentiation [3-5]. This strategy would enable the patient to be both donor 

and host. 

Muscle tissue is one of the largest organs in the body, comprising nearly 50% of total 

body mass [6], and should be an abundant, accessible, and safe source of stem cells compared to 

embryonic tissues. Autologous cell transplantation circumvents the immunological and ethical 

concerns delaying cell therapy. Previous studies have discovered a population of multipotent 

skeletal muscle cells that differentiate into mesodermal lineages, including myogenic [7-8], 

adipogenic [9], osteogenic [10], chondrogenic [11], endothelial [12], and under certain 

conditions, they can break germ-layer commitment and differentiate into ectodermal lineages, 

including neural cells [3, 13-17].  

We recently isolated neural progenitor cells from the skeletal muscle cultures of adult 

Nestin-GFP transgenic mice and demonstrated their expression of specific neural progenitor 

markers, replicative capacity, ability to form neurospheres, and functional response to 

neurotransmitter [17]. Different cell types may express nestin in the skeletal muscle. Reports 

have identified Nestin-GFP transgene expression in quiescent satellite cells [17-18], capillary 
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networks between myofibers [18], and mesenchymal stem cells in many different tissues [19]. 

For this reason, we used various markers to better characterize the skeletal muscle-derived neural 

progenitors.  

Various multipotent neural progenitor cells, including radial glia cells [20], NG2-glia 

[21], astrocyte-like subtypes [22], microglia-like subtypes [23], and ependymal cells [24], have 

been identified in the CNS. They differ in their tendency to differentiate into neurons, astrocytes, 

and/or oligodendrocytes [25], their role in CNS repair after injury [26], and their therapeutic 

potential [27]. Whether skeletal muscle-derived neural progenitor cells correspond to or resemble 

any of them is unknown. Although skeletal muscle-derived cells express some markers of neural 

progenitors, their precise expression profile remains incomplete, and whether they are 

exclusively committed to the neural lineage is still unknown. 

 We used transgenic mouse models in which fluorescence expression is controlled by the 

regulatory elements of specific genes (Nestin-GFP; β-actin-DsRed, Nestin-GFP/β-actin-DsRed, 

and NG2-DsRed), immunocytochemistry, electrophysiology, stereotactic brain injection, 

expression vector, and fluorescent-activated cell sorting (FACS) to demonstrate that skeletal 

muscle-derived neural progenitor cells resemble a specific class of neural progenitors, NG2-glia 

(NG2+, PDGFRα+, O4+, NGF receptor (p75) +, AMPA (Glutamate receptor 1) +, A2B5+ and 

rectifier K
+
 channels expression) from the brain. They have similar expression profiles, and we 

confirmed their commitment to the neural lineage and their inability to transdifferentiate into 

muscle cells. When injected into the brain striatum of adult mice, they migrated toward 

neurogenic areas.  

We suggest that they can be isolated from a variety of young-adult and older adult 

species, including nonhuman primates. We engineered a plasmid that can be used to identify 
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cells similar to Nestin-GFP+ neural progenitors from nontransgenic nonhuman primates. Based 

on cell markers, functional properties, sources, and abundance, we propose that Nestin-GFP+ 

progenitor cells could be used to treat an array of pathologies affecting the central nervous 

system, including trauma, degeneration, and neoplasias. 

 

 

METHODS 

 

Animals 

Nestin-GFP transgenic mice (our colony) were maintained homozygous for the transgene on the 

C57BL/6 genetic background [28]. C57BL/6 wild-type mice (our colony) were used as controls. 

Aging FVB (Friend Virus B) mice (our colony) have long been used as a model of aging skeletal 

muscle in our laboratory [29-31]. NG2-DsRed transgenic mice expressing DsRed-T1 under the 

control of the NG2 promoter [32] and β-actin-DsRed transgenic mice expressing red fluorescent 

protein variant DsRed.MST under the control of the chicken β-actin promoter coupled with the 

cytomegalovirus (CMV) immediate early enhancer [33] were purchased from the Jackson 

Laboratory (Bar Harbor, Maine). All tissues of β-actin-DsRed transgenic mice fluoresce red [33]. 

Nestin-GFP mice were crossbred with β-actin-DsRed mice to generate Nestin-GFP/β-actin-

DsRed double-transgenic mice. All mouse colonies were housed at Wake Forest School of 

Medicine (WFSM) in a pathogen-free facility of the Animal Research Program under 12:12-h 

light/dark cycle and fed ad libitum. Both male and female homozygous mice were used, and their 

ages ranged from 3 to 5 months. African Green vervet monkeys were housed in the WFSM 

Primate Center. A piece of their vastus lateralis muscle was surgically excised immediately after 
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euthanasia. Animal handling and procedures were approved by the WFSM Animal Care and Use 

Committee. 

 

Flexor digitorum brevis (FDB) culture preparation 

FDB muscle from Nestin-GFP transgenic, Nestin-GFP/β-actin transgenic, aging FVB and 

C57BL/6 wild-type mice were used for cell culture. FDB muscle was preferred over more 

traditional muscles for most experiments because of it is small and flat, allowing more complete 

dissociation by trituration in a single step, shortening the experiment significantly. Methods for 

FDB culture preparation have been described [17]. Briefly, muscles were carefully dissected 

away from the surrounding connective tissue and minced, then digested by gentle agitation in 

0.2% (w/v)  type-2 collagenase (Worthington, Lakewood, NJ) in Krebs solution at 37°C for 2 

hours. They were resuspended in growth medium and dissociated by gentle trituration. The 

growth medium used to plate cell cultures consisted of Dulbecco’s modified Eagle medium 

(DMEM)-high glucose (Invitrogen, Carlsbad, CA), supplemented with 2% L-glutamine 

(Invitrogen), 50 U/ml penicillin (Invitrogen), 50 mg/ml streptomycin (Invitrogen), 10% (v/v) 

horse serum (Invitrogen), and 0.5% (v/v) CEE (Gemini Bio-products, West Sacramento, CA). It 

supported both proliferation and differentiation of myogenic cells [34]. Finally, cells were plated 

on 35-mm dishes (Fisher Scientific, Pittsburgh, PA) precoated with 10 µg/ml laminin 

(Invitrogen), following the company's protocol, at 2-3×10
4
 cells/cm

2
. 

 

Isolation of neural progenitor cells from FDB muscles  

To isolate Nestin-GFP+ neural progenitor cells, fluorescence-activated cell sorting (FACS) 

experiments were performed 7–14 days after muscle dissociation. Cultured FDB-derived cells 
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were washed with phosphate-buffered saline (PBS) and treated with 0.25% trypsin/0.05% EDTA 

(Invitrogen) to isolate them in a suspension. When all cells were detached, the enzymatic 

reaction was stopped with the growth medium described above. We applied mechanical 

trituration using fire-polished glass pipettes to increase cell dissociation. Cells were centrifuged 

at 1000 rpm for 5 min, and the pellet was resuspended in DMEM (Invitrogen) at 10
6
 cells/ml. 

Aggregates were removed by passing them through a 40-µm cell strainer (BD Biosciences, 

Mississauga, Ontario, Canada) prior to sorting. 

 

Fluorescence-activated cell sorting (FACS) 

FACS was carried out on a BD FACS (Aria Sorter, San Jose, CA) at 4°C and a pressure of 20 

psi, using a laser at the 488-nm line, a 530/30 band pass filter, a 100-µm sorting tip, and a 34.2 

kHz drive frequency, sterilized with 10% bleach. This instrument allowed us to characterize cells 

by size as well as fluorescence. Low flow rate improved sorting purity. Data acquisition and 

analyses were performed using BD FACS Diva 5.0.3 software, gated for a high level of GFP 

expression. The clear separation of GFP+ from GFP- cells explains the ease of sorting [17]. 

Sorted cells were re-analyzed to confirm that all were GFP+ [17].  

 

Isolation and culture of Nestin-GFP+ cells from adipose tissue, skeletal muscle, and bone 

marrow  

 

Adipose tissue  

Cells were obtained from the inguinal or epididymal fat of 3-4-month-old Nestin-GFP transgenic 

mice. Adipose tissue was removed by sterile dissection, weighted, pooled, finely minced with 
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scissors, and digested in a buffer containing collagenase (2 mg/ml) (Worthington) and 

hyaluronidase (0.5 mg/ml) (Worthington) in Krebs solution at 37°C for 2 hours. The cells were 

resuspended in 0.25% trypsin/0.05% EDTA (Invitrogen) in PBS for 15 min at 37°C, dissociated, 

centrifuged, and the supernatant discarded. The pellet was resuspended in growth medium, 

dissociated, and triturated. Cells were seeded on laminin-precoated dishes and incubated at 37°C 

and 5% CO2 in a humidified incubator.  

 

Skeletal muscle  

Methods for skeletal muscle preparation have been described [17]. Briefly, muscles were 

carefully dissected away from the surrounding connective tissue, weighed, and minced, then 

digested by gentle agitation in 0.2% (w/v) type-2 collagenase (Worthington) in Krebs solution at 

37°C for 2 hours, dissociated by trituration, and resuspended in 0.25% trypsin/0.05% EDTA 

(Invitrogen) in PBS for 15 min at 37°C. After centrifuging at 1500 rpm for 5 min, the 

supernatant was removed, and the pellet resuspended in growth medium. Aggregates were 

removed by passing them through a 40-µm cell strainer (BD Biosciences) prior to culture. 

 

Bone marrow  

We obtained bone marrow by aseptically flushing the femur medullary cavity with 0.25% 

trypsin/0.05% EDTA (Invitrogen) in PBS. The cells were dissociated; the cell suspension was 

centrifuged, and the supernatant discarded to measure tissue weight. Cells were resuspended in 

growth medium and dissociated by trituration, then seeded and incubated as described above. 

The number of Nestin-GFP+ progenitor cells with neural morphology was counted at day 10 in 

culture.The number of Nestin-GFP+ cells derived from fat, skeletal muscle, or bone marrow was 



98 
 

normalized to the dissociated tissue weight (mg) and number of nuclei (%). Only GFP+ cells 

with 2 or more processes were counted. 

 

Neurosphere culture 

Mouse E14.5 striata neural stem cells (neurospheres) were purchased from StemCell 

Technologies (Vancouver, Canada) and cultured according to the manufacturer’s protocols [35]. 

Briefly, primary cells were seeded at a density of 1x10
5
 in T-25 cm

2
 flasks, and neurosphere 

growth monitored under the microscope. Neurospheres were maintained in Complete NeuroCult 

Proliferation Medium (StemCell Technologies) consisting of mouse NeuroCult NSC Basal 

Medium plus mouse NeuroCult NSC Proliferation Supplemented with 20 ng/mL Recombinant 

Human Epidermal Growth Factor (rh EGF) (StemCell Technologies) per the manufacturer’s 

instructions. Neurospheres were subcultured no more than once per collection. Cell passaging 

was performed by dissociating neurospheres using NeuroCult Chemical Dissociation kit 

(StemCell Technologies). Differentiation was initiated by plating the neurospheres on laminin-

coated plates in complete NeuroCult differentiation medium (StemCell Technologies) consisting 

of mouse NeuroCult NSC Basal Medium plus mouse NeuroCult NSC Differentiation 

Supplement without cytokines in the absence of rhEGF, per the manufacturer’s instructions.  

 

C2C12 myoblast culture 

The mouse skeletal muscle cell line C2C12 (ATCC, Manassas, VA) was cultured as described 

previously [36]. Briefly, C2C12 myoblasts were plated on tissue culture dishes in proliferation 

medium consisting of DMEM (1 g/l glucose) (Invitrogen), containing 10% FBS (Atlanta 

Biologicals, Atlanta, GA) and 2 mM Glutamax (Invitrogen). 
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Reverse transcription polymerase chain reaction (RT-PCR) 

To detect the mRNA expression in cells, total RNA was isolated using TRIZOL reagent (Life 

Technologies, Carlsbad, CA), RNA was dissolved in sterile, RNase-free water (Invitrogen) and 

quantitated spectrophotometrically at 260 nm. RT-PCR was performed in accordance with the 

manufacturer’s instructions using the SuperScript III First-Strand synthesis system for RT-PCR 

system (Invitrogen). For each experiment, equivalent amounts of intact RNA (0.1 to 0.2 µg) 

were used. As negative controls, the RT reactions were performed in the absence of RNA (only 

water) or reverse transcriptase. The cDNA was amplified by PCR using the primers included in 

Table 3. PCR Master Mix was purchased from Promega (Fitchburg, WI). Each PCR reaction 

contained 1× Promega PCR Master Mix, 1 μM of each primer, and the cDNA of the cells used in 

each case (Nestin-GFP+, NG2 glia, or C2C12 cells). The volume of each reaction was brought 

up to 50 μl with water. DNA amplification was carried out as follows: denaturation at 94°C for 2 

minutes, followed by 35 cycles of 94°C for 1 minute, 60°C for 1 minute, and 72°C for 2 minutes. 

After 35 cycles, the reactions were incubated at 72°C for 7 minutes to increase the yield of 

amplification. PCR products were verified with DNA 2% agarose gel electrophoresis.  

 

DsRed Nestin-Intron II plasmid  

We constructed a DsRed-Nestin-Intron II plasmid by replacing luciferase with DsRed cDNA in 

the pNES2In32/1628 plasmid (kindly donated by Dr. Naihe Jing, Laboratory of Molecular Cell 

Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, China). 

This plasmid contains 1597bp of the second Nestin Intron, and the insert is in position 7-1603  

[37] [38]. The DsRed cDNA was obtained by PCR using DsRed2-N1 (Clontech, Mountain 

View, CA) as the template and primers: Forward, 5’-



100 
 

GCAAAAAGCTTGGCATTCCGGTACTGTTGGTAAAGCCACCATGGCCTCCTCCGAG

AACGTCATCACC-3’; Reverse, 5’- GACTCTAGAATTACAGGAACAGGTGGTGGC GGC-

3’. To ensure that the original sequence in front of the luciferase cDNA start codon in 

pNES2In32/1628 was not modified by the replacement, a forward primer was designed to add 

the DsRed sequence (in bold) between HindIII and the start codon. The PCR product was gel- 

purified, digested with HindIII (Promega) and XbaI (Promega) (underlined in the primers), and 

ligated to HindIII and XbaI-digested pNES2In32/1628 backbone vector. Plasmid sequence was 

confirmed by sequencing. As positive control for transfection we used a DsRed plasmid 

(DsRed2-N1) (Clontech). 

 

Isolation and transfection of African Green vervet monkey interstitial cells 

Cells derived from monkey vastus lateralis muscle were cultured in the same conditions used for 

the mouse muscle. Prior to plasmid transfection, the growth medium was replaced with 2 ml of 

OPTI-MEM transfection medium (Invitrogen), and 1 μg of plasmid DNA was diluted into 100 µl 

of OPTI-MEM transfection medium mixed with 4 μg of Lipofectamine 2000 reagent (1mg/ml) 

(Invitrogen). Cells were incubated for 15 min prior to dilution in OPTI-MEM to a final DNA 

concentration of 0.5 µg/ml. The transfection medium was replaced with growth medium after 6 

h. DsRed expression was assessed 24-96 h posttransfection, and results recorded after 96 h.  

 

Cell eletrophysiology 

Ionic currents were recorded in the whole-cell configuration of patch-clamp using an Axopatch 

200B and pClamp 10 software (Molecular Devices Inc., Sunnyvale, CA) as described [39] [40] 

[17]. Signals were digitized and filtered at 5 kHz using Digidata 1440A (Molecular Devices, 
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Sunnyvale, CA). Electrophysiological recordings were carried out at room temperature in an 

extracellular recording solution containing (in mM): 145 NaCl, 3 KCl, 10 HEPES, 3 

CaCl2·2H2O, 8 glucose and 2 MgCl2, and pH 7.3 was reached with NaOH. The pipette solution 

contained D-gluconic acid 136.5, 17.5 KCl, 9 NaCl, 1 MgCl2, 10 HEPES, and 0.2 of EGTA, and 

pH 7.3 was reached with KOH. Pipette resistance was 2–3 MΩ. Primary neurons and Nestin-

GFP+ neural progenitor cells were identified by their distinct neural morphology, characterized 

by a small cell body, long, uneven processes, and the absence or presence of GFP fluorescence, 

respectively. Their identity was confirmed by immunostaining with Tuj1 (class III β tubulin) 

antibody in parallel cultures.  

 

Nestin-GFP+ neural progenitor cells co-cultured with C2C12 myoblasts  

Nestin-GFP+ , Nestin-GFP+/ β-actin-DsRed+, and Nestin-GFP-/ β-actin-DsRed+ cells were 

sorted from 7-day-old FDB cultures derived from Nestin-GFP or Nestin-GFP/β-actin-DsRed 

mice, respectively. Afterward, they were cultured alone or with C2C12 cells (ATCC) [41] on 

dishes precoated with laminin in proliferation medium [DMEM (Invitrogen) containing 2-mM L-

glutamine (Invitrogen) and 1% penicillin/streptomycin (Invitrogen), supplemented with 10% 

FBS (Atlanta Biologicals)] for 3 days, and then differentiation medium [DMEM (Invitrogen) 

containing 2-mM L-glutamine (Invitrogen) and 1% penicillin/streptomycin (Invitrogen), 

supplemented with 2% HS (Invitrogen)] for 7 days. They were then fixed in 4% 

paraformaldehyde PFA and stained with MyoD, MF 20, and Hoechst to identify myogenic cells, 

myotubes, and nuclei, respectively. 
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Isolation of brain-derived NG2 progenitors 

NG2-DsRed cells were isolated from 3 to 5 month-old mice. The brain was isolated, cut into 

small pieces, enzymatically digested using 20 units/ml papain and 0.05 mg/ml DNase (Papain 

Dissociation kit, Worthington) at 37 °C for 30 min, and mechanically triturated with fire-

polished Pasteur pipettes of various tip sizes. Cells were collected by centrifugation (300 × g for 

7 min), and the pellet resuspended in buffer containing ovomucoid (Papain Dissociation kit), 

centrifuged again, and resuspended in growth medium. NG2-DsRed+ cells were selected by 

FACS. 

 

Brain injection 

To evaluate cell survival in the brain, 50,000 cells were injected in the striatum, and the mouse 

sacrificed 2 weeks later. Mice were anesthetized with a ketamine/xylazine mixture (114/17 

mg/kg), and a 0.5- mm burr hole was made 3 mm right of the midline and 1.5 mm posterior to 

the bregma through a scalp incision. Cells were injected at a concentration of 5 × 10
4
 cells in 5-

µl growth medium. For stereotaxic injection, we used a 10-µl syringe (Hamilton, Reno, NV) 

with a 30-gauge needle, inserted through the burr hole to a depth of 3 mm, mounted on a Just For 

Mice stereotaxic apparatus (Harvard Apparatus, Holliston, MA) at a rate of 2 µl/min. Mice were 

monitored for body weight and ambulatory, feeding, and grooming activities afterward. Two 

weeks after cell injection, mice were anesthetized again and transcardially perfused with PBS 

followed by perfusion with 4% paraformaldehyde solution in PBS. After decapitation, brains 

were rapidly dissected out, removed from the skull, postfixed for 24 hours in the same fixative 

solution, and cryoprotected with 30% sucrose in PBS for 2 days. The brains were then placed in 
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embedding cryomolds, covered with tissue embedding medium (O.C.T. Compound; Tissue-Tek; 

Sakura Finetek, Tokyo, Japan), and snap-frozen in liquid nitrogen.  

 

Brain histological processing 

Frozen brains were sectioned transversely into serial 20-µm thick coronal sections using a 

cryostat (Zeiss Microm HM 500, Oberkochen, Germany) at -20°C, mounted on SuperFrost Plus 

Microscope Slides in series of six (Fisher Scientific), and stored at -20°C before processing for 

immunocytochemistry. Sections were dried at room temperature for 1 hour, rehydrated in PBS, 

and permeabilized with 0,5% Triton X-100 (Sigma, St. Louis, MO) in PBS solution and blocked 

to saturate nonspecific antigen sites using 5% (v/v) goat serum/PBS (Jackson Immunoresearch 

Labs, West Grove, PA) at 4°C, overnight. The next day, the sections were incubated with 

primary antibodies at room temperature for 4 h and visualized using appropriate species-specific 

secondary antibodies. Hoechst 33342 was used as a nuclear marker. The sections were mounted 

on slides using Fluorescent Mounting Medium (DakoCytomation, Carpinteria, CA) and 

examined with fluorescence microscopy.  

 

Immunocytochemistry 

Cultured cells were fixed with 4% PFA for 30 min, then permeabilized in 0.5% Triton X-100 

(Sigma), and blocked to saturate nonspecific antigen sites using 5% (v/v) goat serum/PBS 

(Jackson Immunoresearch Labs) overnight at 4°C. The next day, the cells were incubated with 

primary antibodies at room temperature for 4 h and visualized using appropriate species-specific 

secondary antibodies conjugated with Alexa Fluor 488, 568, or 647 at 1:1000 dilution 

(Invitrogen). They were counterstained with Hoechst 33342 reagent at 1:2000 dilution 
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(Invitrogen) to label the DNA and mounted on slides for fluorescent microscopy with 

Fluorescent Mounting Medium (DakoCytomation). 

 

Primary antibodies  

Table 1 shows the antibodies, their dilution, and source. 

 

Microscopy, Cell Imaging, and Counting 

An inverted motorized fluorescent microscope (Olympus, IX81, Tokyo, Japan) with an Orca-R2 

Hamamatsu CCD camera (Hamamatsu, Japan) was used for image acquisition. Camera drive and 

acquisition were controlled by a MetaMorph Imaging System (Olympus). Ten arbitrary 

microscopic fields were counted in each immunostained plate, and values pooled from parallel 

duplicates per time point and individual experiment. 

 

Statistical Analysis 

Results are expressed as the mean ± SEM. Statistical significance was assessed using analysis of 

variance (ANOVA) followed by Student’s t-test using GraphPad Prism (GraphPad Software, San 

Diego, CA). P<0.05 was considered significant. 
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RESULTS 

 

Isolation of Nestin-GFP+ progenitor cells with neural morphology from adipose tissue, 

skeletal muscle, and bone marrow  

To explore the abundance and extraction efficiency of large pools of Nestin-GFP+ progenitor 

cells in readily accessible tissues, we dissociated and cultured equivalent masses of fat tissue, 

skeletal muscle, and bone marrow from Nestin-GFP transgenic mice. After 10 days, we 

examined Nestin-GFP+ progenitor cells exhibiting neural morphology derived from each (Fig. 

1A, B). All Nestin-GFP+ cells are neural progenitors and express Tuj1 (class III β tubulin), a 

neural progenitor marker [42], at this culture time [17]. Our analysis may not reflect the relative 

abundance of the various cell populations in the tissue but it provides this information at day 10 

in culture, which is relevant for therapy. We did not isolate Nestin-GFP+ neural precursors from 

freshly dissociated muscle because other cells (i.e., satellite cells), are Nestin-GFP+ as well [17-

18]. The number was expressed per tissue weight (mg) and number of nuclei (%). More cells 

were derived from skeletal muscle (29517 ± 6370 cells/ mg; n = 5) than from bone marrow 

(1905 ± 585 cells / mg; n = 5) or adipose tissue (113 ± 43 cells / mg; n = 5) for the same tissue 

mass (Fig. 1A), which corresponded to 5.2 ± 2.0, 0.9 ± 0.4, and 0.2 ± 0.1 % of Nestin-GFP+ 

cells/nuclei, respectively (Fig. 1B). All Nestin-GFP+ cells stained positive for Tuj1 (Fig. 1C). 

These data indicate that Nestin-GFP+ progenitor cells are more abundant in skeletal muscle than 

bone marrow or fat tissue.  
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Nestin-GFP+ progenitor cells can be extracted from the skeletal muscle of aging mice 

To determine whether the probability of extracting Nestin-GFP+ progenitor cells declines with 

age, we analyzed the cells derived from FDB muscles from young-adult (3-month), middle-aged 

(12-month), and old (24-month) FVB mice (Fig. 1D, E, and F). Because Tuj1+ neural progenitor 

cells exhibiting neural morphology are not present in muscle cross sections [17], these cells were 

identified by Tuj1 immunostaining after 7 days in culture [17]. The number of cells was 

expressed per weight of starting muscle tissue (Fig. 1D) and number of nuclei (Fig. 1E). To 

reduce the variation associated with enzymatic preparation, samples from different age groups 

were processed in parallel (n = 3). The number of skeletal muscle-derived Tuj1+ cells / mg of 

tissue in young-adult, middle-aged, and old mice was 20033 ± 7350, 14736 ± 2600, and 11393 ± 

2605 cells/mg of tissue, respectively (Fig. 1D), which corresponds to 5.2 ± 1.1, 4.3 ± 0.8, and 4.1 

± 0.6 % of Tuj1+ cells/nuclei, respectively (Fig. 1E). Although the number tended to decline 

with aging, we observed no statistically significant difference in the cells’ yield across ages (Fig. 

1D, E).  

 

DsRed-Nestin-Intron II plasmid helps to identify neural progenitors in skeletal muscle 

cultures from various wild-type species  

We constructed a DsRed-Nestin-Intron II plasmid to identify neural progenitors in myogenic 

cultures from nontransgenic mice (Fig. 2A). To test its specificity, we transfected it into 7 day-

old FDB cultures derived from Nestin-GFP mice and found that all DsRed+ cells were also 

Nestin-GFP+ (17.7 ± 3.3% of total cells) (Fig. 2B, C), meaning that the plasmid mimics Nestin-

GFP expression in muscle-derived neural progenitors. However, not all Nestin-GFP+ cells were 
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DsRed+, even after transfected with a DsRed plasmid, which is explained by the suboptimal 

transfection efficiency (Fig. 2B, C).   

To investigate whether neural progenitors can be extracted from the skeletal muscle of 

different species, we dissociated and cultured skeletal muscle biopsies from African Green 

vervet monkeys. After 10 days, we found that 3.3 ± 1.1% of the cells were Tuj1+ with long, thin 

processes, similar to those of Nestin-GFP+ progenitor cells (Fig. 2D), which corresponds to 

18660 Tuj1+ cells/mg (n=4). To identify these cells in monkey skeletal muscle culture, we 

transfected it with the DsRed-Nestin-Intron II plasmid and found that all DsRed+ cells exhibited 

neural morphology similarly to Nestin-GFP+ progenitor cells (Fig. 2E) (n=3 preparations from 3 

monkeys) and co-expressed Tuj1 (data not shown). 

 

Nestin-GFP+ progenitor cells differ from myoblasts, Schwann cells, endothelial cells, 

macrophages/microglia, pericytes, smooth muscle cells, and fibroblasts in the skeletal 

muscle cultures 

Nestin-GFP+ progenitor cells are obtained from a pool of skeletal muscle interstitial cells with 

poorly understood properties [17]. To define their relationship to different mesenchymal cells in 

the skeletal muscle interstitium, we examined their marker-expression profile, using FDB culture 

from Nestin-GFP mice. After 7 days in culture, two populations of cells expressing Nestin 

protein were detected, GFP+ (4.9 ± 1.0%) and GFP- (16.3 ± 3.0%) (Fig. 3). Notice that all GFP- 

cells expressing nestin protein were negative for Tuj1 [17].  

Nestin protein expression has been reported in several tissues and cell types [38, 43-64]. 

This relatively wide spectrum of nestin expression reflects the presence of various regulatory 

elements in the nestin gene. GFP may not be detected in some cells displaying Nestin protein 
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because the Nestin-GFP transgenic mice were designed using only the second intron of the nestin 

gene, which is known to drive expression in neural stem and progenitor cells [28, 38]. The first 

and second introns of the nestin gene consistently direct reporter gene expression to developing 

muscle or neural precursors, respectively [38]. Therefore, some muscle cells may express nestin 

protein but not GFP. The 5kb promoter region is also included in the transgene construct, 

although its regulatory function is still unclear [65].  

We found a way to distinguish Nestin-GFP+ progenitor cells from the other cells in 

culture. They did not exhibit markers of myoblast (MyoD), Schwann (GFAP), endothelial 

(CD31), or microglia/macrophage (CD68). Positive cells to these markers represented: MyoD, 

6.1 ± 2.5 %; GFAP: 4.1 ± 1.3%; CD31: 5.3 ± 1.8%; and CD68: 1.3 ± 0.4%, respectively (Fig. 3). 

The culture conditions used here may not favor myogenic growth, even though previous studies 

claim that they support both proliferation and differentiation of myogenic cells [34]. The paucity 

of MyoD+ nuclei (~6%) and absence of Pax7+ cells after 7 days in our cultures (data not shown) 

support this conclusion. Cultured cells may secrete growth factors and cytokines, such as TGF-β, 

VEGF, PDGF-BB, and BMP [66], that inhibit or decrease myogenesis.  

Their morphological properties—small cytoplasm and thin, multipolar extensions—differ 

from those of fibroblastoid pericytes [67]. They were negative to the pericyte markers connexin 

43 (Cx43) and α-SMA (Fig. 3 and Suppl. Fig. 1). Pericytes expressing Cx43 represented 10 ± 

2.0% of cells in culture. Note that the Cx43 antibody used here also stained fibroblasts and/or 

myocytes [68]. The α-SMA antibody stained vascular smooth muscle cells in addition to 

pericytes; thus, the total number of these two cell types accounted for 29 ± 5.8% (Fig. 3 and 

Suppl. Fig. 1). Although Nestin-GFP+ progenitor cells shared nerve/glia antigen-2 (NG2) 
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proteoglycan expression with pericytes [69] (Fig. 3 and Suppl. Fig. 1), NG2 is also expressed on 

NG2-glia cells’ surface [70]. NG2-glia cells function as neural progenitors in the CNS [71].  

 

Nestin-GFP+ progenitor cells express markers of NG2-glia cells 

Because neural progenitor cells derived from skeletal muscle differ from pericytes (α-SMA-

/Cx43-) and express NG2 proteoglycan, we tested for the expression of other typical markers of 

NG2-glia cells in Nestin-GFP+ progenitor cells. All Nestin-GFP+ cells expressed NG2-glia 

markers, such as oligodendrocyte antigen O4 [72], platelet-derived growth factor receptor α 

subunit (PDGFRα) [73], cell-surface ganglioside A2B5 [74], glutamate receptor 1 (AMPA 

receptor) [75], and NGF receptor (p75) [76] (Fig. 4A and Suppl. Fig. 2). While no 

immunostaining was observed in a myoblast culture used as a negative control, O4 and PDGFRα 

immunostaining was positive in primary NG2-glia progenitors derived from neurospheres (Fig. 

4B).  To confirm our results, we performed RT-PCR analysis of Nestin-GFP+ cells using NG2-

glia progenitors and myoblasts as controls and examined the expression of Nestin, NG2, 

PDGFRα, AMPA, NGFR, and MyoD (n=3). We found that, like NG2-glia progenitors, Nestin-

GFP+ progenitor cells expressed all these markers except for MyoD (Suppl. Fig. 2). 

 

Skeletal muscle-derived neural progenitor cells exhibit K
+
 outward currents 

To determine whether Nestin-GFP+ progenitor cells derived from adult skeletal muscle are 

excitable, we performed patch-clamp recordings to look for K
+
 and Na

+
 currents. Cells were 

sorted from 7-day-old FDB cultures and grown for 4 days. We observed K
+
 outward currents in 

both neurosphere-derived neurons and Nestin-GFP+ progenitor cells (n = 35) (Fig. 5A, B), but 

Na
+
 inward current was detected only in the neurosphere-derived neurons (n = 18) (data not 
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shown). Nestin-GFP+ progenitor cells were unable to fire action potentials (n=17) (data not 

shown), and, like brain NG2-glia cells (oligodendrocyte progenitors) [74], they expressed the 

inward rectifier Kir6.1 potassium channel (Fig. 5C), which peripheral pericytes, characterized by 

PDGFRβ, Desmin, α-SMA, and NG2+ expression, did not [77]. 

 

Nestin-GFP+ progenitor cells are committed to the neural lineage and do not differentiate 

into muscle cells in vitro  

Here we examined the potential differentiation of Nestin-GFP+ cells into a myogenic lineage by 

co-culturing them with C2C12 myoblasts based on the myogenic inductive potency of this 

muscle cell line [66]. To test whether Nestin-GFP+ cells are committed to neural lineage or can 

transdifferentiate into muscle cells as reported for pericytes [66, 78-79], we cultured Nestin-

GFP+ progenitor cells sorted from 7-day-old FDB cultures derived from Nestin-GFP mice in 

myogenic differentiation medium or with C2C12 myoblasts. We observed that after 7 days in 

differentiation medium, they retain their neural morphology and Nestin-GFP expression and do 

not differentiate into muscle cells, even in co-culture with myoblasts, which form MyoD+ 

myotubes (Fig. 6A) (n = 3 preparations for only Nestin-GFP+ progenitor cells or Nestin-GFP+ 

progenitor cells plus myoblasts).  

To prove that, in contrast to Nestin-GFP- cells (i.e., pericytes) [78-80], Nestin-GFP+ 

progenitor cells sorted from FDB cultures after 7 days are committed to the neural lineage, we 

used Nestin-GFP/β-actin-DsRed transgenic mice. All the cells of these mice express DsRed 

fluorescent protein, enabling us to track their fate. Nestin-GFP+/ β-actin-DsRed+ progenitor cells 

and Nestin-GFP-/ β-actin-DsRed+ cells were sorted from 7-day-old FDB cultures and cultured 

with C2C12 myoblasts to test their myogenic capability. After 7 days in differentiation medium, 
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all the Nestin-GFP+ progenitor cells retained their neural morphology and co-expressed DsRed. 

No DsRed+ cells were detected beside the Nestin-GFP+ cells (Fig. 6B). All myotubes were 

DsRed-, which means that they do not derive from Nestin-GFP+ progenitor cells (Fig. 6B). In 

contrast, Nestin-GFP- cells fused with myoblasts to form cells similar to myotubes DsRed+ (Fig. 

6B). To confirm that the DsRed+ cells were myotubes and that some of the Nestin-GFP- cells 

retained their myogenic capacity in vitro, we analyzed the expression of muscle lineage markers 

(MyoD and MF 20) in the co-culture between Nestin-GFP-/ β-actin-DsRed+ and C2C12 

myoblasts. We found that, after 7 days in differentiation medium, many DsRed+ cells expressed 

MyoD, and some MF 20+ myotubes DsRed+ were detected (Fig. 6C). These experiments 

support our hypothesis that Nestin-GFP+ progenitor cells are predifferentiated for neural lineage 

[17] and unlikely to participate in muscle formation, distinguishing them from such other cell 

types as pericytes[78-80] and satellite cells [81] present in skeletal muscle-derived cultures. 

 

Brain-injected Nestin-GFP+ progenitor cells migrate toward the neurogenic subventricular 

zone (SVZ) in adult mice 

Because multipotent NG2+ cells have been identified in the subventricular zone (SVZ) of early 

postnatal and adult animals [71, 82-83] and can migrate long distances [84], we examined 

whether Nestin-GFP+ progenitor cells retain neural progenitor characteristics and migrate toward 

neurogenic areas. Injected into the striatum of 3-month-old mice (50,000 cells / 5 µl), Nestin-

GFP+ progenitor cells (n=2) were detected in the SVZ two weeks later (Fig. 7A, B, and C; 

Suppl. Figs. 3 and 4A) similarly to brain-derived NG2+-DsRed progenitors (Suppl. Fig. 4B). To 

demonstrate that this migration is specific, we used the Nestin-GFP/β-actin-DsRed transgenic 

mice described above. Nestin-GFP+/ β-actin-DsRed+ progenitor cells (n=2) or Nestin-GFP-/ β-
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actin-DsRed+ cells (n=2) were sorted from 7-day-old FDB cultures and injected (50,000 cells / 5 

µl) into the same location for Nestin-GFP+ progenitor cells (Fig. 7A, B, and D). To test the 

viability of these cells after sorting, Nestin-GFP+/ β-actin-DsRed+ progenitor cells and Nestin-

GFP-/ β-actin-DsRed+ cells were cultured for 7 days; viable cells were observed in vitro for both 

populations (data not shown). Two weeks after injection, Nestin-GFP+/β-actin-DsRed+ 

progenitor cells, but no Nestin-GFP-/ β-actin-DsRed+ cells, were detected in the SVZ (Fig. 7A, 

B, and D). Nestin-GFP-/ β-actin-DsRed+ cells remained at the place of injection (data not 

shown). To confirm these results, a mixture of Nestin-GFP+/ β-actin-DsRed+ progenitor cells 

and Nestin-GFP-/ β-actin-DsRed+ cells was injected in the striatum (n=2). After 2 weeks, only 

Nestin-GFP+/ β-actin-DsRed+ progenitor cells were detected in the SVZ; no Nestin-GFP-/ β-

actin-DsRed+ cells were detected lining the lateral ventricle (Fig. 7A, B, and D). This migration 

route, similar to that reported for a subpopulation of neural progenitors in the striatum [85], 

supports the inherent capacity of Nestin-GFP+ progenitor cells to integrate with neural 

precursors in the brain [85]. Whether these cells engraft and form part of a neuronal circuit 

remains unknown. 

 

Nestin-GFP+ progenitor cells do not form tumors 

A previous report indicates that NG2-glia is a source of tumors [86]. To examine their 

tumorigenicity, we subcutaneously injected 1×10
6
 Nestin-GFP+ cells in 100 µl of PBS into the 

flanks of immunodeficient mice (n=4) and monitored them every other day by visual inspection 

and palpation. Six weeks after cell injection, we did not detect tumor formation in any of the 

animals. Similarly, intracranial xenografting of these cells in the striatum did not form tumors 2 
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months after injection (data not shown), supporting the concept that Nestin-GFP+ cells can be 

used in regenerative therapy. 

 

 

DISCUSSION 

Our previous work shows that skeletal muscle interstitial Nestin-GFP+ cells form neural 

progenitors and their differentiation depends on soluble factors from the in vitro niche created by 

skeletal muscle derived cells. After isolation, neural progenitors proliferate [17]. Here, we 

studied more in depth the characteristics of these progenitor cells.  

 

Nestin-GFP+ cells share NG2-glia cell characteristics 

Nestin-GFP+ neural progenitor cells express NG2 proteoglycan, a known pericyte marker [69], 

but, unlike pericytes, they are committed to neural lineage and do not differentiate into muscle as 

do pericytes purified from skeletal muscle [78-80] or aorta [66]. NG2 has also been identified in 

resident glial progenitors [87], which have neural progenitor activity after brain injury [88-89].  

We report here that Nestin-GFP+ progenitor cells express other NG2-glia markers, such 

as O4 [72], PDGFRα [73], A2B5 [74], NGF receptor (p75) [76], and glutamate receptor 1 

(AMPA) [75]. The expression of glutamate receptor 1(AMPA) agrees with our previous data 

[17], showing that Nestin-GFP+ progenitor cells respond to repeated glutamate challenges and, 

like AMPA receptors in the CNS, are desensitized during prolonged glutamate application 

[90](Table 2). All these surface markers are useful in sorting Nestin-GFP+ progenitor cells from 

a mixed cell population (Fig. 8).  
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We recorded inward rectifying potassium but not sodium currents in muscle-derived 

neural cells, as reported for some brain NG2-glia cells [91]. The potassium currents correspond 

with Kir6.1 immunodetection. This channel expression is limited to brain pericytes [77], 

astrocytes [92], and NG2-glia cells [74] but absent in pericytes located outside the CNS [77]. 

NG2-glia cells are thought to be present in the postnatal SVZ [93], a neurogenic area in adult 

animals [94]. When we injected Nestin-GFP+ progenitor cells into the undamaged brains of adult 

mice, they survived and migrated through the CNS, like NG2-glia cells [84], ending at the SVZ. 

We also found that Nestin-GFP+ progenitor cells proliferated and formed neurospheres in vitro 

[17](Table 2). Taken together, these data suggest that Nestin-GFP+ cells may be multipotent 

neural progenitors, as suggested for NG2-glia cells in the brain [27].  

Previous studies have proposed that immature neural cells derived from tissue stem cells 

may express markers characteristic of both neurons and glia [83]. We found cells co-expressing 

markers of immature neurons (Tuj1) [17] and NG2-glia (such as O4, PDGFRα, A2B5, glutamate 

receptor 1-AMPA, and NGF receptor (p75)) derived from skeletal muscle interstitial cells (Fig. 

8).  

 

Skeletal muscle is the most enriched source of Nestin-GFP+ progenitor cells  

Despite the fact that Nestin-GFP+ progenitor cells can be isolated from different sources, they 

are more abundant in skeletal muscle than adipose tissue and bone marrow. This finding agrees 

with previous data showing that muscle-derived cells have a higher rate of positive NGF 

receptors than any other peripheral tissue [95].  

A major risk factor for most neurodegenerative disorders [96] is the continuous reduction 

in the number of brain neural progenitors [97]. As the number of neural progenitors from skeletal 
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muscle does not decline significantly with age, they can be used to regenerate the nervous system 

throughout life. 

Given their therapeutic potential, we wanted to find a tool that would enable 

identification of neural progenitor cells derived from skeletal muscle in nontransgenic animals. 

We developed a DsRed-Nestin-Intron II plasmid to identify them in skeletal muscle cultures 

from nontransgenic mice or any other species in vitro. While autologous skeletal muscle could 

be an important source for cell therapy for neurological diseases (Fig. 8), the potential 

transplantation capacity, engraftment, and differentiation potential in specific neuronal subtypes 

of Nestin-GFP+ progenitor cells must be better defined. 

 

Are Nestin-GFP+/NG2+ cells neural progenitors? 

Their expression of specific markers indicates that Nestin-GFP+/NG2+ cells are 

predifferentiated into neural lineage [17]; our results also show that they differ from pericytes, as 

they cannot differentiate into other lineages. However, we cannot rule out the possibility that 

they can revert to a multipotent state under certain conditions. Previous studies suggest that 

NG2-glia generate mature neurons, astrocytes, and oligodendrocytes and are a resource for 

remediating degenerative diseases involving both neurons and glia [71, 93, 98-101]. Further 

research is needed to understand the molecular and cellular mechanisms that regulate their 

lineage restriction and plasticity. 

 

Conclusion 

This study establishes that skeletal muscle-derived Nestin-GFP+ neural progenitor cells share 

some properties with NG2-glia cells, are committed to neural lineage, and can be efficiently 
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isolated from the skeletal muscle of various species, including nonhuman primates and aging 

mice, suggesting that autologous transplantation may be a potential application for central 

nervous system therapy. 
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Figure 11 Figure 1. Nestin-GFP+ progenitor cells derive from adipose tissue, skeletal muscle, and bone marrow and can be 
isolated from the skeletal muscle of young, middle-aged, and old mice. 

Figure 1. Nestin-GFP+ progenitor cells derive from adipose tissue, skeletal muscle, and 

bone marrow and can be isolated from the skeletal muscle of young, middle-aged, and old 
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mice. A-B. Number of Nestin-GFP+ progenitor cells at day 10 in culture was normalized to 

tissue weight (A) and number of nuclei (B). Only GFP+ cells with neural morphology exhibiting 

2 or more processes were counted (n=5 preparations). Nestin-GFP+ neural progenitors stained 

positive for Tuj1 (C). D-E. Number of FDB muscle-derived Tuj1+ cells from young (3-month), 

middle-aged (12-month), and old (24-month) FVB mice. Cells were fixed at day 10 and stained 

for Tuj1. The percent of Tuj1+ cells derived from each FDB muscle was counted and normalized 

to the weight of starting tissue (D) or the number of nuclei (E) (n=3 preparations). D. 

Representative Tuj1+ cell derived from the skeletal muscle of an old mouse. (C) Scale bar = 

100 μm, (F) Scale bar = 20 µm. 
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Figure 12 Figure 2. The DsRed-Nestin-Intron II plasmid is useful in identifying neural progenitor cells in wild-type species. 
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Figure 2. The DsRed-Nestin-Intron II plasmid is useful in identifying neural progenitor 

cells in wild-type species. A. DsRed-Nestin-Intron II plasmid construct. DsRed was placed 

under control of the 1.6kb second Intron Nestin gene. B. Muscle-derived Nestin-GFP+ 

progenitor cells after DsRed-Nestin-Intron II or DsRed plasmid transfection at day 7 in culture. 

DsRed-Nestin-Intron II overlaps with GFP fluorescence (circle). C. Total percent of cells 

transfected with either DsRed-Nestin-Intron II or DsRed plasmids (red), percent of Nestin-GFP- 

cells (blue), and Nestin-GFP+ progenitor cells (yellow) expressing DsRed. All DsRed-Nestin-

Intron II cells overlap with Nestin-GFP+ progenitor cells. No Nestin-GFP- cells expressing 

DsRed-Nestin-Intron II were found, while both Nestin-GFP - and Nestin-GFP+ cells express the 

DsRed plasmid. D. Tuj1+ neural progenitors derived from the vastus lateralis muscle of African 

vervet monkeys cultured for 10 days under conditions similar to those described for muscles 

from Nestin-GFP transgenic mice (Methods). E. Vastus lateralis muscle-derived cells from a 

monkey biopsy cultured for 10 days, transfected with DsRed-Nestin-Intron II plasmid, and 

imaged 2 days later (n = 3 preparations). (B, D, and E) Scale bar = 100 µm.  
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Figure 13 Figure 3. FDB-derived Nestin-GFP+ progenitor cells, cultured for 7 days, do not exhibit markers of myoblasts, 
Schwann cells, endothelial cells, macrophage/microglia, or pericytes. 

Figure 3. FDB-derived Nestin-GFP+ progenitor cells, cultured for 7 days, do not exhibit 

markers of myoblasts, Schwann cells, endothelial cells, macrophage/microglia, or pericytes. 

Immunostaining of Nestin-GFP mouse FDB-derived cells fixed at day 7 in culture. A Nestin 

antibody (Rat 401) stained all nestin-GFP+ progenitor cells as well as a population that 

expressed nestin protein but not GFP. Antibodies against MyoD, GFAP, CD31, CD68, -SMA, 

and Connexin-43 were used but did not overlap with Nestin-GFP+ progenitor cells. NG2, a 

marker of brain NG2-glia, was found in both pericytes and Nestin-GFP+ progenitor cells (n = 4 

preparations). Nuclei were stained with Hoechst. The percentage of cells expressing various 

markers in Nestin-GFP+ (yellow) or Nestin-GFP- (red) cells is shown in the merge panel. The 

percentage of Nestin-GFP+ cells that did not express the marker is in green. Note that Nestin-

GFP+ cells differ from pericytes (α-SMA+ / Connexin43+), but express NG2 proteoglycan, 

which is also expressed in pericytes (Suppl. Fig. 1). Scale bar = 100 µm. 
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Figure 14 Figure 4. FDB-derived Nestin-GFP+ progenitor cells exhibit NG2-glia markers. 

Figure 4. FDB-derived Nestin-GFP+ progenitor cells exhibit NG2-glia markers. FDB-

derived Nestin-GFP+ cells sorted after day 7 in culture were plated and fixed after 4 days. A. 

The first column shows immunostaining for O4, PDGFRα, A2B5, glutamate receptor-1 

(AMPA), and NGF receptor (p75), while the second and third show their corresponding Nestin-

GFP and Hoechst nuclear fluorescence (n = 4 preparations). B. Neurosphere-derived NG2-glia 

cells, cultured in differentiation medium, and C2C12 myoblasts were used as positive and 

negative controls, respectively, for O4 and PDGFRα antibodies. Scale bar = 100 µm.  
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Figure 15 Figure 5. Nestin-GFP+ progenitor cells express Kir6.1 potassium channels and inward rectifying potassium currents. 

Figure 5. Nestin-GFP+ progenitor cells express Kir6.1 potassium channels and inward 

rectifying potassium currents. Nestin-GFP+ progenitor cells were sorted from Nestin-GFP 

mouse FDB cells cultured for 7 days and grown in laminin coated dishes for 4 days. K
+
 currents: 

voltage relationship (A) and illustration of a typical set (B). Currents normalized to membrane 

capacity were elicited by a series of command pulses between -120 and +100 mV in 10 mV 

increments from a holding potential of -80 mV. Capacitative and leakage currents were 

subtracted off-line. C. FDB-derived Nestin-GFP+ progenitor cells were cultured for 7 days, 

sorted, grown for another 4 days, fixed, and immunostained for Kir6.1.  
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Figure 16 Figure 6. Nestin-GFP+ progenitor cells are committed to the neural lineage and do not differentiate into muscle 
cells in vitro. 

Figure 6. Nestin-GFP+ progenitor cells are committed to the neural lineage and do not 

differentiate into muscle cells in vitro. A. Nestin-GFP+ progenitor cells were sorted from 7 

day-old FDB cultures from Nestin-GFP mice, co-cultured with C2C12 cells for 3 days in 

proliferation medium, and followed for 7 days in differentiation medium. Immunocytochemical 

analysis revealed that Nestin-GFP+ progenitor cells sustain their GFP expression but do not 

express MyoD (visualized by Alexa 568 fluorescence red) when cultured alone in myogenic 

differentiation medium or co-cultured with C2C12 myoblasts (n = 3 preparations). B. FDB 

cultures from Nestin-GFP/β-actin-DsRed mice, in which all the cells express DsRed 

fluorescence, were cultured for 7 days. Nestin-GFP+/DsRed+ and Nestin-GFP-/DsRed+ cells 

were sorted and co-cultured with C2C12 cells. Nestin-GFP-/DsRed+ cells but not Nestin-

GFP+/DsRed+ fused with C2C12 cells in which some DsRed+ myotubes were detected (n = 3 

preparations). C. Nestin-GFP-/DsRed+ cells were co-cultured with C2C12 myoblasts. DsRed+, 

MyoD+, and MF 20+ cells were detected. A Nestin-GFP-/DsRed+ cell co-expressing MyoD is 

indicated with a white arrow, and a MF 20+ myotube derived from a Nestin-GFP-/DsRed+ cell 

with a yellow arrow (n = 3 preparations). (A-C) Scale bars = 100 μm. 
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Figure 17 Figure 7. Sorted Nestin-GFP+ progenitor cells survive and migrate in the adult mouse striatum two weeks after 
stereotactic injection. 
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Figure 7. Sorted Nestin-GFP+ progenitor cells survive and migrate in the adult mouse 

striatum two weeks after stereotactic injection. Mouse brain sagittal (A) and coronal (B) 

sections (modified from George Paxinos and Keith B.J. Franklin, 2001, with permission) 

illustrating where cells were injected (green dot). A. The vertical line indicates the location of the 

coronal section, 1.5 mm caudal to the bregma. B. The region selected in the shaded box and 

outlined in blue shows the area magnified in images C and D. C. Representative brain coronal 

section from a 3-month-old mouse showing Nestin-GFP+ progenitor cells 2 weeks postinjection 

(n = 2 mice). Lower magnification (white box) of the same area shows the route followed by 

Nestin-GFP+ progenitor cells. Note that they migrate medially approximately 600 μm from the 

core of the injection site toward the subventricular zone (SVZ) and seem to line the lateral 

ventricle (LV). Merged images of GFP fluorescence with Hoechst 33342 are shown. D. Sorted 

Nestin-GFP+/DsRed+ and Nestin-GFP-/DsRed+ cells were injected into the striatum. 

Representative brain coronal section from a 3-month-old mouse showing DsRed+ cells in the 

SVZ lining the lateral ventricle 2 weeks postinjection (n = 2 mice). Nestin-GFP+/DsRed+ but not 

Nestin-GFP-/DsRed+ cells migrate toward the SVZ. After injecting Nestin-GFP+/DsRed+ and 

Nestin-GFP-/DsRed+ together, all red cells in the SVZ were Nestin-GFP+ 2 weeks later, 

suggesting that only the Nestin-GFP+ neural progenitor cells migrate toward the SVZ. Left 

panels are brightfield images, while the second and third columns show GFP and DsRed 

fluorescence, respectively. Nuclei were stained with Hoechst. Merged images are shown in the 

far right column. (C, D) Scale bars = 100 μm. 
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Figure 18 Figure 8. Diagram representing the origin of Nestin-GFP+ progenitor cells derived from a skeletal muscle biopsy. 
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Figure 8. Diagram representing the origin of Nestin-GFP+ progenitor cells derived from a 

skeletal muscle biopsy. A. The skeletal muscle consists of bundles of multinucleated myofibers, 

each carrying a population of satellite cells. Various mesenchymal cells are present in the muscle 

interstitium: fibroblasts (gray), smooth muscle cells (orange), endothelial cells (yellow), and 

pericytes (green), which emit processes along and around capillaries. The communication 

between the motor axon terminal (dark blue) and muscle fiber (neuromuscular junction) is 

represented. Schwann cells associated with the nerve terminal are shown (light blue). B. Various 

cell types are represented in enzymatically dissociated muscles cultured for 7 days: fibroblasts 

(gray), smooth muscle cells (orange), endothelial cells (yellow), macrophages (pink) derived 

from circulating monocytes, Schwann cells (light blue), pericytes (green), multinucleated 

myotubes (red) and myoblasts (red) derived from satellite cells (red), and a small population of 

neural progenitor cells (NG2-glia like cells) (green) derived from GFP+ cells (green). Surface 

markers or use of DsRed-Nestin-Intron II plasmid (Fig. 2) allow neural progenitor cell sorting 

and eventual application for cell therapy. 
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Figure 19 Supplemental Figure 1. Nestin-GFP+ cells differ from pericytes (α-SMA+ / Connexin43+), but express NG2 
proteoglycan. 

Supplemental Figure 1. Nestin-GFP+ cells differ from pericytes (α-SMA+ / Connexin43+), 

but express NG2 proteoglycan. Magnified selected regions of Figure 3 for Connexin43 (Cx43), 
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α-SMA , and NG2 immunohistochemistry are shown together with their correspondent Nestin-

GFP, Hoechst, brightfield, and merged images. Scale bar = 100 µm.  

 

 

Figure 20 Supplemental Figure 2. FDB-derived Nestin-GFP+ progenitor cells express NG2-glia markers. 

Supplemental Figure 2. FDB-derived Nestin-GFP+ progenitor cells express NG2-glia 

markers. Representative RT-PCR agarose gels showing the expression of Nestin, NG2, 

PDGFRα, AMPA, NGFR, and MyoD genes. Neurosphere-derived NG2-glia cells, cultured in 

differentiation medium, and C2C12 myoblasts were used as positive and negative controls, 

respectively. GAPDH gene was used as control (n=4). 
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Figure 21 Supplemental Figure 3. Sorted Nestin-GFP+ progenitor cells survive and migrate in the adult mouse striatum two 
weeks after stereotactic injection. 

Supplemental Figure 3. Sorted Nestin-GFP+ progenitor cells survive and migrate in the 

adult mouse striatum two weeks after stereotactic injection. Magnified selected region of 

Figure 7C is shown for better visualization of Nestin-GFP+ neural progenitors morphology in the 

subventricular zone. Nestin-GFP and Nestin-GFP merged with Hoechst images are displayed.  
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Figure 22 Supplemental Figure 4. Sorted Nestin-GFP+ progenitor cells survive and migrate in the adult mouse striatum two 
weeks after stereotactic injection. 
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Supplemental Figure 4. Sorted Nestin-GFP+ progenitor cells survive and migrate in the 

adult mouse striatum two weeks after stereotactic injection. A. Nestin protein 

immunostaining of a brain coronal section from a 3-month-old mouse injected with skeletal 

muscle derived Nestin-GFP+ neural progenitors show that Nestin-GFP+ progenitors are located 

near the SVZ.  B. Representative brain coronal section from a 3-month-old mouse showing brain 

derived NG2-DsRed+ progenitor cells 2 weeks postinjection (n = 3 mice) used as a positive 

control for Figure 7. Scale bar = 100 μm.  
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                                                                 Table 1 

Antibodies, concentration, and source 

Table 1 Table 1. Antibodies, concentration, and source 

            Antibody Dilution                Source Location 

Rabbit monoclonal anti-Tuj1 1:800 Covance Princeton, NJ 

Mouse monoclonal anti-MyoD 1:800 BD Pharmingen San Diego, CA 

Rat monoclonal anti-mouse 

CD31 

1:200 BD Pharmingen San Diego, CA 

Mouse monoclonal anti- α-

smooth muscle actin 

1:1000 Sigma St. Louis, MO 

Rabbit polyclonal anti-NG2 

Chondroitin Sulfate 

1:100 Chemicon-Millipore Temecula, CA 

Rabbit anti-PDGFRα 1:250 Dr. W. Stallcup Sanford-Burnham 

Medical Research 

Institute, CA 

Rabbit monoclonal anti-NGF 

receptor (p75) 

1:200 Epitomics Burlingame, CA 

Rabbit polyclonal anti-

Glutamate receptor 1 

1:200 GeneTex Irvine, CA 

Mouse monoclonal anti-Glial 

Fibrillary Acidic Protein 

(GFAP) 

1:200 Chemicon-Millipore Temecula, CA 

Mouse monoclonal anti-

oligodendrocyte marker O4 

1:50 Chemicon-Millipore Temecula, CA 

Mouse monoclonal anti-

connexin 43 (Cx43IF1) 

1:100 Fred Hutchinson 

Cancer Research Center 

Seattle, WA 

Rabbit polyclonal anti-Kir6.1 1:100 Alomone Labs Jerusalem, Israel 

Mouse monoclonal anti-

4D4(A2B5-like) 

1:100 Developmental Studies 

Hybridoma Bank, 

University of Iowa 

Iowa City, IA 

Mouse anti-Pax7 1:100 Developmental Studies 

Hybridoma Bank, 

University of Iowa 

Iowa City, IA 
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                                                                  Table 2 

Comparative properties of NG2-glia and skeletal muscle-derived  

Nestin-GFP+ progenitor cells 

Table 2 Table 2. Comparative properties of NG2-glia and skeletal muscle-derived 

                   Characteristics     NG2-glia cells Nestin-GFP+ cells 

Nestin expression     Positive [97]          Positive* 

NG2 expression     Positive [32]          Positive* 

O4 expression     Positive [72]          Positive* 

NGF receptor (p75) expression     Positive [76]          Positive* 

Glutamate receptor 1 (AMPA) expression     Positive [75]          Positive* 

A2B5 expression     Positive [74]          Positive* 

Kir6.1 expression     Positive [74]          Positive* 

Significant proliferation potential 

(replicative capacity) 

         Yes [26, 70, 93, 102]            Yes [17] 

Response to neurotransmitters           Yes [103]            Yes [17] 

Neurosphere-forming cells          Yes [82]            Yes [17] 

Migrate long distance in the brain          Yes [32, 104-105]            Yes * 

         

       * Present paper 
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                                                                  Table 3 

Genes, GenBank Accession numbers, Coding regions, Primers 

Table 3 Table 3. Genes, GenBank Accession numbers, Coding regions, Primers 

Gene GenBank 

Accession 

numbers 

Coding 

regions 

Forward primer and 

positions 

Reverse primer and 

positions 

Nestin NM_016701.3 CDS: 111-

5705              

 

AGGACCAGGTGCT

TGAGAGA  (2248-  

2267) 

 

TCCTCTGCGTCTTC

AAACCT  (2383- 

2364) 

 

NG2 NM_139001.2 CDS: 87-

7070 

GCACGATGACTCTG

AGACCA (3020-3039) 

AGCATCGCTGAAG

GCTACAT (3242-

3223) 

PDGFRα NM_011058.2 CDS: 180-

3449 

TGGCATGATGGTCG

ATTCTA (2870-2889) 

 

CGCTGAGGTGGTA

GAAGGAG (3021-

3002) 

 

AMPA NM_001113325.2 CDS: 417-

3140  

ACCACTACATCCTC

GCCAAC (1093-1112) 

 

TCACTTGTCCTCCA

CTGCTG (1237-1218) 

 

NGFR NM_033217.3 CDS: 141-

1424 

     

CAACCAGACCGTG

TGTGAAC (326-345) 

GGAGAACACGAGT

CCTGAGC (560-541) 

MyoD NM_010866.2   CDS: 200-

1156            

AGTGAATGAGGCC

TTCGAGA  (571-590) 

 

GCATCTGAGTCGCC

ACTGTA   (792- 773) 

 

GAPDH NM_008084.2 CDS: 51-

1052 

GTGGCAAAGTGGA

GATTGTTGCC (118-

140) 

 

GATGATGACCCTTT

TGGCTCC (407-387) 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/nucleotide/126012538?report=genbank&log$=nucltop&blast_rank=4&RID=1N48PEET013
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ABSTRACT  

 

Neural progenitor cells have been proposed as a therapy for central nervous system disorders, 

including neurodegenerative diseases and trauma injuries, however their accessibility is a major 

limitation. We recently isolated Tuj1+ cells from skeletal muscle culture of Nestin-GFP 

transgenic mice however whether they form functional neurons in the brain is not yet known. 

Additionally, their isolation from nontransgenic species and identification of their ancestors is 

unknown. This gap of knowledge precludes us from studying their role as a valuable alternative 

to neural progenitors. Here, we identified two pericyte subtypes, type-1 and type-2, using a 

double transgenic Nestin-GFP/NG2-DsRed mouse and demonstrated that Nestin-GFP+/Tuj1+ 

cells derive from type-2 Nestin-GFP+/NG2-DsRed+/CD146+ pericytes located in the skeletal 

muscle interstitium. These cells are bipotential as they generate either Tuj1+ cells when cultured 

with muscle cells or become “classical” α-SMA+ pericytes when cultured alone. In contrast, 

type-1 Nestin-GFP-/NG2-DsRed+/CD146+ pericytes generate α-SMA+ pericytes but not Tuj1+ 

cells. Interestingly, type-2 pericyte derived Tuj1+ cells retain some pericytic markers 

(CD146+/PDGFRβ+/NG2+). Given the potential application of Nestin-GFP+/NG2-

DsRed+/Tuj1+ cells for cell therapy, we found a surface marker, the nerve growth factor 

receptor, which is expressed exclusively in these cells and can be used to identify and isolate 

them from mixed cell populations in nontransgenic species for clinical purposes.  
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INTRODUCTION 

 

Neural progenitor-based therapies are rapidly emerging as a potential strategy for central nervous 

system (CNS) regeneration in patients with neurodegenerative diseases or injury. The aim of this 

therapy is to replace, repair, or enhance the biological functions of damaged tissues. However, 

neural progenitors availability, immune reaction and ethical concerns are limitations for its 

medical application.  The skeletal muscle, as one of the largest organs in the body, represents an 

alternative source of stem cells, which can be easily obtained in large quantities through a biopsy 

procedure performed in an outpatient clinic (Wu et al., 2010). Thus, the skeletal muscle may be a 

convenient and enriched source of neural cells that may circumvent these limitations.  

Previously, we isolated Nestin-GFP+ cells in cultured adult skeletal muscle from Nestin-

GFP transgenic mice, which exhibit characteristics of neural progenitors such as morphology, 

specific neural markers profile, replicative capacity, ability to form neurospheres, and functional 

response to neurotransmitter (Birbrair et al., 2011). Our laboratory is working to determine 

whether these cells form functional neurons in the brain. 

However, as their origin remains unclear, here, we aimed to determine their ancestor(s) in 

the skeletal muscle. The skeletal muscle is highly vascularized and contains a variety of 

mononucleated cells, including blood, endothelial, fibroblasts, myofiber satellite, immune, and 

pericytes. Pericytes can be recognized by their position in the microvasculature more than by a 

precise phenotype (Feng et al., 2011; Sa-Pereira et al., 2012). Their role as stem cells 

contributing to formation of tissues other than blood vessels has been reported in numerous 

publications (Alliot-Licht et al., 2001; Caplan, 2007; Crisan et al., 2008; Dellavalle et al., 2007; 

Dore-Duffy et al., 2011; Feng et al., 2011; Lin et al., 2008; Maier et al., 2010; Nehls and 

Drenckhahn, 1993; Shi and Gronthos, 2003). Although pericytes may have inherent potential to 
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differentiate into multiple lineages if exposed to appropriate epigenetic signals, this capacity may 

differ between tissues (Bianco et al., 2008; Sacchetti et al., 2007; Shi and Gronthos, 2003). Here, 

by using the Nestin-GFP/NG2-DsRed transgenic mouse, we found that skeletal muscle derived 

Tuj1+ cells differ from classic pericytes but derive from a pericyte subtype that expresses a 

specific combination of markers, Nestin-GFP+/NG2-DsRed+/CD146+. Interestingly, we also 

determined that another pericyte subtype, Nestin-GFP-/NG2-DsRed+/CD146+, found in the 

skeletal muscle, does not have the ability to differentiate into Tuj1+ cells under the same 

conditions. Moreover, we found that pericyte derived neural Tuj1+ cells are the only cells to 

express NGF receptor (NGFR, p75) in skeletal muscle cultures, which can be used as a surface 

marker to distinguish and isolate them from all other cell types obtained from nontransgenic 

species.   

This work demonstrates the heterogeneity of the pericyte population in the skeletal 

muscle and its distinct differentiation potential.  Based on this analysis, we envision the 

possibility of using pericyte derived Nestin-GFP+/NGF receptor+/Tuj1+ cells to treat diverse 

pathologies, including neurodegenerative diseases, neoplasias, and CNS trauma lesions. 

 

 

MATERIALS AND METHODS 

 

Animals 

Nestin-GFP transgenic mice were maintained homozygous for the transgene on the C57BL/6 

genetic background (Mignone et al., 2004). C57BL/6 wild-type mice were used as controls. 

NG2-DsRed transgenic mice expressing DsRed-T1 under the control of the NG2 promoter (Zhu 
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et al., 2008) were purchased from the Jackson Laboratory. Nestin-GFP mice were crossbred with 

NG2-DsRed mice to generate Nestin-GFP/NG2-DsRed double-transgenic mice. All mouse 

colonies were housed at Wake Forest School of Medicine (WFSM) in a pathogen-free facility of 

the Animal Research Program under 12:12-h light/dark cycle and fed ad libitum. Both male and 

female homozygous mice were used, and their ages ranged from 3 to 5 months. Animal handling 

and procedures were approved by the WFSM Animal Care and Use Committee. 

 

Flexor digitorum brevis (FDB) muscle culture preparation 

FDB muscle from Nestin-GFP transgenic, NG2-DsRed transgenic, Nestin-GFP/NG2-DsRed 

transgenic, and C57BL/6 wild-type mice were used for most experiments in this work. FDB 

muscle was preferred over more traditional muscles for most experiments because it is small and 

flat, allowing more complete dissociation by trituration in a single step, shortening the 

experiment significantly (Zhang et al., 2011). Methods for FDB culture preparation have been 

described (Birbrair et al., 2011). Briefly, muscles were carefully dissected away from the 

surrounding connective tissue and minced, then digested by gentle agitation in 0.2% (w/v) 

Worthington's type-2 collagenase in Krebs solution at 37°C for 2 hours. They were resuspended 

in growth medium and dissociated by gentle trituration. The growth medium used to plate cell 

cultures consisted of DMEM-high glucose (Invitrogen, Carlsbad, CA, USA), supplemented with 

2% L-glutamine, 50 U/ml penicillin and 50 mg/ml streptomycin, 10% (v/v) horse serum 

(Invitrogen) and 0.5% (v/v) CEE (Gemini Bio-products, West Sacramento, CA, USA). It 

supported both proliferation and differentiation of myogenic cells (Zammit et al., 2004).   
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Immunocytochemistry 

Cultured cells were fixed with 4% PFA for 30 minutes, then permeabilized in 0.5% Triton X-100 

(Sigma, St. Louis, MO, USA), and blocked to saturate nonspecific antigen sites using 5% (v/v) 

goat serum/PBS (Jackson Immunoresearch Labs, West Grove, PA, USA) overnight at 4°C. The 

next day, the cells were incubated with primary antibodies at room temperature for 4 h and 

visualized using appropriate species-specific secondary antibodies conjugated with Alexa Fluor 

488, 568, 647 or 680 at 1:1000 dilution (Invitrogen). They were counterstained with Hoechst 

33342 reagent at 1:2000 dilution (Invitrogen) to label the DNA and mounted on slides for 

fluorescent microscopy with Fluorescent Mounting Medium (DakoCytomation, Carpinteria, CA, 

USA). 

 

Primary antibodies  

Table 1 shows antibodies, their dilution, and source. 

  

Skeletal muscle processing 

To detect DsRed and GFP fluorescence, nondissociated extensor digitorum longus (EDL) 

muscles from 3-month-old Nestin-GFP/NG2-DsRed mice were dissected, fixed in 4% 

paraformaldehyde overnight, immersed in 10%, 20%, and 30% sucrose solutions for 60, 45, and 

30 minutes, respectively, embedded in OCT, and rapidly frozen in liquid nitrogen to prepare 10-

μm thick cryosections. Muscle sections were fixed with 4% PFA for 30 minutes, then 

permeabilized in 0.5% Triton X-100 (Sigma), and blocked to saturate nonspecific antigen sites 

using 5% (v/v) goat serum/PBS (Jackson Immunoresearch Labs) overnight at 4°C. The next day, 

the sections were incubated with primary antibodies at room temperature for 4 h and visualized 
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using appropriate species-specific secondary antibodies conjugated with Alexa Fluor 488, 568, 

647 or 680 at 1:1000 dilution (Invitrogen). Muscle sections were counterstained with Hoechst 

33342, mounted on slides using Fluorescent Mounting Medium (DakoCytomation), and 

examined with fluorescence microscopy.  

 

Microscopy, Cell Imaging, and Counting 

An inverted motorized fluorescent microscope (Olympus, IX81, Tokyo, Japan) with an Orca-R2 

Hamamatsu CCD camera (Hamamatsu, Japan) was used for image acquisition. Camera drive and 

acquisition were controlled by a MetaMorph Imaging System (Olympus, Center Valley, PA, 

USA). Ten arbitrary microscopic fields were counted in each immunostained plate, and values 

pooled from parallel duplicates per time point and individual experiment. 

 

Fluorescence-activated cell sorting (FACS) 

FACS was carried out on a BD FACS (Aria Sorter, San Jose, CA, USA) at 4°C and a pressure of 

20 psi, using a laser at the 488-nm line, a 530/30 band pass filter, a 100-µm sorting tip, and a 

34.2 kHz drive frequency, sterilized with 10% bleach. This instrument allowed us to characterize 

cells by size as well as fluorescence. Low flow rate improved sorting purity. Data acquisition and 

analyses were performed using BD FACS Diva 5.0.3 software, gated for a high level of GFP, 

DsRed, PerCP/Cy5.5 and/or APC expression. For instance, the clear separation of GFP+ from 

GFP- cells (Birbrair et al., 2011), and DsRed+ from DsRed- cells explains the ease of sorting. 

Sorted cells were re-analyzed to confirm their fluorescence profile.  

 



158 
 

Isolation of NGFR+/Tuj1+ cells from skeletal muscle cultures of nontransgenic mice by 

FACS  

FDB cultures from young-adult (3-5-month) C57BL/6 wild-type mice were prepared as 

described above. After 7 days, the cells were scraped from the dishes, dissociated by trituration 

and resuspended in 5 mM EDTA in PBS for 15 min at 4°C. After centrifuging at 1500 rpm for 5 

min, the supernatant was removed, and the pellet resuspended in growth medium. Aggregates 

were removed by passing them through a 40-µm cell strainer prior to sorting. After counting, the 

cells were centrifuged at 1500 rpm for 5 min and resuspended in 100-µl 1% FBS in PBS /10
6
 

cells. An aliquot was used as an unlabeled control, while the remaining cells were labeled with 5 

µg/mL of rabbit anti-NGFR antibody (Advanced Targeting Systems) for 1 hour. This antibody 

has been used to isolate NGFR+ cells from the brain (Schnitzler et al., 2008). After one washing, 

the cells were labeled with APC anti-rabbit antibody (Invitrogen) for 45 minutes and, after a 

second washing, resuspended in 1% FBS in PBS and analyzed for forward scatter and NGFR-

APC to sort out NGFR+ cells. After sorting, 2-3×10
4
 cells/cm

2
 were plated on laminin 

(Invitrogen) precoated dishes (Fisher Scientific, Pittsburgh, PA). Purity, neural morphology, and 

Tuj1 expression were analyzed after 4 days in culture. 

 

Cell isolation from Nestin-GFP/NG2-DsRed mice skeletal muscle by FACS  

A pool of hindlimb muscles, excluding those from the foot, was used for experiments that 

required a large number of cells as indicated. Cells were sorted immediately after skeletal muscle 

dissociation (time 0). Hindlimb muscles from young-adult (3-5 month) Nestin-GFP/NG2-DsRed 

transgenic mice were prepared as described (Birbrair et al., 2011). Briefly, muscles were 

carefully dissected away from the surrounding connective tissue and minced, then digested by 
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gentle agitation in 0.2% (w/v) type-2 collagenase in Krebs solution at 37°C for 2 hours, and 

dissociated by trituration and resuspension in 0.25% trypsin/0.05% EDTA in PBS for 15 minutes 

at 37°C. After centrifuging at 1500 rpm for 5 minutes, the supernatant was removed, and the 

pellet resuspended in growth medium. Aggregates were removed by passing them through a 40-

µm cell strainer prior to sorting. Cells were centrifuged at 1500 rpm for 5 minutes. The 

supernatant was removed, and the pellet resuspended in 1% FBS in PBS and analyzed for GFP 

and DsRed fluorescence to sort the different cell populations based on these two markers. 

Isolated Nestin-GFP+/NG2-DsRed-, Nestin-GFP-/NG2-DsRed+ , Nestin-GFP+/NG2-DsRed+, 

and Nestin-GFP-/NG2-DsRed- cells were used for single cell RT-PCR or cultured either 

separately or together with FDB culture from wild-type mice. Neural morphology, and Nestin-

GFP, Tuj1, and α-SMA expression were analyzed after 8 days in culture.  

 

Single cell RT-PCR 

After sorting, Nestin-GFP+/NG2-DsRed-, Nestin-GFP-/NG2-DsRed+, Nestin-GFP+/NG2-

DsRed+, or Nestin-GFP-/NG2-DsRed- cells were transferred to a separate tube containing 1 ml 

of growth medium, homogenized and counted. The cells were diluted to obtain a concentration 

of 1 cell / 10 µl. The resulting cell suspension was dispensed into laminin pre-coated wells of a 

24-well plate, putting only 10 µl in each well containing 200 µl of growth medium. Each well 

was expected to yield none or one cell per well, based on our experience with this technique 

previously. Cells were identified visually using an inverted motorized fluorescent microscope 

(Olympus). For cell harvest, fine tip transfer pipets (Fisher Scientific) coupled to a standard 

patch-clamp pipettes pulled from borosilicate glass (Boralex, WPI, Sarasota, FL, USA) using a 

Flaming Brown micropipette puller (P97, Sutter Instrument Co., Novato, CA, USA) were used. 



160 
 

A pipette was moved into the bath solution under positive pressure. Under visual control, the tip 

of the pipette was gently attached to the selected cell and suction was applied, until the cell 

entered the tip of the pipette. The pipette was removed quickly from the bath. Under a dissecting 

microscope, the content of the pipette was ejected into a PCR tube, centrifuged at 1500 rpm for 5 

minutes and all the solution removed. The cell was resuspended in the RNA protecting solution: 

(4 µl of H2O with 15 U RNAse-inhibitor (Promega, Fitchburg, WI, USA), 25 mM DTT). Then, 

we added 2 µl of nucleotide/detergent solution (10 mM Tris–HCl, pH 8.0, 25 µM random 

hexamers (Promega), 2.5 mM of each dNTP (Promega), 0.2% Nonidet P40 (Roche, Indianapolis, 

IN, USA), denatured at 70 ºC for 5 minutes and placed it on ice for 5 minutes. After this, 2 µl of 

5X First-strand buffer (Invitrogen), 0.5 µl of 200 mM DTT, 20 U RNAse-inhibitor (Promega) 

and 100 U superscript III reverse transcriptase (Invitrogen) were added. The RT reaction (final 

volume: 10 µl) was incubated at 37 ºC for 1 h and stopped at 95 ºC for 5 minutes. As negative 

controls, the RT reactions were performed in the absence of either cell (only growth medium 

tested) or reverse transcriptase.  

 

cDNA purification 

For cDNA purification, the QIAEX II gel extraction Kit (Qiagen, Valencia, CA, USA) was used. 

The complete RT reaction (10 µl) was mixed with 80 µl QX1 binding buffer and 1.5 µl DNA-

binding matrix per RT reaction at 25 ºC for 15 minutes mixing every 2 minutes to keep QIAEX 

in suspension. The binding matrix was pelleted (13,000 rpm, 2 minutes) and washed twice in 90 

µl ice-cold, ethanol-based PE-buffer (Qiagen). The DNA-binding matrix was dried at 37 ºC for 

10 minutes to remove the ethanol completely. Finally, the cDNA was eluted with an appropriate 

volume (>5 µl) of 1 mM Tris-HCl, pH 8.5 at 50 ºC for 3 minutes. The binding matrix was 
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pelleted (13,000 rpm, 2 minutes) and the supernatant containing cDNA material was stored at -

80 ºC until use for PCR.  

 

Polymerase Chain Reaction (PCR) 

The cDNA was amplified by PCR using the primers included in Table 2. PCR Master Mix was 

purchased from Promega. Each PCR reaction contained 1× Promega PCR Master Mix, 1 μM of 

each primer, and the cDNA of the cell used in each case (Nestin-GFP+/NG2-DsRed-, Nestin-

GFP-/NG2-DsRed+, Nestin-GFP+/NG2-DsRed+, or Nestin-GFP-/NG2-DsRed- cell). The 

volume of each reaction was brought up to 50 μl with water. DNA amplification was carried out 

as follows: denaturation at 94°C for 2 minutes, followed by 35 cycles of 94°C for 1 minute, 60°C 

for 1 minute, and 72°C for 2 minutes. After 35 cycles, the reactions were incubated at 72°C for 7 

minutes to increase the yield of amplification. PCR products were verified with DNA 2% 

agarose gel electrophoresis.  

 

Cell isolation using CD146-PerCP-Cy5.5 antibody from Nestin-GFP mouse skeletal muscle 

by FACS  

Hindlimb muscle cells were isolated from young-adult (3-5-month) C57BL/6 wild-type mice as 

described above. After counting, cells were centrifuged at 1500 rpm for 5 min and resuspended 

in 100-µl 1% FBS in PBS /10
6
 cells. An aliquot was collected for use as unlabeled control, while 

the remaining cells were labeled with PerCP/Cy5.5 anti-mouse CD146 antibody for 1 hour. After 

washing, the cells were resuspended in 1% FBS in PBS and sorted using GFP and PerCP/Cy5.5 

fluorescence. Isolated Nestin-GFP+/CD146-PerCP-Cy5.5-, Nestin-GFP-/CD146-PerCP-Cy5.5+, 

Nestin-GFP+/CD146-PerCP-Cy5.5+, and Nestin-GFP-/CD146-PerCP-Cy5.5- cells were cultured 
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either separately or with medium from 7-day-old FDB culture. Neural morphology and Tuj1 

expression were analyzed after 8 days in culture.  

 

Isolation of CD146+/CD31- cells from skeletal muscle by FACS  

Cells isolation from hindlimb muscles from young-adult (3-5-month) C57BL/6 wild-type mice 

was done as described above (Birbrair et al., 2011). To exclude endothelial cells (CD31+), 

magnetic separation was performed using a MACS system (Miltenyi Biotec Inc., Auburn, CA). 

Briefly, dissociated cells were resuspended in MACS buffer (Miltenyi) (90-µl/10
7
 cells) and 

labeled with endothelial cell marker anti-CD31 beads (Miltenyi) by adding 10-µl beads/10
7
 cells 

and incubating for 15 min at 4°C. After washing, the cells were resuspended in 500-µl buffer/10
8
 

cells. Magnetic separation of the cells was performed on a MACS column (Miltenyi), where 

CD31+ endothelial cells were retained and eluted only upon removal from the magnetic field, 

according to the manufacturer's instructions. CD31- cells, obtained from MACS sorting, were 

centrifuged at 1500 rpm for 5 min. The supernatant was removed, and the pellet resuspended in 

1% FBS in PBS. An aliquot of these cells was collected for use as unlabeled control, while the 

remaining cells were labeled with CD146-FITC-conjugated antibody (Miltenyi) for 1 hour. After 

washing, the cells were resuspended in 1% FBS in PBS and analyzed for forward scatter and 

CD146-FITC to sort the CD146+ and CD146- cells that were cultured either separately, together, 

or with medium from 7 day-old FDB culture. Neural morphology and Tuj1 expression were 

analyzed after 8 days in culture. 

 

 

 



163 
 

Statistical Analysis 

Results are expressed as the mean ± s.e.m. Statistical significance was assessed using analysis of 

variance (ANOVA) followed by t-test using Prism GraphPad. P < 0.05 was considered 

significant. 

 

 

RESULTS 

 

Nestin-GFP+/Tuj1+ cells share some markers with pericytes 

Nestin-GFP+/Tuj1+ cells are obtained from a pool of hindlimb skeletal muscle interstitial cells. 

As their properties are poorly understood (Birbrair et al., 2011), we sought to define their 

relationship with mesenchymal cells and lineage, by examining their marker-expression profile. 

All Nestin-GFP+ cells have neural morphology and express Tuj1 (class III β tubulin), a neural 

progenitor marker (Erceg et al., 2008), after 7 days in culture (Birbrair et al., 2011).  At this 

culture time, Nestin-GFP+ cells did not exhibit classical markers of pericytes, connexin 43 

(Cx43) and α-SMA (Figs. 1A, B), and their morphological properties, small cytoplasm and thin, 

multipolar extensions, differed from classic fibroblastoid pericytes (Farrington-Rock et al., 

2004). Cx43, which has been reported in fibroblasts (Zhang et al., 2008) and pericytes 

(Mogensen et al., 2011), was found in the pool of Nestin-GFP- cells, representing 10 ± 2.0 % of 

all cells in culture. The α-SMA marker, which has been found in vascular smooth muscle cells 

(Bockmeyer et al., 2012) and pericytes (Mogensen et al., 2011), is also present in Nestin-GFP- 

cells, accounting for 29 ± 5.8 % of all cells (Figs. 1A, B). All Nestin-GFP+/Tuj1+ cells exhibit 

some markers of pericytes, CD146+ /PDGFRβ+/NG2+ (Fig. 1A, B), while some Nestin-GFP- 
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cells also present them in cultures in a small percent (4.8 ± 1.4 % CD146+,  5.2 ± 1.1 % 

PDGFRβ+, and 3.8 ± 0.6 % NG2+ cells) (Fig. 1A, B). Very few Nestin-GFP+ cells negative for 

these three markers were detected (CD146-: 0.2 ± 0.2 %, PDGFRβ-:  0.3 ± 0.3 %, and NG2- 

cells:  0.1 ± 0.1 %). Previous studies show that neural progenitors derive from the CNS 

microvascular pericytes and retain some of its markers (Bonkowski et al., 2011; Dore-Duffy et 

al., 2006). Taken together, these results suggest that Nestin-GFP+/Tuj1+ cells derive from 

pericytes or have a common ancestor.  

After a broad screening for surface markers, we found that NGFR (p75) is expressed 

exclusively in all Nestin-GFP+/Tuj1+ cells in FDB cultures, accounting for 5.4 ± 2.4 % of the 

total cell number (Fig. 1A, C). NGFR expression appears in culture but not in the skeletal muscle 

(data not shown), consistently with previous reports (Fanburg-Smith and Miettinen, 2001; 

Sakaguchi et al., 2005). NGFR is a surface marker that could be used to isolate Tuj1+ cells from 

non-transgenic animal species. We did not detect NGFR in α-SMA+ pericytes in culture (data 

not shown). As a result, we purified Tuj1+ neural cells from wild-type mouse skeletal muscle 

cultures by FACS using NGFR as a surface marker (Suppl. Fig. 1A, B). 

 

The NG2-DsRed transgene allows identifying Tuj1+/NGFR+ potential neural progenitors 

and α-SMA+ pericytes  

The nerve/glia antigen-2 (NG2) proteoglycan is expressed in CNS neural progenitors (Aguirre et 

al., 2004; Kucharova and Stallcup, 2010; Nishiyama et al., 2002) and pericytes throughout the 

body (Ozerdem et al., 2001). To determine more clearly whether NG2+ muscle-derived Tuj1+ 

cells differ from pericytes, we analyzed NG2-DsRed+ cells derived from FDB muscle from 

NG2-DsRed transgenic mice at days 3 and 10 in culture. Our analysis was done on day 3 in 
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cultures because DsRed fluorescence disappears later on, despite the persistent NG2 protein 

expression (Fig. 2A, B). At this time point, more than half of the NG2+ cells exhibit DsRed 

fluorescence (66 ± 11 % DsRed+ cells /NG2+ cells) (Fig. 2A, B). We identified NG2-DsRed+ 

cells with two distinct morphologies (Table 3): one with a big soma, no processes, and a 

fibroblast-like aspect that stained positive for α-SMA, negative for Tuj1 and NGFR (Fig. 2D and 

Suppl. Fig. 2A), which probably corresponds to pericytes described in the literature (Mogensen 

et al., 2011)(Table 3); and another with a small soma, long, thin processes that stained negative 

for α-SMA but positive for Tuj1 and NGFR (Fig. 2D and Suppl. Fig. 2A), which probably 

corresponds to Nestin-GFP+/Tuj1+ cells (Table 3). The number of Tuj1+ and NGFR+ cells was 

very similar (34 ± 7.2 % and 35 ± 14 %, respectively) (Fig. 2C), suggesting that they correspond 

to the same population, possibly potential neural progenitors. Co-immunostaining analysis 

showed that Tuj1+ cells were NGFR+ as expected (Suppl. Fig. 2B). A significant fraction of 

NG2-DsRed+ cells is α-SMA+ (44 ± 10%), which matches up a bigger cell population (Fig. 2C, 

D and Suppl. Fig. 2A), possibly classic pericytes (Table 3). The remaining fraction (~20%) 

corresponds to non-typified cells. 

 

Skeletal muscle-derived Nestin-GFP+/NG2-DsRed+ cells correspond to Nestin-

GFP+/Tuj1+ cells  

To determine whether Nestin-GFP+ and NG2-DsRed+ cells exhibiting small soma and long, thin 

processes, correspond to the same population, we generated a double Nestin-GFP/NG2-DsRed 

transgenic mouse and examined FDB-derived cells at day 3 in culture (Fig. 3). We found that 7.3 

± 1.0 % of the cells were Nestin-GFP+/NG2-DsRed+ potential neural progenitors, all exhibiting 

small cytoplasm and multiple extensions (Fig. 3A) and expressing Tuj1 (Fig. 3C), but not α-
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SMA (Fig. 3D); while 9.8 ± 1.4% were Nestin-GFP+/NG2-DsRed-. These cells express fainter 

GFP fluorescence than Nestin-GFP+/NG2-DsRed+/Tuj1+ cells, which indicates that they 

possibly correspond to activated satellite cells losing Nestin-GFP fluorescence with culture time 

(Birbrair et al., 2011; Day et al., 2007), or unidentified cells (Fig. 3A, B). A smaller fraction, 

accounting for 5.6 ± 1.2 % of the cells, was Nestin-GFP-/NG2-DsRed+ with a fibroblastic 

morphology, expressing α-SMA (Fig. 3D), but not Tuj1 (Fig. 3C), corresponding to classic 

pericytes (Fig. 3A, B, C, and D). The large percent of remaining cells (~77%) corresponds, 

possibly, to macrophages, Schwann cells, fibroblasts, myoblasts, and endothelial cells, among 

others. 

 

Nestin-GFP+ cells co-express NG2-DsRed in vivo 

As Nestin-GFP+/Tuj1+ cells are NG2-DsRed+ in culture and derive from GFP+ cells in vivo 

(Birbrair et al., 2011), we explored whether they overlap in vivo as well. We found 113 ± 19 

Nestin-GFP-/NG2-DsRed+ cells/mm
2 

(Fig. 4) in extensor digitorum longus (EDL) muscle cross-

sections, likely corresponding to classic pericytes; 44 ± 3.3 Nestin-GFP+/NG2-DsRed- 

cells/mm
2 

(Fig. 4), credibly corresponding to satellite cells that do not generate Tuj1+ cells in 

culture (Birbrair et al., 2011; Day et al., 2007); and  125 ± 11 Nestin-GFP+/NG2-DsRed+ 

cells/mm
2 

(Fig. 4), most probably corresponding to cells that give rise to Tuj1+ cells. These 

results suggest that neural cells derive from Nestin-GFP+/NG2-DsRed+ cells.  

Staining skeletal muscle sections for PDGFRβ, CD146, and the blood vessel CD31 

marker shows pericytes in proximity to endothelial cells (Suppl. Fig. 3). We found that both 

Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells expressed the pericytic 
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markers PDGFRβ and CD146 (Suppl. Fig. 3A) and lined (Suppl. Fig. 3B, C) or wrapped around 

(Suppl. Fig. 3D, E, F, and G) microvessels in skeletal muscle cross-sections. 

Pericyte heterogeneity has been described in the spinal cord scar tissue (Goritz et al., 

2011). Here, we hypothesize that, in skeletal muscle, Nestin-GFP+/NG2-DsRed+ cells are 

pericytes that differ from the classic ones, Nestin-GFP-/NG2-DsRed+, and possibly give rise to 

Nestin-GFP+/NG2-DsRed+/Tuj1+ cells in culture. However, the origin of Nestin-GFP+ 

potential neural progenitors remains unclear. 

 

Nestin-GFP+/Tuj1+ cells derive from Nestin-GFP+/NG2-DsRed+ pericytes 

Previous studies have demonstrated that Nestin+/NG2+ CNS microvascular pericytes and 

PDGFRβ pericytes can differentiate into neural progenitors (Bonkowski et al., 2011; Dore-Duffy 

et al., 2006; Jung et al., 2011; Nakagomi et al., 2011). Dore-Duffy et al. showed that neural 

progenitors retain the pericyte markers as Nestin and NG2 and express differentiation markers 

(Dore-Duffy et al., 2006). These data, combined with our observation that skeletal muscle-

derived Nestin-GFP+/Tuj1+ cells share markers with CNS neural progenitors and pericytes, 

suggest that the Nestin-GFP+ neural cells may form, at least in part, from perivascular 

cells/microvascular pericytes, widely distributed in the skeletal muscle. 

To test this hypothesis, we sorted different cell populations from the skeletal muscle of 

Nestin-GFP/NG2-DsRed mice (Nestin-GFP+/NG2-DsRed-; Nestin-GFP-/NG2-DsRed+; Nestin-

GFP+/NG2-DsRed+; and Nestin-GFP-/NG2-DsRed- cells) (Suppl. Fig. 4A, B and Suppl. Fig. 

5A). Then, we analyzed these cells by single cell RT-PCR to identify which correspond to 

pericytes (Suppl. Fig. 5B).  Cell variety is certainly far greater than presumed using standard 

methods. Because of the heterogeneous cell population within tissue homogenates or cultures, 
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various protocols have been developed to quantify specific transcripts from single cells (Chow et 

al., 1998; Klein et al., 2002; Liss, 2002) (Morris et al., 2011; Tsuzuki et al., 2001). RT-PCR in 

single cells rather than a cell sorted fraction allowed us to investigate more in depth molecular 

differences between and within cell subpopulations. The four cells tested from each group 

showed similar results. 

As CD146 is a marker of pericytes associated with pluripotent activity (Dore-Duffy et al., 

2011; Maier et al., 2010), we examined its expression (Suppl. Fig. 5B), in addition to PDGFRβ, 

another pericytic marker (Winkler et al., 2010) in the skeletal muscle. Both CD146 and PDGFRβ 

were present in dissociated Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells but 

not in cells that did not express NG2 proteoglycan (n=4) (Suppl. Fig. 5B). These results show 

that the two sorted cell populations correspond to two pericyte subtypes, Nestin-GFP-/NG2-

DsRed+/CD146+/ PDGFRβ+ and Nestin-GFP+/NG2-DsRed+/CD146+/ PDGFRβ+ cells. 

The progeny of cells sorted immediately after isolation from the Nestin-GFP/NG2-DsRed 

mice skeletal muscle was analyzed (Fig. 5A,B). Nestin-GFP+/NG2-DsRed-, Nestin-GFP-/NG2-

DsRed+, Nestin-GFP+/NG2-DsRed+, or Nestin-GFP-/NG2-DsRed- cells cultured alone did not 

give rise to Nestin-GFP+/Tuj1+ cells with their typical neural phenotype at day 8 (Fig. 5A). To 

mimic the FDB culture microenvironment that favors the appearance of Tuj1+ cells with neural 

morphology, cells were cultured with dissociated FDB muscle from wild-type mice and analyzed 

8 days later. Only Nestin-GFP+/NG2-DsRed+ cells formed 15 ± 2.1 typical Nestin-GFP+ with 

neural morphology / mm
2
 (Fig. 5A, B), which were Tuj1+ (Fig. 5B), while Nestin-GFP+/NG2-

DsRed-, Nestin-GFP-/NG2-DsRed+, and Nestin-GFP-/NG2-DsRed- cells did not give rise to any 

Nestin-GFP+/Tuj1+ cells in culture (Fig. 5A), supporting our hypothesis that Nestin-
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GFP+/Tuj1+ cells arise exclusively from Nestin-GFP+/NG2-DsRed+/CD146+ pericytes in the 

skeletal muscle.  

To confirm our results based on CD146 expression, we sorted cells from the skeletal 

muscle of Nestin-GFP mice immediately after isolation and analyzed their progeny (Fig. 5 C, D, 

and E). Nestin-GFP+/CD146-PerCP-Cy5.5-, Nestin-GFP-/CD146-PerCP-Cy5.5+, Nestin-

GFP+/CD146-PerCP-Cy5.5+, and Nestin-GFP-/CD146-PerCP-Cy5.5- cells cultured alone did 

not give rise to Nestin-GFP+/Tuj1+ cells with a neural phenotype after 8 days in culture 
 
(Fig. 

5D). To mimic the FDB culture microenvironment that favors the appearance of Tuj1+ cells with 

neural characteristics (Birbrair et al., 2011), cells were cultured with medium from a 7-day-old 

FDB culture. While Nestin-GFP+/ CD146-PerCP-Cy5.5-, Nestin-GFP-/ CD146-PerCP-Cy5.5+, 

and Nestin-GFP-/ CD146-PerCP-Cy5.5- cells produced no cells with neural morphology, the 

Nestin-GFP+/ CD146-PerCP-Cy5.5+ cells produced approximately 10 Tuj1+ cells / mm
2 

(Fig. 

5D, E), supporting the concept that Tuj1+ cells arise from Nestin-GFP+/CD146+ pericytes in the 

skeletal muscle. Based on these results, together with our previous work (Birbrair et al., 2011), 

which shows that only Nestin-GFP+ cells from the skeletal muscle interstitium give rise to Tuj1+ 

cells in culture, we suggest that potential neural progenitors derive from Nestin-GFP+/NG2-

DsRed+/CD146+ pericytes in the skeletal muscle interstitium. 

To confirm that our results were not an artifact of a transgenic mouse culture, we used 

wild-type mice and, based on CD146 expression, sorted cells negative for endothelial cell marker 

CD31 immediately after isolation from the skeletal muscle and analyzed their progeny (Suppl. 

Fig. 6A, B).  CD146- cells did not give rise to Tuj1+ cells with a neural phenotype after 8 days in 

culture, while CD146+ cells formed less than 1 Tuj1+ cell / mm
2 

(Suppl. Fig. 6B). However, 

when CD146+ cells and CD146- cells were co-cultured, approximately 23 Tuj1+ cells / mm
2
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appeared, with 2 or more processes (Suppl. Fig. 6B). To determine the source of these neural 

cells, either CD146+ or CD146- cells were co-cultured with medium from a 7-day-old FDB 

culture. While the negative cells produced no cells with neural morphology, the positive cells 

produced approximately 15 Tuj1+ cells / mm
2 

(Suppl. Fig. 6B), supporting the concept that 

Tuj1+ cells arise from CD146+ pericytes located in the interstitium of wild-type mice skeletal 

muscle.  

 

Nestin-GFP+/NG2-DsRed+ and Nestin-GFP-/NG2-DsRed+ cells form α-SMA+ pericytes 

but not neural cells 

We used various markers to track the fate of cells dissociated from the skeletal muscle of Nestin-

GFP/NG2-DsRed mice that do not become Tuj1+ cells when cultured by themselves. As SMA 

has a serum response element in its promoter (Bushel et al., 1995), SMA-cells do not 

necessarily become pericytes. However, less than 30% of freshly isolated pericytes are αSMA+, 

but 100% become αSMA+ as they differentiate in culture (Katyshev and Dore-Duffy, 2012). 

α-SMA+ pericytes were found to derive from Nestin-GFP+/NG2-DsRed+ (3.3 ± 1.0 α-

SMA+ cells / mm
2
) and Nestin-GFP-/NG2-DsRed+ (4.4 ± 1.4 α-SMA+ cells / mm

2
), but not 

from Nestin-GFP+/NG2-DsRed- (Fig. 6). Nestin-GFP+/NG2-DsRed- cells probably correspond 

to satellite cells (Birbrair et al., 2011; Day et al., 2007) and give rise to myoblasts in culture, 

which are α-SMA- (Fig. 6). 
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DISCUSSION 

 

Nestin-GFP+/Tuj1+cells share pericyte markers 

We found that NG2 proteoglycan, a known pericyte marker (Ozerdem et al., 2001), is expressed 

in Nestin-GFP+/Tuj1+ cells. It has also been identified in resident glial progenitors (Stallcup and 

Beasley, 1987), with neural progenitor activity after brain injury (Yokoyama et al., 2006; 

Zawadzka et al., 2010). Using NG2-DsRed transgenes we distinguished Tuj1+/NGF 

receptor+/NG2-DsRed+ cells (Nestin-GFP+/Tuj1+ cells) from α-SMA+/NG2-DsRed+ pericytes 

(Table 3). Progenitors that express NG2 may play a role as multipotent neural cells 

differentiating into neurons, astrocytes and oligodendrocytes in the brain (Richardson et al., 

2011). As Nestin-GFP+/Tuj1+ cells express various pericyte markers (CD146, PDGFRβ and 

NG2), and neural cells derived from CNS pericytes retain pericytic markers (Dore-Duffy et al., 

2006), we hypothesize that skeletal muscle perivascular cells expressing NG2 exhibit properties 

similar to those in the CNS. Pericytes with a potential to form neural cells have not been reported 

previously in the skeletal muscle. 

 

Nestin-GFP+/Tuj1+ cells derive from Nestin-GFP+/NG2-DsRed+/CD146+ pericytes 

As vasculature has a role in tissue induction during embryogenesis (Lammert et al., 2001; 

Matsumoto et al., 2001), possibly stem cells located in the adult vasculature are actively involved 

in tissue repair. The presence of mesenchymal stem cells (MSCs) in multiple adult tissues 

suggests that they have a common origin. Recently, attention has turned to pericytes as 

candidates to be MSCs due to their broad organ distribution (Alliot-Licht et al., 2001; Crisan et 

al., 2008; da Silva Meirelles et al., 2008; Lin et al., 2008; Nehls and Drenckhahn, 1993; Satokata 
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et al., 2000; Shi and Gronthos, 2003). However, whether all MSCs are pericytes is not clear. 

Pericytes can be recognized more by their position in the microvasculature than a precise 

phenotype. Perivascular cells originate from mesenchymal cells that condense on the abluminal 

side of the endothelial tube (Clark, 1925) (Drake et al., 1998; Hungerford and Little, 1999). That 

MSCs are pericytes, has been proposed based on shared markers in vivo and in vitro (Caplan, 

2008). However, although cells throughout the vasculature have a similar morphology and 

marker expression profile, they have several different developmental origins, making a single 

blood vessel appear very complex developmentally (Majesky, 2007; Majesky et al., 2011). 

Isolation of perivascular cells followed by long-term culture provides compelling evidence that 

pericytes act as stem cells (Caplan, 2007; Dellavalle et al., 2011; Dore-Duffy et al., 2011; Maier 

et al., 2010; Sacchetti et al., 2007). Their potential to contribute to tissue formation in addition to 

vessels has been established by numerous studies in various tissues (Alliot-Licht et al., 2001; 

Crisan et al., 2008; Dellavalle et al., 2011; Dellavalle et al., 2007; Feng et al., 2011; Lin et al., 

2008; Nehls and Drenckhahn, 1993; Shi and Gronthos, 2003). Interestingly, pericytes from 

different tissues have different differentiation capacities as MSCs from distinct tissues (Bianco et 

al., 2008; Shi and Gronthos, 2003). However, it is not yet clear if pericytes are pluripotent due to 

the artifactual nature of many in vitro studies. 

Our results provide evidence that although Nestin-GFP+/Tuj1+ cells express some 

common markers, they differ from classic pericytes (Table 3). Blood vessel walls in the SNC 

harbor a reserve of pericytes with neurogenic capacity, as reported recently (Dore-Duffy, 2008; 

Dore-Duffy et al., 2006; Dore-Duffy et al., 2011; Jung et al., 2011; Nakagomi et al., 2011). 

However, whether peripheral pericytes differentiate into cells with neural lineage characteristics 

is unknown. Our results support this possibility; we show that pericytes, derived from the 
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skeletal muscle, are the ancestors of neural cells seen in skeletal muscle cultures. We also 

demonstrate that only a specific subtype of pericytes has the potential to differentiate into Tuj1+ 

cells. It is well known that pericytes are heterogeneous based on the expression of various 

markers (Bondjers et al., 2006; Goritz et al., 2011), but, to our knowledge, the concept that 

different types of pericytes are present in the skeletal muscle interstitium, is novel. We show that 

their potential to form Tuj1+ cells is restricted exclusively to type-2 (Nestin-GFP+/NG2-

DsRed+/CD146+), but not type 1 (Nestin-GFP-/NG2-DsRed+/CD146+) pericytes under the 

same conditions (Fig. 7). Nestin-GFP+ neural cells derived from type-2 pericytes (Nestin-

GFP+/NG2-DsRed+/CD146+ pericytes) and isolated from skeletal muscle continue to express 

pericyte markers, in agreement with a previous work showing that some pericyte markers are 

retained in neural cells derived from CNS pericytes (Dore-Duffy et al., 2006).  

The relationship between pericyte subtypes is unknown. They may represent 

developmental stages of the same cell. Future studies will use a Cre/loxp system such as NG2-

CreER or/and Nestin-CreER mice to clarify the cell lineage and relationship between the two 

subtypes reported here.  

We found cells co-expressing markers of immature neurons (Tuj1, Neurofilaments) 

(Birbrair et al., 2011) and oligodendrocyte progenitors, such as NG2 and NGF receptor 

(p75)(Chang et al., 2000), which is consistent with previous studies showing that cells derived 

from CNS pericytes express markers characteristic of pericytes, neurons, and glia, 

simultaneously (Dore-Duffy et al., 2006) (Bonkowski et al., 2011).  

 Although the presence of potential neural progenitors in skeletal muscle derived cultures 

has been reported previously (Alessandri et al., 2004; Arsic et al., 2008; Birbrair et al., 2011; 

Schultz and Lucas, 2006), their role has been difficult to establish. It has been reported that 
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pericytes can migrate away from their location (capillary surface) in response to various stimuli 

and possibly assume different roles (Bonkowski et al., 2011). Secreted factors may change the 

culture microenvironment of skeletal muscle derived pericytes and promote their differentiation 

into neural cells as shown here. Blocking the Wnt/beta-catenin signaling pathway (Liebner and 

Plate, 2010; Stenman et al., 2008) inhibited pericyte differentiation into chondrocyte. This 

pathway is active in NG2+ cells differentiating into NG2 glia cells (White et al., 2010). Possibly 

inhibitors of this pathway, are present in the skeletal muscle in vivo, but become nonfunctional in 

the culture system. 

 

Two pericyte subpopulations are present in the skeletal muscle with defined differentiation 

potential  

Cultured alone both types of skeletal muscle pericytes (Types 1 and 2) (Fig. 7) form α-SMA+ 

pericytes instead of neural cells. Differentiation into the neural lineage only happens if type 2 

pericytes are cultured with dissociated wild-type FDB containing various cell types able to 

secrete neurogenic factors (Birbrair et al., 2011). Interestingly, type-1 pericytes do not form 

neural cells, even in these same conditions. In this work, we show that type-1 pericytes are 

unipotential (restricted to form α-SMA+ pericytes), while type-2 pericytes are bipotential (may 

form -SMA+ pericytes or Tuj1+ cells). This intriguing finding merits further research, as 

pericytes have been associated with growth and regeneration of various postnatal tissues (Crisan 

et al., 2008; Dellavalle et al., 2011; Dore-Duffy, 2008; Dore-Duffy et al., 2006; Feng et al., 

2011). Identifying specific pericyte subtypes can help to select the most appropriate cells for 

therapy of various diseases.  
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Use of NGFR (p75) as a marker to isolate Tuj1+ cells from nontransgenic animals 

Skeletal muscle derived potential neural progenitors have been characterized in Nestin-GFP 

transgenic mice by several markers, including Tuj1 (class III β tubulin) expression (Birbrair et 

al., 2011). Unfortunately, these markers could not be used for sorting purposes, as they all are 

not surface proteins. Here, we found that these cells express exclusively another neural 

progenitor marker on their surface, NGFR (p75) (Chang et al., 2000), which can be used to sort 

them out in a mixed cell population from nontransgenic animals. NFGR has been shown in brain 

neural progenitors (Bernabeu and Longo, 2010). Although, this marker appears in pericytes 

(Fanburg-Smith and Miettinen, 2001), it is absent in the adult skeletal muscle (Fanburg-Smith 

and Miettinen, 2001). Probably skeletal muscle pericytes do not express this marker as we did 

not detect it in any cells other than cells with neural morphology in culture.  

 

Conclusion 

Previous data from our laboratory showed that Tuj1+ neural cells can be isolated from skeletal 

muscle cultures (Birbrair et al., 2011). These cells express neural markers as Tuj1, Neu-H, Neu-

L, and Nestin-GFP, respond to glutamate, form neurospheres, and clearly differ from endothelial 

(CD31-) and Schwann cells (S100β-).  Here, we describe, for the first time, two pericyte 

subtypes based on their markers and differentiation potential. Also, we found that Nestin-

GFP+/Tuj1+ cells derive from type-2 pericytes, which retain some pericyte markers (Fig. 7), 

while type-1 pericytes do not have the potential to differentiate into the neural lineage under the 

same conditions (Fig. 7). Additionally, potential neural progenitors can be efficiently isolated by 

sorting skeletal muscle cultures based on the surface receptor NGFR, expressed exclusively in 

these cells.  
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Figure 23 Figure 1. FDB-derived Nestin-GFP+/Tuj1+ cells, cultured for 7 days, express some pericytic markers. 
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Figure 1. FDB-derived Nestin-GFP+/Tuj1+ cells, cultured for 7 days, express some 

pericytic markers. A. Antibodies against α-SMA and Connexin-43 (Cx43) recognized a 

population of pericytes but did not overlap with nestin-GFP+ neural cells, while other pericytic 

markers (CD146, PDGFRβ, and NG2) were found in both pericytes and nestin-GFP+/Tuj1+ 

cells. Nuclei were stained with Hoechst. B. Percent of cells expressing various cell markers in 

Nestin-GFP+ or Nestin-GFP- cells. Cells expressing α-SMA, Cx43, CD146, PDGFRβ, and NG2  

in Nestin-GFP+ (yellow) or Nestin-GFP- (red) populations. Nestin-GFP+ cells that did not 

express the marker are in green. Markers are described in the x-axis. Note that Nestin-GFP+ 

neural cells lack some pericytic markers (α-SMA and Cx43), while expressing others (CD146, 

PDGFRβ, and NG2). NGFR (p75) identifies neural progenitors in 7 day-old FDB-derived 

cultures. NGFR was detected exclusively in nestin-GFP+/Tuj1+ cells. Representative 

immunocytochemistry of Nestin-GFP and NGFR fluorescence overlap is shown in A. NGFR 

overlapped with GFP which is expressed in the germline under the nestin control element in the 

Nestin-GFP transgenic mouse. C. Percent of cells sharing nestin-GFP and NGFR (p75) 

expression demonstrating that all NGFR overlapped with Nestin-GFP+ neural cells. No Nestin-

GFP- cells expressed NGFR (p75) in culture. Data are mean ± s.e.m. (n=3). Scale bar = 100 µm. 
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Figure 24 Figure 2. FDB-derived DsRed+ cells from NG2-DsRed mice lose NG2-DsRed fluorescence with time in culture despite 
persistent NG2 protein expression. 
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Figure 2. FDB-derived DsRed+ cells from NG2-DsRed mice lose NG2-DsRed fluorescence 

with time in culture despite persistent NG2 protein expression. A. Cells were grown for 10 

days and fixed at days 3 and 10. More than half kept the intense DsRed fluorescence at day 3, 

but it was drastically reduced by day 10. B. Percent of DsRed+ and DsRed- cells at days 3 and 

10 in the NG2 protein + population. Note the complete disappearance of DsRed fluorescence at 

day 10 in culture. Data are mean ± s.e.m. (n=3). FDB-derived NG2-DsRed cells isolated from 

NG2 transgenic mice show two cell populations in culture: Tuj1+/NGF receptor+ neural cells 

and α-SMA+ pericytes. C. Relative proportions of Tuj1, NGF receptor, and α-SMA in the NG2-

DsRed+ population. Data are mean ± s.e.m. (n=3). Cells were grown for 3 days, fixed and 

stained for Tuj1 (class III β tubulin), NGF receptor (NGFR, p75), and α-SMA (D). Their 

corresponding NG2-DsRed fluorescence, Hoechst staining, and merged images are displayed. 

Note that Tuj1 and NGF receptor staining was positive in cells with neural morphology (neural 

cells) (yellow arrow), but negative in cells with fibroblast-like morphology of pericytes (yellow 

arrowhead); while α-SMA stained pericytes (white arrow), but did not stain cells with neural 

morphology (white arrowhead). Light blue arrows indicate Tuj1 and NGFR positive cells in 

which the DsRed fluorescence disappeared (A, B). (A) Scale bar = 100 μm, (D) Scale bar = 20 

µm. 
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Figure 25 Figure 3. Skeletal muscle-derived NG2-DsRed+ and Nestin-GFP+ neural cells overlap in double transgenic Nestin-
GFP/NG2-DsRed mice. 
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Figure 3. Skeletal muscle-derived NG2-DsRed+ and Nestin-GFP+ neural cells overlap in 

double transgenic Nestin-GFP/NG2-DsRed mice. FDB muscle-derived cells from Nestin-

GFP/NG2-DsRed mice were grown for 3 days and fixed. A. Nestin-GFP and NG2-DsRed cells 

and their corresponding, Hoechst 33342, brightfield, and merge images are illustrated. The white 

arrow indicates Nestin-GFP+/ NG2-DsRed- cells; the yellow arrow, Nestin-GFP+/ NG2-DsRed+ 

cells; and arrowheads indicate Nestin-GFP-/ NG2-DsRed+ cells. GFP fluorescence is brighter in 

Nestin-GFP+/NG2-DsRed+ cells than /Nestin-GFP+/NG2-DsRed- cells, probably because, in 

the latter, it is disappearing with time in culture. Also, Nestin-GFP-/NG2-DsRed+ cells have 

fibroblast-like morphology, while the Nestin-GFP+/NG2-DsRed+ cells have more neural 

morphology with long, thin processes. B. Pie chart representing the fraction of Nestin-

GFP+/NG2-DsRed- (green), Nestin-GFP+/NG2-DsRed+ (yellow), Nestin-GFP-/NG2-DsRed+ 

(red), and Nestin-GFP-/NG2-DsRed- (blue) cells. Circle area represents the total number of cells. 

Values are expressed as the mean percent (n = 5). C. Tuj1 (orange) is expressed exclusively in 

Nestin-GFP+/NG2-DsRed+ cells. D. α-SMA (orange) is expressed only in Nestin-GFP-/NG2-

DsRed+ cells while it is absent in Nestin-GFP+/NG2-DsRed+ cells. Scale bars = 50 µm. 
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Figure 26 Figure 4. NG2-DsRed and Nestin-GFP expression by various cell populations in EDL muscle from Nestin-GFP/NG2-
DsRed mice in vivo. 

Figure 4. NG2-DsRed and Nestin-GFP expression by various cell populations in EDL 

muscle from Nestin-GFP/NG2-DsRed mice in vivo. A. Longitudinal section of EDL muscle 

from the double transgenic Nestin-GFP/NG2-DsRed/ mice. B. EDL muscle transverse sections. 
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Yellow arrows indicate Nestin-GFP+/NG2-DsRed- cells; white arrows, Nestin-GFP-/NG2-

DsRed+ cells; and arrowheads, cells positive for both markers. Scale bars = 20 µm. 
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Figure 27 Figure 5. Cells expressing Nestin, NG2 and CD146 generate Tuj1+ cells in culture. 
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Figure 5. Cells expressing Nestin, NG2 and CD146 generate Tuj1+ cells in culture.  

Mononucleated cells, isolated from hindlimb muscles from young-adult Nestin-GFP/NG2-

DsRed mice, were immediately sorted after enzymatic dissociation. (A) Number of neural cells 

(Nestin-GFP+/Tuj1+, with neural morphology) after 8 days in various culture conditions: 

Nestin+/NG2-, Nestin-/NG2+, Nestin+/NG2+, or Nestin-/NG2- cells cultured alone; and 

Nestin+/NG2-, Nestin-/NG2+, Nestin+/NG2+, or Nestin-/NG2- cells co-cultured with wild-type 

mouse FDB culture. The number of plated cells right after sorting was approximately 5,000 per 

dish in both conditions. Only Nestin-GFP+/Tuj1+ cells with 2 or more thin processes were 

counted. Data are mean ± s.e.m. (n=5).  B. Representative image of Nestin-GFP+ neural cells 

derived from Nestin-GFP+/NG2-DsRed+ cells cultured with cells derived from wild-type FDB 

muscle co-stained with Tuj1 antibody. Notice that Nestin-GFP-/Tuj1+ cells shown in this image 

represent neural cells derived from wild-type cells. C and D. Mononuclear cells, isolated from 

hindlimb muscles from young-adult Nestin-GFP mice, were labeled with CD146-PerCP-Cy5.5-

conjugated antibody and sorted as different cell populations. C. Representative dot plots showing 

CD146+ cells versus GFP fluorescence with gate set using unlabeled cells. D. Number of Tuj1+ 

cells after 8 days in various culture conditions: Nestin+/CD146-, Nestin-/CD146+, 

Nestin+/CD146+, or Nestin-/CD146- cells cultured alone; and Nestin+/CD146-, Nestin-

/CD146+, Nestin+/CD146+, or Nestin-/CD146- cells co-cultured with medium from WT mouse 

FDB culture. The number of plated cells right after sorting was approximately 5,000 per dish in 

both conditions. Data are mean ± s.e.m. (n=5). E. Representative image of Nestin-GFP+ neural 

cells derived from Nestin-GFP+/CD146+ cells cultured with medium from WT mouse FDB 

culture co-stained with Tuj1 antibody. Scale bars = 50 µm. 
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Figure 28 Figure 6. Nestin-GFP+/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed- cultures form α-SMA+ pericytes but not neural 
cells. 
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Figure 6. Nestin-GFP+/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed- cultures form α-

SMA+ pericytes but not neural cells. Mononucleated cells, isolated from hindlimb muscles 

from young-adult Nestin-GFP/NG2-DsRed mice, were immediately sorted after enzymatic 

dissociation (Suppl. Fig. 4A, B). A. Representative images of staining for α-SMA marker 

(orange) staining of Nestin+/NG2-, Nestin-/NG2+, or Nestin+/NG2+ cells cultured after 8 days. 

Hoechst 33342, brightfield, and merge images are also shown. Scale bar = 100 µm. B. Number 

of pericytes (α-SMA+, with fibroblastic morphology) in Nestin+/NG2-, Nestin-/NG2+, or 

Nestin+/NG2+ cell population cultured for 8 days. The number of plated cells right after sorting 

was approximately 5,000 per dish. Data are mean ± s.e.m. (n=5).  
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Figure 29 Figure 7. A schematic representation of the two pericyte subtypes found in the skeletal muscle. 
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Figure 7. A schematic representation of the two pericyte subtypes found in the skeletal 

muscle. Skeletal muscle is composed of bundles of multinucleated myofibers (in vivo). Each 

fiber carries a population of satellite cells (Pax7+/Nestin+/MyoD-) (red), which reside between 

the myofiber plasma membrane and the surrounding basal lamina. Two types of pericytes are 

present in the skeletal muscle interstitium: type 1 (Nestin-/NG2+/CD146+) (yellow) and type 2 

(Nestin+/NG2+/CD146+) (green). (in vitro) After muscle dissociation into single cells and 

cultured for 7 days, these cells exhibit distinct differentiation potential: myoblasts (Pax7-

/Nestin+/MyoD+) (red) and multinucleated myotubes (Nestin-/MyoD+/MHC+) (red) are derived 

from satellite cells (red); type 1 pericytes (yellow) remain as pericytes (Nestin-/NG2+/D146+/α-

SMA+) (yellow, fibroblast-like aspect) when cultured alone or together with wild-type FDB 

culture; type 2 pericytes (green), similarly to type 1 pericytes, generate pericytes (yellow, 

fibroblast-like aspect) if cultured alone, but, in contrast to them, form potential neural 

progenitors (Nestin+/NG2+/CD146+/α-SMA-/Tuj1+) (green, thin processes and multipolar 

extensions) if co-cultured with wild-type FDB culture. Scale bar of image with FDB muscle = 

500 µm. Scale bar of microscopic fluorescent images = 50 µm. 
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Figure 30 Supplemental figure 1. Isolation of NGFR+/Tuj1+ cells derived from skeletal muscle culture of non-transgenic mice 
via FACS. 
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Supplemental figure 1. Isolation of NGFR+/Tuj1+ cells derived from skeletal muscle 

culture of non-transgenic mice via FACS. A. 7 day-old FDB culture cells derived from wild-

type mice. Cells were stained with anti-NGFR antibody, sorted by FACS based on NGFR 

expression level as shown in the histogram, and cultured. B. After culturing for 4 days, cells 

were fixed, permeabilized, and stained with anti-Tuj1. Brightfield, Hoechst, and merged images 

are shown. Scale bar = 100 µm. 
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Figure 31 Supplemental figure 2. FDB-derived NG2-DsRed cells isolated from NG2 transgenic mice show two cell populations 
in culture: Tuj1+/NGF receptor+ potential neural progenitors and α-SMA+ pericytes. 
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Supplemental figure 2. FDB-derived NG2-DsRed cells isolated from NG2 transgenic mice 

show two cell populations in culture: Tuj1+/NGF receptor+ potential neural progenitors 

and α-SMA+ pericytes. A. Magnified selected regions of Figure 2D are shown together with the 

correspondent brightfield images. Scale bar = 20 µm. B. Colocalization of Tuj1 and NGFR in 

cells derived from wild-type FDB muscle were grown for 3 days, fixed, and stained for Tuj1 and 

NGF receptor (NGFR). Their corresponding Hoechst staining, brightfield, and merged images 

are displayed. Scale bar = 50 µm.  
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Figure 32 Supplemental figure 3. Histological analysis of pericyte sub-types in the skeletal muscle from Nestin-GFP/NG2-
DsRed mice. 
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Supplemental figure 3. Histological analysis of pericyte sub-types in the skeletal muscle 

from Nestin-GFP/NG2-DsRed mice. A. PDGFRβ and CD146 staining co-localize with skeletal 

muscle interstitial NG2- Nestin-GFP-/DsRed+ and Nestin-GFP+/NG2-DsRed+ cells. The top 

and bottom six panels show identical areas from left to right: Nestin-GFP+ (green), NG2-DsRed 

(red), PDGFRβ (top) or CD146 (bottom) (orange), Hoechst (blue), brightfield and merged 

images. (B, C) Pericytes surround capillaries. Nestin-GFP-/NG2-DsRed+ (B) and Nestin-

GFP+/NG2-DsRed+ (C) pericytes along with CD31+ (orange) labeled blood vessels’ contour. 

All panels show the same area for different channels (Nestin-GFP, NG2-DsRed, CD31 staining, 

Hoechst, brightfield and merged images).  (D–G) Intramuscular sections showing small vessels 

with endothelial cells on the luminal side of the blood vessel (CD31) surrounded by pericytes 

(NG2-DsRed).  D. Nestin-GFP-/NG2-DsRed+ pericyte characteristically surround CD31+ 

(orange) endothelial cells. E. Enlarged area in D. Combined NG2-DsRed (red) and CD31 (blue) 

images. F. Nestin-GFP+/NG2-DsRed+ pericyte surround CD31+ (orange) endothelial cells. G. 

Magnification of the same area shown in F. Combined image of Nestin-GFP (green), NG2-

DsRed (red), and CD31 (blue). Scale bars = 20 μm.  
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Figure 33 Supplemental figure 4. Isolation of various cell populations from Nestin-GFP/NG2-DsRed mice skeletal muscle 
based on NG2-DsRed and Nestin-GFP expression. 
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Supplemental figure 4. Isolation of various cell populations from Nestin-GFP/NG2-DsRed 

mice skeletal muscle based on NG2-DsRed and Nestin-GFP expression. A. Representative 

dot plots showing GFP fluorescence versus DsRed fluorescence with gate set using cells isolated 

from wild-type mice. A and B. Representative of three independent experiments of flow 

cytometric analyses of single cells from dissociated hindlimb muscles from Nestin-GFP/NG2-

DsRed mice. Four cell populations (Nestin-GFP+/NG2-DsRed-, Nestin-GFP-/NG2-DsRed+, 

Nestin-GFP+/NG2-DsRed+, and Nestin-GFP-/NG2-DsRed-), indicated on the scatterplot, were 

isolated and analyzed after sorting as shown in the scatter plots and histograms.  
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Figure 34 Supplemental figure 5. Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ are the CD146+ pericytes in the 
skeletal muscle. 
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Supplemental figure 5. Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ are the 

CD146+ pericytes in the skeletal muscle. A. Single cells in culture dishes immediately after 

sorting. Localization of Nestin-GFP+ (green) and NG2-DsRed+ (red) cells in freshly sorted cell 

fractions, as shown in (Suppl. Fig. 4A, B). All the cells were Nestin-GFP positive and NG2-

DsRed negative in the Nestin+/NG2- fraction; all the cells were Nestin-GFP negative and NG2-

DsRed positive in the Nestin-/NG2+ fraction, all the cells were both Nestin-GFP and NG2-

DsRed positive in the Nestin+/NG2+ fraction, meanwhile all the cells were both Nestin-GFP and 

NG2-DsRed negative in the Nestin-/NG2- fraction. B. Representative single cell RT-PCR 

agarose gel showing the expression of Nestin, NG2, CD146 and PDGFRβ genes. The pericyte 

markers NG2, CD146 and   PDGFRβ were present in Nestin-/NG2+ and Nestin+/NG2+ cells, 

but absent in Nestin+/NG2- and the Nestin-/NG2- cells. GAPDH gene was used as control (n=4). 
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Figure 35 Supplemental figure 6. Cells expressing CD146 generate Tuj1+ cells in culture. 

Supplemental figure 6. Cells expressing CD146 generate Tuj1+ cells in culture.  Hindlimb 

muscles mononuclear cells from young-adult WT mice were immediately isolated after 

excluding the CD31+ endothelial cell population and labeled with CD146-FITC-conjugated 

antibody to separate pericytes. A. Representative dot plots showing CD146+ cells versus forward 

scatter with gate set using unlabeled cells. B. Number of Tuj1+ neural cells after 8 days in 

various culture conditions: CD146- or CD146+ cells cultured alone; CD146+ and CD146- cell 

co-culture; and CD146- or CD146+ cells co-cultured with medium from WT mouse FDB 

culture. The number of CD146+ and CD146- plated cells were approximately 5,000 and 40,000 

per dish, respectively, in all conditions. Only Tuj1+ cells with 2 or more processes were counted. 

Data are mean ± SEM (n=3). 
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                                                                  Table 1 

Antibodies, concentration, and source 

Table 4 Table 1. Antibodies, concentration, and source 

Antibody Dilution Source Location 

Rabbit monoclonal 

anti-Tuj1 

1:800 Covance Princeton, NJ 

Mouse monoclonal 

anti- α-smooth 

muscle actin 

1:1000 Sigma St. Louis, MO 

Rabbit polyclonal anti-

NG2 Chondroitin 

Sulfate 

1:100 Chemicon-Millipore Temecula, CA 

Rabbit anti-PDGFRβ 1:250 Dr. W. Stallcup Sanford-Burnham Medical 

Research Institute, CA 

Rabbit monoclonal 

anti-NGF receptor 

(p75) 

1:200 Epitomics Burlingame, CA 

Rat monoclonal anti-

CD146 

1:100 Miltenyi biotec Auburn, CA 

CD146(LSEC)-FITC 

conjugated 

1:500 Miltenyi biotec Auburn, CA 

Mouse monoclonal 

anti-connexin 43 

(Cx43IF1) 

1:100 Fred Hutchinson Cancer 

Research Center 

Seattle, WA 

Rat anti-CD31 

(PECAM-1) 

1:100 BD Biosciences San Jose, CA 

Rabbit anti-NGFR 1:100 Advanced Targeting 

Systems 

San Diego, CA 

PerCP/Cy5.5 anti-

mouse CD146  

1:500 BioLegend San Diego, CA 
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                                                                  Table 2 

Genes, GenBank Accession numbers, Coding regions, and Primers 

Table 5  Table 2. Genes, GenBank Accession numbers, Coding regions, and Primers 

Gene GenBank 

Accession 

numbers 

Coding 

regions 

Forward primer and 

positions 

Reverse primer and 

positions 

Nestin NM_016701.3 CDS: 111-

5705              

 

AGGACCAGGTGCT

TGAGAGA  

(2248-  2267) 

 

TCCTCTGCGTCTTC

AAACCT  (2383- 

2364) 

 

NG2 NM_139001.2 CDS: 87-

7070 

GCACGATGACTCTG

AGACCA (3020-

3039) 

AGCATCGCTGAAG

GCTACAT (3242-

3223) 

CD146 NM_023061.2    CDS: 33-

1797 

 

AAGAGGAGAGCAC

CGATGAA (922-

941) 

TTACTTTCTGCCTC

GCAGGT (1147-

1128) 

PDGFRβ NM_001146268.

1 

CDS: 430-

3729 

 

CCGGAACAAACAC

ACCTTCT   (2511-

2530) 

 

TATCCATGTAGCC

ACCGTCA (2656-

2637) 

 

GAPDH NM_008084.2 CDS: 51-

1052 

GTGGCAAAGTGGA

GATTGTTGCC 

(118-140) 

 

GATGATGACCCTT

TTGGCTCC (407-

387) 

 

 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/nucleotide/126012538?report=genbank&log$=nucltop&blast_rank=4&RID=1N48PEET013
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Table 6 Table 3. Properties of skeletal muscle-derived Nestin–GFP + neural cells and pericytes. 
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ABSTRACT 

 

Stem cells ensure tissue regeneration, while overgrowth of adipogenic cells may compromise 

organ recovery and impair function. In myopathies and muscle atrophy associated with aging, fat 

accumulation increases dysfunction, and after chronic injury, the process of fatty degeneration, 

in which muscle is replaced by white adipocytes, further compromises tissue function and 

environment. Some studies suggest that pericytes may contribute to muscle regeneration as well 

as fat formation. This work reports the presence of two pericyte subpopulations in the skeletal 

muscle and characterizes their specific roles. Skeletal muscle from Nestin-GFP/NG2-

DsRed mice show two types of pericytes, Nestin-GFP-/NG2-DsRed+ (type-1) and Nestin-

GFP+/NG2-DsRed+ (type-2), in close proximity to endothelial cells. We also found that both 

Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells co-localize with staining of 

two pericyte markers, PDGFRβ and CD146, but only type-1 pericyte express the adipogenic 

progenitor marker PDGFRα. Type-2 pericytes participate in muscle regeneration, while type-1 

contribute to fat accumulation. Transplantation studies indicate that type-1 pericytes do not form 

muscle in vivo, but contribute to fat deposition in the skeletal muscle, while type-2 pericytes 

contribute only to the new muscle formation after injury, but not to the fat accumulation. Our 

results suggest that type-1 and type-2 pericytes contribute to successful muscle regeneration 

which results from a balance of myogenic and non-myogenic cells activation.  
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INTRODUCTION 

 

Ectopic adipocyte deposition in the skeletal muscle characterizes various disorders, including 

obesity/type-2 diabetes, sarcopenia, and muscular dystrophies [1-4]. Progressive fat 

accumulation resulting in muscle weakness and atrophy [5,6] is a measure of the severity of 

Duchenne muscular dystrophy (DMD) [7].  

Shefer and coworkers once suggested that, in skeletal muscle, adipogenic cells originate from 

satellite cells through an alternative lineage dictated by a pathological environment [8]. They 

demonstrated that myogenic and adipogenic cells are associated with the same myofiber in 

culture but not that fat and muscle arise from the same cell. In a more recent study, Starkey and 

colleagues conclude that skeletal muscle satellite cells are committed solely to myogenesis [9]. 

Another group reports that skeletal muscle resident cells expressing PDGFRα contribute to 

ectopic fat formation in skeletal muscle [10]; are distinct from myogenic progenitors in 

undamaged young adult muscle; and cannot be recruited to a myogenic lineage in vitro or in vivo 

[10]. 

Although satellite cells are generally accepted as a major source of progenitors for adult 

muscle regeneration, other cells have been shown to have myogenic capacity. During the 

postnatal period, skeletal muscle pericytes contribute to muscle growth and the satellite cell pool 

[11-13], and when cultured under appropriate conditions, they differentiate into multilocular 

adipocytes [13].  

We recently identified two bona fide pericyte subtypes, type-1 (Nestin-/NG2+) and type-2 

(Nestin+/NG2+), in the skeletal muscle interstitium. These cells express the pericyte markers 

NG2, PDGFRβ, and CD146 and are associated with capillaries. We found that type-2 but not 
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type-1 form neural cells when exposed to optimized media conditions [14,15]. However, whether 

these pericyte subtypes can differentiate into various mesodermal lineages is unknown. 

The fact that PDGFRα-expressing adipogenic cells do not differentiate into the myogenic 

lineage [10] and that adipogenic and myogenic pericytes are present in skeletal muscle [13] 

suggests that adipose tissue accumulation might result from the PDGFRα+ nonmyogenic 

pericyte subtype and skeletal muscle from PDGFRα- myogenic pericytes. Whether these pericyte 

subpopulations correspond to the subtypes we have described [16]remains unclear. To examine 

this hypothesis, we performed flow cytometric analysis in cells derived from skeletal muscle and 

found that PDGFRα is expressed in Nestin-/NG2+ type-1 pericytes. Furthermore, in vitro 

experiments show that type-1 pericytes differentiate into adipocytes but not myogenic cells. In 

contrast, Nestin+/NG2+ type-2 pericytes do not express PDGFRα or differentiate into adipocytes 

but form myotubes in culture. 

Here, for the first time, we demonstrate in vivo that after injury, type-1 pericytes do not form 

muscle but contribute to fat infiltration, while type-2 pericytes form muscle but not fat. These 

findings suggest that type-1 pericytes contribute to fat accumulation in the skeletal muscle in 

pathological entities characterized by muscle degeneration/regeneration and extensive fat 

infiltration.  
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MATERIALS AND METHODS 

 

Animals 

Our colony of Nestin-GFP transgenic mice was maintained homozygous for the transgene on the 

C57BL/6 genetic background [17]. Our colony of C57BL/6 wild-type mice was used as the 

control. Male athymic nude (nu/nu) mice from Taconic Farms (Germantown, NY) were used in 

transplantation studies. NG2-DsRed transgenic mice expressing DsRed-T1 under the control of 

the NG2 promoter [18] and β-actin-DsRed transgenic mice expressing red fluorescent protein 

variant DsRed.MST under the control of the chicken β-actin promoter coupled with the 

cytomegalovirus (CMV) immediate-early enhancer [19] were purchased from the Jackson 

Laboratory (Bar Harbor, ME).  

All tissues of β-actin-DsRed transgenic mice fluoresce red [19]. Nestin-GFP mice were 

crossbred with (a) NG2-DsRed mice to generate Nestin-GFP/NG2-DsRed double-transgenic 

mice; and (b) β-actin-DsRed mice to generate Nestin-GFP/β-actin-DsRed double-transgenic 

mice.  

All colonies were housed in a pathogen-free facility of the Animal Research Program at 

Wake Forest School of Medicine (WFSM) under a 12:12-h light/dark cycle and fed ad libitum. 

Both male and female homozygous mice were used, and their ages ranged from 3 to 5 months. 

The WFSM Animal Care and Use Committee approved handling and procedures. 

 

Fluorescence-activated cell sorting (FACS) 

FACS was carried out on a BD FACS (Aria Sorter, San José, CA) at 4°C and a pressure of 20 

psi, using a laser at the 488-nm line, a 530/30 band-pass filter, a 100-µm sorting tip, and 34.2 
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kHz drive frequency. The sorting apparatus was sterilized with 10% bleach. This instrument 

allowed us to characterize cells by size as well as fluorescence. Data acquisition and analyses 

were performed using BD FACS Diva 5.0.3 software, gated for a high level of GFP, DsRed, or 

APC expression. The clear separation of GFP+ from GFP- cells [14] and DsRed+ from DsRed- 

cells as well as the low flow rate explains the ease and accuracy of sorting [16,20]. Sorted cells 

were re-analyzed to confirm their fluorescence profile [14,16].  

 

Primary antibodies  

Table 1 shows antibodies, their dilution, and source. 

 

PDGFRα analysis by flow cytometry 

Fresh cells were dissociated from the skeletal muscle of Nestin-GFP/NG2-DsRed mice as 

described [14-16] and processed for immunofluorescence staining as described [15]. For 

analysis, 10
5
 cells were incubated with PDGFRα primary rabbit anti-mouse antibody, kindly 

provided by Dr. W. Stallcup (Sanford-Burnham Medical Research Institute, CA). First, an 

aliquot was collected for use as unlabeled control (labeled with only the secondary APC anti-

rabbit, without the primary anti-PDGFRα antibody). The remainder were incubated with the 

primary PDGFRα antibody for 45 min and washed in PBS with 1% FBS. They were then 

incubated for 30 min with APC anti-rabbit secondary antibody, washed in PBS with 1% FBS, 

and run on a BD FACS flow cytometer (Aria Sorter). 

 

Immunohistochemistry 

To detect DsRed and GFP fluorescence, tibialis anterior (TA) muscles from 3-month-old Nestin-

GFP/NG2-DsRed mice or nude mice injected with DsRed+ pericytes were dissected; fixed in 4% 
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paraformaldehyde (PFA) overnight; immersed in 10%, 20%, and 30% sucrose solutions for 60, 

45, and 30 minutes, respectively; embedded in OCT; and rapidly frozen in liquid nitrogen to 

prepare 10-μm thick cryosections. Muscle sections were fixed with 4% PFA for 30 minutes, then 

permeabilized in 0.5% Triton X-100 (Sigma, St. Louis, MO), and blocked to saturate nonspecific 

antigen sites using 5% (v/v) goat serum/PBS (Jackson Immunoresearch Labs, West Grove, PA) 

overnight at 4°C. The next day, the sections were incubated with primary antibodies at room 

temperature for 4 h and visualized using appropriate species-specific secondary antibodies 

conjugated with Alexa Fluor 488, 568, 647, or 680 at 1:1000 dilution (Invitrogen, Carlsbad, CA). 

Muscle sections were counterstained with Hoechst 33342, mounted on slides using Fluorescent 

Mounting Medium (DakoCytomation, Carpinteria, CA), and examined under fluorescence 

microscopy.  

 

Cell isolation from Nestin-GFP/NG2-DsRed mice skeletal muscle by FACS  

A pool of hindlimb muscles was used in experiments to induce adipogenic and myogenic cells in 

vitro. Fresh cells were sorted immediately after their dissociation from skeletal muscle. Hindlimb 

muscles from young-adult (3-5-month-old) Nestin-GFP/NG2-DsRed transgenic mice were 

prepared as described [14-16]. Briefly, muscles were carefully dissected away from the 

surrounding connective tissue and minced, then digested by gentle agitation in 0.2% (w/v) type-2 

collagenase in Krebs solution at 37°C for 2 hours, and dissociated by trituration and resuspension 

in 0.25% trypsin/0.05% EDTA in PBS for 15 minutes at 37°C. After centrifuging at 1500 rpm 

for 5 minutes, the supernatant was removed, and the pellet resuspended in growth medium. 

Aggregates were removed by passing them through a 40-µm cell strainer prior to sorting. Cells 

were centrifuged at 1500 rpm for 5 minutes. The supernatant was removed, and the pellet 
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resuspended in 1% FBS in PBS and analyzed for GFP and DsRed fluorescence to sort the 

different cell populations based on these two markers. The gate was set using cells isolated from 

C57BL6 wild-type mice. Isolated Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ 

cells were cultured in conditions conducive to either adipocyte or myocyte induction, and 

morphology, Oil Red O staining, and perilipin, myogenin, and myosin-heavy-chain (MHC) 

expression were analyzed.  

 

Adipogenic induction in vitro 

Adipogenic differentiation was induced in adipogenic medium for 14 days as described [13]. 

Briefly, freshly isolated pericyte subtypes were plated onto laminin-coated plates (Invitrogen) in 

DMEM supplemented with 10% FBS (Invitrogen), 1 μM dexamethasone (Sigma), 0.5 μM 

isobutylmethylxanthine (Fisher Scientific, Pittsburgh, PA), 60 μM indomethacine (Sigma), and 

170 μM insulin (Invitrogen), and maintained in a 5% CO2 atmosphere. After 14 days, cells were 

fixed in 4% PFA at RT, followed by Oil Red O and perilipin staining for lipid detection. 

 

Oil red O and hematoxylin staining 

To qualitatively examine adipogenesis, lipid accumulation was analysed by staining cells with 

the lipid- specific dye Oil Red O, which stains cytoplasmic lipid deposits red, as described [21]. 

Briefly, cells cultured in petri dishes for 14 days were fixed in 4% PFA, washed with 60% 

isopropanol, allowed to dry completely, submerged in a 0.5% filtered solution of Oil red O in 

propylene glycol, and washed in graded propylene glycol solutions. They were then washed 

many times, counterstained with Harris hematoxylin, and washed again. Analysis was performed 

using bright field microscopy. 
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Myogenic induction in vitro 

Freshly isolated pericyte subtypes (2 × 10
3
 cells per cm

2
) were cultured on laminin-precoated 

plates (Invitrogen) for 3 days in growth medium (DMEM-high glucose [Invitrogen], 

supplemented with 2% L-glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin, and 10% (v/v) 

fetal bovine serum (FBS, Invitrogen)]. Myogenic differentiation was induced by lowering serum 

concentration to 2%, using differentiation medium (DMEM [Invitrogen] containing 2-mM L-

glutamine [Invitrogen] and 1% penicillin/ streptomycin [Invitrogen], supplemented with 2% 

Horse Serum (HS) [Invitrogen]) for an additional 14 days in a 5% CO2 atmosphere. Medium was 

changed every 4 days until elongated, multinucleated myofibers appeared. After day 3 and day 

14, cells were fixed in 4% PFA at RT, and myogenin and MHC expression were quantified.  

 

Immunocytochemistry 

Cultured cells were fixed with 4% PFA for 30 minutes, then permeabilized in 0.5% Triton X-100 

(Sigma), and blocked to saturate nonspecific antigen sites using 5% (v/v) goat serum/PBS 

(Jackson Immunoresearch Labs) overnight at 4°C. The next day, the cells were incubated with 

primary antibodies at room temperature for 4 h and visualized using appropriate species-specific 

secondary antibodies conjugated with Alexa Fluor 488, 568, 647, or 680 at 1:1000 dilution 

(Invitrogen). They were counterstained with Hoechst 33342 reagent at 1:2000 dilution 

(Invitrogen) to label the DNA and mounted on slides for fluorescent microscopy with 

Fluorescent Mounting Medium (DakoCytomation). 
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Flexor digitorum brevis (FDB) muscle single-fiber dissociation 

FDB muscles from Nestin-GFP/NG2-DsRed transgenic mice were used to analyze the Nestin-

GFP+ cells attached to the myofibers. FDB muscle was preferred over more traditional muscles 

for this experiment because it is small and flat, allowing more complete dissociation by 

trituration in a single step and shortening the experiment significantly [22,23]. Methods for FDB 

muscle dissociation have been described [14-16]. Briefly, muscles were carefully dissected away 

from the surrounding connective tissue and minced, then digested by gentle agitation in 0.2% 

(w/v) Worthington's type-2 collagenase in Krebs solution at 37°C for 2 hours. They were 

resuspended in growth medium and dissociated by gentle trituration. The growth medium 

consisted of DMEM-high glucose (Invitrogen), supplemented with 2% L-glutamine, 50 U/ml 

penicillin, 50 mg/ml streptomycin, and 10% (v/v) FBS (Invitrogen). After dissociation, Nestin-

GFP+/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed- cells attached to myofibers were counted. 

 

Reverse transcription polymerase chain reaction (RT-PCR) 

To detect the mRNA expression in cells, total RNA was isolated using TRIZOL reagent (Life 

Technologies, Carlsbad, CA), RNA was dissolved in sterile, RNase-free water (Invitrogen) and 

quantitated spectrophotometrically at 260 nm. RT-PCR was performed in accordance with the 

manufacturer’s instructions using the SuperScript III First-Strand synthesis system for RT-PCR 

system (Invitrogen). For each experiment, equivalent amounts of intact RNA (0.1 to 0.2 µg) 

were used. As negative controls, the RT reactions were performed in the absence of RNA (only 

water) or reverse transcriptase. The cDNA was amplified by PCR using the primers included in 

Table 2. PCR Master Mix was purchased from Promega. Each PCR reaction contained 1× 

Promega PCR Master Mix, 1 μM of each primer, and the cDNA of the cell used in each case 
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(Nestin-GFP+/NG2-DsRed-, Nestin-GFP-/NG2-DsRed+, or Nestin-GFP+/NG2-DsRed+ cell). 

The volume of each reaction was brought up to 50 μl with water. DNA amplification was carried 

out as follows: denaturation at 94°C for 2 minutes, followed by 35 cycles of 94°C for 1 minute, 

60°C for 1 minute, and 72°C for 2 minutes. After 35 cycles, the reactions were incubated at 72°C 

for 7 minutes to increase the yield of amplification. PCR products were verified with DNA 2% 

agarose gel electrophoresis.  

 

Isolation of type-1 and type-2 DsRed+ pericytes  

Hindlimb muscle cells were isolated from young adult (3-5-month-old) Nestin-GFP/β-actin-

DsRed mice as described above [15]. After counting, cells were centrifuged at 1500 rpm for 5 

min and resuspended in 100-µl 1% FBS in PBS /10
6
 cells. An aliquot was collected for use as 

unlabeled control, while the remaining cells were labeled with APC anti-mouse NG2 antibody 

for 45 min. After washing, they were resuspended in 1% FBS in PBS and sorted using GFP and 

APC fluorescence. Isolated Nestin-GFP+/NG2-APC+/β-actin-DsRed+ and Nestin-GFP-/NG2-

APC+/β-actin-DsRed+ cells were used in cell fate tracking experiments to evaluate adipogenesis 

and myogenesis in vivo.  

 

Muscle injury and cell transplantation 

Skeletal muscle regeneration was studied in TA muscle injured by intramuscular injection of 

barium chloride (BaCl2) as described [24,25]. Specifically, immunodeficient, 3-5-month-old 

mice were anaesthetized by isoflurane/O2 inhalation. TA muscles were injected with 50 µl of 

1.2% BaCl2 dissolved in sterile PBS 1 day prior to cell transplantation. At 24 h postinjury, type-1 

(Nestin-GFP-/NG2-APC+/β-actin-DsRed+) or type-2 (Nestin-GFP+/NG2-APC+/β-actin-
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DsRed+) pericytes were isolated from donor Nestin-GFP/β-actin-DsRed mice, resuspended in 

PBS (1.5 × 10
4
 cells per TA), and slowly injected into the damaged muscle of the acceptor mice. 

As a control, injured TA muscles were injected with PBS. Mice were sacrificed 14 days 

postinjection, and TA muscles collected and processed for immunohistochemistry as described 

above. The number of newly formed DsRed+ myofibers with central nuclei was quantified in the 

muscle sections. 

 

Skeletal muscle fatty degeneration and cell transplantation 

For in vivo adipogenic analysis, skeletal muscle fatty degeneration was induced as described 

[10,26,27]. Briefly, 1 day before the sorted pericyte populations (3 × 10
4
 cells in 30 μl PBS) 

were implanted, the TA muscles of immunodeficient wild-type mice were injected with a 29-

gauge needle containing 100 μl of 50% v/v glycerol. Two weeks later, the mice were sacrificed, 

and their TA muscles immediately excised and processed for immunohistochemistry as 

described [16]. DsRed+ cells positive to perilipin A, which is localized at the adipocyte’s lipid 

droplet surface [28], were counted in muscle sections. 

 

Microscopy, Cell Imaging, and Counting 

An inverted motorized fluorescent microscope (Olympus IX81, Tokyo, Japan) with an Orca-R2 

Hamamatsu CCD camera (Hamamatsu, Japan) was used for image acquisition. Camera drive and 

acquisition were controlled by a MetaMorph Imaging System (Olympus, Center Valley, PA). 

Ten arbitrary microscopic fields were counted in each immunostained plate or each slide, and 

values pooled from parallel triplicates per timepoint and individual experiment. 
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Statistical Analysis 

Results are expressed as the mean ± SEM. Statistical significance was assessed by Student’s t-

test using GraphPad Prism (GraphPad Software, San Diego, CA). P < 0.05 was considered 

significant. 

 

 

RESULTS 

 

Two bona fide pericyte subpopulations in skeletal muscle 

Pericyte heterogeneity has been described in spinal cord scar tissue by Goritz et al. ([29]) and in 

skeletal muscle by our group [16]. Skeletal muscle histological sections from Nestin-GFP/NG2-

DsRed mice support our previous results in cultured cells, showing two types of pericytes, 

Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+,  in close proximity to endothelial 

cells and surrounding capillaries labeled with CD31, a endothelial cell marker [30] (Fig. 1A). We 

also found that both Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells co-

localize with staining of two pericyte markers, PDGFRβ [31] and CD146 [13,32] (Fig. 1B). 

Pericytes may act as myogenic [11-13] or adipogenic progenitors [13] [33]. As myogenic 

potential was not reported in adipogenic progenitors [10], here, we hypothesize that the two 

pericyte subtypes differ, and one contributes to the skeletal muscle fat accumulation observed in 

fatty degeneration in the muscle [10], while the other to myogenesis under normal conditions 

[11,13,34]. 

 

  

http://www.sciencedirect.com/science/article/pii/S187350611200089X?v=s5#bb0145


225 
 

Type-1 but not type-2 pericytes express the adipogenic progenitor marker PDGFRα  

To elucidate whether one of the muscle pericyte subpopulations we described [16] is a 

adipogenic progenitor [10,26], we performed flow cytometry analysis based on the adipogenic 

progenitor marker PDGFRα  [10,26] in mononucleated cells from Nestin-GFP/NG2-DsRed 

mouse skeletal muscle. We found that PDGFRα is expressed in a fraction of the two cell 

populations, Nestin-GFP-/NG2-DsRed- and Nestin-GFP-/NG2-DsRed+ cells (Fig. 2A, B). Note 

that type-1 pericytes expressed PDGFRα, while type-2 pericytes did not. We confirmed our 

results in skeletal muscle in vivo (Fig. 2C). 

 

Type-1 but not type-2 pericytes are adipogenic in vitro 

To evaluate whether in addition to expressing the adipogenic progenitor marker, type-1 pericytes 

have adipogenic potential, we isolated type-1 and type-2 pericytes using Nestin-GFP/NG2-

DsRed mice and cultured them separately in adipogenic induction medium (Fig. 3 A, B). We 

used Oil Red O, which stains neutral triglycerides and lipids, and immunocytochemistry to look 

for the expression of perilipin, an essential protein for lipid storage and lipolysis [28] located 

exclusively on adipocyte lipid droplets [35]. Consistent with our results on PDGFRα expression, 

only type-1 pericytes differentiated into adipocytes in culture. The percentage of perilipin+ 

cells/nuclei derived from type-1 and type-2 pericyte cultures was 37 ± 8.2 and 0.16 ± 0.10 %, 

respectively (Fig. 3 C, D), and the percentage of Oil Red O+ cells/nuclei was 38 ± 2.8 and 0.29 ± 

0.18 % cells, respectively (Fig. 3 E, F). Supplemental figure 1 shows that a subpopulation of 

PDGFRα+ type-1 pericytes forms adipocytes in vitro, consistently with the adipogenic potential 

reported for muscle-derived PDGFRα+ cells [10]. Supplemental figure 2 shows that type-1 

pericytes express Sca-1 and CD34. 



226 
 

Type-2 but not type-1 pericytes differentiate into muscle cells in vitro  

To examine whether adipogenic progenitors form muscle cells [10], we evaluated the myogenic 

potential of the two skeletal muscle pericyte subpopulations (Fig. 4 A, B). As pericytes 

differentiated into myofibers [11,13], we exposed them to myogenic differentiation conditions 

and examined the expression of myogenin, a marker of cell differentiation [36], and myosin 

heavy chain (MHC), a myotube marker [37]. We found that only type-2 pericytes differentiated 

into the muscle lineage (Fig. 4). The percent of myogenin+ cells/nuclei derived from type-1 and 

type-2 pericytes was 0.18 ± 0.18 and 12 ± 1.8 %, respectively (Fig. 4 C,D), and the percentage of 

MHC+ nuclei/total nuclei was 0.31 ± 0.12 and 55 ± 6.5 %, respectively (Fig. 4 E, F). 

 

Exclusion of satellite cells as a source of myogenic cells in the Nestin-GFP+/NG2-DsRed+ 

population 

Satellite cells, the oldest known skeletal muscle stem cells committed to myogenesis [38], 

express GFP in Nestin-GFP transgenic mice [39]. To exclude this potentially confounding factor, 

we examined whether satellite cells express NG2 proteoglycan, which type-2 pericytes express 

on their surface.  

 Satellite cells reside near the myofiber, beneath the basal lamina [38]. We quantified 120 

Nestin-GFP+ cells in this location; Nestin-GFP+/NG2-DsRed- cells were sheathed in laminin 

(basal lamina), but we found no Nestin-GFP+/NG2-DsRed+ cells in the satellite cell niche (Fig. 

5 A, B). Thus, satellite cells do not express NG2 proteoglycan and differ from type-2 pericytes, 

which express NG2 and are located outside the basal lamina.  

To validate this conclusion, we used a procedure we have previously used [14] to facilitate 

isolation of intact FDB myofibers with their complete cohort of satellite cells still located 

http://en.wikipedia.org/wiki/Stem_cell
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beneath the basal lamina. We observed that every cell attached to the myofibers did not express 

NG2 proteoglycan and detected only Nestin-GFP. However, detached cells, probably derived 

from the muscle interstitium, expressed NG2, sometimes associated with Nestin-GFP expression, 

sometimes not, corresponding to type-2 and type-1 pericytes, respectively (Fig. 5 C, D). 

Additionally, the paired box transcription factor Pax7 [40-43] is expressed in satellite cells, but 

not in NG2-DsRed+ cells (Fig. 5 E).  

As skeletal muscle satellite cells express Myf5 and CD34 [44], but not Sca-1 [45], we 

examined their expression in Nestin-GFP and NG2-DsRed cells by RT-PCR. Type-1 pericytes  

and satellite cells exhibit a similar expression profile (Pax7+, Myf5+, CD34+, Sca-1-), while 

both pericyte subtypes lack Pax7 and Myf5 markers (Suppl. Fig. 2). These data indicate that the 

myogenic potential of type-2 pericytes is unrelated to that of satellite cells.  

CD34 and Sca-1 expression was detected in type-1 but not type-2 pericytes (Suppl. Fig. 2). A 

small pericyte subpopulation expresses CD34 [46,47] [48,49] or Sca-1 [50] [51]. Here, we found 

that a subpopulation of type-1 pericytes express CD34 and Sca-1 (Suppl. Fig. 2). As PDGFRα+ 

cells have been reported to be CD34+ and Sca-1+ [26], and a subpopulation of them are included 

in type-1 pericytes (Fig. 2), our data indicate that a subgroup of type-1 pericytes are part of the 

fibro/adipogenic progenitors cells reported before [26].  Here, we also provide initial evidence 

that type-1 pericytes can be induced to form fibroblasts (Suppl. Fig. 3). 

 

Type-1 and type-2 pericyte subtypes expand after muscle injury  

Satellite cells [52] and fibroblasts [53] are activated and proliferate after muscle injury. To assess 

whether pericytes respond to injury in vivo, we analyzed type-1 and type-2 pericytes in skeletal 

muscle cross-sections during regeneration (Suppl. Fig. 4). After injury induced with Glycerol or 



228 
 

BaCl2, both types of pericytes expand (Suppl. Fig. 4 A) and re-enter the cell cycle (Suppl. Fig. 4 

B, C). We did not detect differences in their response to both types of injury.  Similarly to pre-

injury, a population of PDGFRα+ type-1 pericytes was also detected after injury (Suppl. Fig. 5). 

 

Type-1 but not type-2 pericytes form fat during skeletal muscle fatty degeneration  

Given that purified type-1 pericytes have adipogenic differentiation potential in vitro, we next 

examined their adipogenic capacity in vivo in skeletal muscle.  

After chronic injury, muscle is often replaced by white adipocytes that compromise tissue 

function and environment in a process termed fatty degeneration [54]. However, even mouse 

models of such disorders as DMD or obesity rarely show adipocytes in skeletal muscle. We used 

a model of muscle fatty degeneration reported in the literature [55] [27,56-61] [62] [10,26]. 

Injecting glycerol in the muscle destabilizes cell membranes, promoting myofiber damage, 

significant fat deposits along the muscle, and cell death. As in human dystrophy, muscles exhibit 

extensive ectopic adipocyte infiltration of unknown origin [27]. In the absence of glycerol 

treatment, intramuscularly injected cells showed no adipocyte differentiation in wild-type young 

mice (data not shown). We transplanted pericyte subtypes freshly isolated and sorted from 

muscles of Nestin-GFP/β-actin-DsRed transgenic (Tg) mice. Consistently with a previous 

publication from our lab [16,20], the 100% purity of these cells was confirmed by microscopy 

and flow cytometry (data not shown). Expressing DsRed fluorescence [15], they were injected 

into the TA muscle of wild-type mice previously injected with glycerol (Fig. 6 A, C). At day 14, 

numerous DsRed+ cells were detected in mice injected with either subtype; however, only mice 

injected with type-1 pericytes had DsRed+ mature adipocytes with large lipid vacuoles (Fig. 7 
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A). All type-2 pericytes retained their pericyte marker, NG2 proteoglycan, after injection (data 

not shown). 

The adipogenic potential of Nestin-GFP-/NG2+/β-actin-DsRed+ cells was examined further 

in vivo by immunocytochemistry analysis of perilipin in DsRed+ cells derived from transplanted 

cells (Fig. 7). Quantitative analysis revealed that adipocytes arose almost exclusively from type-1 

pericytes. Nestin-GFP-/NG2+/ β-actin-DsRed+ and Nestin-GFP+/NG2+/ β-actin-DsRed+ cells 

formed 260 ± 25 and 4.5 ± 4.5 DsRed+/perilipin+ cells per mm
2
, respectively (Fig. 7 A, B). 

These results suggest that type-1 but not type-2 pericytes differentiate into adipocytes in vivo. 

 

Type-2 pericytes are myogenically competent and participate in skeletal muscle 

regeneration in vivo 

Since pericytes exhibit myogenic potential in vivo [11,13], we used a muscle injury model 

induced by BaCl2 injection, where muscle degeneration is confined and does not damage the 

basement membrane [63] (Fig. 6 A, B).  

We transplanted cells isolated from muscles of Nestin-GFP/β-actin-DsRed transgenic 

(Tg) mice into the TA muscles of injured wild-type mice. Two freshly isolated pericyte subtypes 

were transplanted immediately after cell sorting (Fig. 6 A, B). After 2 weeks, the few DsRed+ 

cells observed in the muscles injected with the adipogenic type-1 pericyte were located in the 

interstital connective tissue. No newly formed DsRed+ myofibers were detected (Fig. 8). In 

contrast, transplanted muscles with type-2 pericytes showed numerous regenerating DsRed+ 

myofibers with central nuclei (Fig. 8). Quantitative analysis revealed that myogenic potential 

was found exclusively in the Nestin-GFP+/NG2+/ β-actin-DsRed+ cell population. Nestin-

GFP+/NG2+/β-actin-DsRed+ cells formed 68 ± 9 DsRed+ myofibers per mm
2
 (Fig. 8). We did 
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not detect any DsRed+ myofibers in muscles injected with type-1 pericytes, indicating that type-

2 but not type-1 are myogenic in vivo. All DsRed+ type-1 pericytes retain their pericyte marker, 

NG2 proteoglycan, after injection (Fig. 8 D).  

 

 

DISCUSSION 

 

This work is the first to report the presence of two pericyte subpopulations in the skeletal muscle 

and to characterize their specific roles. Type-2 pericytes participate in muscle regeneration, while 

type-1 contribute to fat accumulation. We propose that successful muscle regeneration results 

from a balance of myogenic and nonmyogenic programs in which the differentiation potential of 

these pericyte subtypes plays a significant role (Fig. 9). 

Although stem cells ensure tissue regeneration, overgrowth of adipogenic cells may 

compromise organ recovery and impair function [64]. In myopathies and muscle atrophy 

associated with aging (sarcopenia), fat accumulation increases dysfunction [1,2,54] [65], and 

after chronic injury, the process of fatty degeneration, in which muscle is replaced by white 

adipocytes, compromises tissue function and environment.  

Here, we describe the two pericyte subtypes we identified and propose that in skeletal 

muscle, they are committed to distinct lineages.  

 

Pericytes are stem cells 

Pericytes are considered relatively undifferentiated connective tissue cells associated with the 

walls of small blood vessels and supporting other cells [66]. Mesenchymal stem cells (MSCs) 
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with similar characteristics and developmental potentials have been obtained from several organs 

[67]. Because blood vessels are distributed in almost all organs, cells associated with them are 

thought to act like MSCs [34,67]. Furthermore, pericytes have been suggested to locate within a 

MSC niche [68]. Among their diverse functions, they have been shown to act as multipotent 

stem cells, differentiating along mesenchymal or neuronal lineages, depending on the 

microenvironment [12,13,16,48,69-95]. We found that pericytes are differentially committed to 

an adipogenic or myogenic lineage in response to muscle injury, and therefore they might be 

multipotent as a population [13], but more lineage restricted at the cellular level. 

 

Pericytes are heterogeneous  

Pericytes are heterogeneous in origin, location, and morphology, ranging from circular to 

elongated fibroblast-like cells [96-99] [100]. Moreover, their molecular marker expression varies 

along the vasculature and depends on species, organ, type of blood vessel, location, and 

developmental stage [101-111]. For this reason, we recommend using more than one marker to 

identify them [112]. In skeletal muscle, capillary pericytes are also heterogeneous [16,113].  

Although their functional diversity is still unexplored, different pericyte subtypes may 

regulate blood flow and other metabolic functions [96,114]. Recently, a pericyte subtype was 

associated with scar formation after spinal cord injury [29]; it may correspond to the type-1 

pericytes we describe here and previously in our culture system [16]. Figure 9 demonstrates the 

heterogeneous role these pericytes play in skeletal muscle healing. We expect this study to 

elucidate the roles of pericyte subtypes in other tissues.  
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Adipogenic potential is restricted to type-1 pericytes in skeletal muscle 

We found that type-1 but not type-2 pericytes express PDGFRα. Expression of this maker has 

also been observed in subtypes of mesenchymal progenitor cells, and its activation appears to 

regulate a broad range of cells in various developmental processes [115]. For example, PDGFRα 

is initially expressed throughout the undifferentiated somite but disappears in the myotome as 

differentiation proceeds [116]. In adult skeletal muscle, adipogenic potential was detected only in 

PDGFRα+ cells [10,26,117], consistent with our finding that only type-1 pericytes, the subtype 

that expresses this marker, differentiate into adipocytes in skeletal muscle undergoing fatty 

degeneration. Additionally, skeletal muscle PDGFRα+ cells have been reported to be fibrogenic 

[10,26,118].  Moreover, only pericytes expressing PDGFRα participate in scar formation after 

spinal cord injury [29], suggesting that they are similar to type-1 pericytes. 

 

Adipogenic pericytes do not form skeletal muscle  

More than 30 years ago, studies proposed that pericytes form adipocytes; that is, that an 

uncommon subset of resident cells located near endothelial cells had long cytoplasmic processes 

(like pericytes) and acted as a reserve of adipocytes. After activation and migration from the 

capillary basement membrane, they would differentiate into immature adipocytes with small 

lipid droplet inclusions [119-122].  

More recently, molecular techniques confirmed pericyte differentiation into adipocytes [33]. 

The emerging biology of MSCs provided indirect support for the possibility that adipogenic 

progenitors reside near the vasculature [49,88,123,124]. In 2008, adipogenic potential was 

confirmed in skeletal muscle resident pericytes [13,34,67,125-128]. Pericytes were also shown to 
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form skeletal muscle fibers after muscle injury and in a mouse model of muscular dystrophy 

[11].  

Although adipogenic progenitors isolated from subcutaneous and parametrial white fat 

depots were shown to fuse with differentiating C2C12 myoblasts in vitro [46], skeletal muscle-

derived adipogenic progenitors cannot be recruited to the myogenic lineage even in co-culture 

with myogenic cells [10,26]. These data suggest that myogenic pericytes distinct from 

adipogenic pericytes in the skeletal muscle, consistent with the concept that adipogenic pericytes 

(type-1) are distinct from myogenic pericytes (type-2) and cannot form muscle cells in response 

to muscle injury. 

 

Muscle cells with myogenic or adipogenic potential 

Multiple cell types are present in the skeletal muscle. Satellite cells are thought to be the main 

source of myoblasts for muscle regeneration in adults [129], however their interaction with other 

cell populations is necessary for efficient muscle formation [130] [53]. Other cells show 

myogenic potential, including  muscle side population cells [45,131], PW1+ interstitial cells 

[132,133], CD133+ mononucleated cells from peripheral blood [134] and myo-endothelial 

progenitors [135]. Skeletal muscle pericytes have been shown to be multipotent, exhibiting both 

myogenic and adipogenic potential [13]. However, fibro/adipogenic progenitors have been 

shown to be the only muscle cells with adipogenic potential [10]; and they do not assume 

myogenic lineage [10]. Our work shows that a subpopulation of type-1 pericytes included in the 

fibro/adipogenic progenitor cells (PDGFR+) exhibits adipogenic potential, while type-2 

pericytes are myogenic.  
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Figure 36 Figure 1. Two bona fide pericyte subtypes in skeletal muscle. 

Figure 1. Two bona fide pericyte subtypes in skeletal muscle. Histological analysis of pericyte 

subtypes in the skeletal muscle from Nestin-GFP/NG2-DsRed mice. (A) Pericytes surround the 

endothelial cell layers of the capillary network in skeletal muscle. Muscle section showing small 

blood vessels with CD31+ endothelial cells, characteristically surrounded by NG2-DsRed+ 

pericytes. Nestin-GFP-/NG2-DsRed+ (type-1) (red arrow) and Nestin-GFP+/NG2-DsRed+ 

(type-2) (green arrow) pericytes and the blood vessels’ CD31+ (orange) labeled contour. All 
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panels show the same area for different channels (Nestin-GFP, NG2-DsRed, Hoechst, CD31 

staining, brightfield, merged fluorescence images, and all the images merged with brightfield). 

(B) Pericyte markers PDGFRβ and CD146 co-localize with skeletal muscle interstitial Nestin-

GFP-/ NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells. The top and bottom six panels show 

identical muscle areas from left to right: CD146 (top) or PDGFRβ (bottom) (orange), NG2-

DsRed (red), Nestin-GFP+ (green), Hoechst (blue), brightfield, and merged images. The red 

arrow indicates type-1 pericytes (Nestin-GFP-/ NG2-DsRed+ cells), and the green arrow, type-2 

(Nestin-GFP+/NG2-DsRed+ cells). Scale bar = 20 μm.  
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Figure 37 Figure 2. PDGFRα expression in a subpopulation of type-1 but not type-2 pericytes. 
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Figure 2. PDGFRα expression in a subpopulation of type-1 but not type-2 pericytes. (A) 

Isolation of skeletal muscle cells for flow cytometry. Representative dot plot showing GFP 

versus DsRed fluorescence with the gate set using cells isolated from wild-type mice. The cells 

were divided into four populations: Nestin-GFP+/NG2-DsRed- (purple), Nestin-GFP-/NG2-

DsRed+ (red), Nestin-GFP+/NG2-DsRed+ (green), and Nestin-GFP-/NG2-DsRed- (blue). (B) 

Flow cytometry analysis of PDGFRα expressed by skeletal muscle-derived cells. Histograms 

show PDGFRα expression in each population. Left histogram (unlabeled cells) shows control 

staining of all cells with secondary antibody APC anti-rabbit to set the gate without using 

primary antibody rabbit anti-PDGFRα. Right histograms (PDGFRα-labeled cells) show the 

surface expression of PDGFRα on each skeletal muscle-derived cell subset. Data represent three 

independent experiments in cells dissociated from the hindlimb muscles of Nestin-GFP/NG2-

DsRed mice. Note that only Nestin-GFP-/NG2-DsRed- and Nestin-GFP-/NG2-DsRed+ cells 

express PDGFRα. (C) Representative transverse cross-section of a TA muscle from a double-

transgenic Nestin-GFP/NG2-DsRed mouse. A green arrow indicates a Nestin-GFP+/NG2-

DsRed+ cell, and a red arrow, a Nestin-GFP-/NG2-DsRed+ cell. Expression of PDGFRα, GFP, 

DsRed, and their corresponding, Hoechst 33342, brightfield, and merge images are illustrated. 

PDGFRα staining co-localizes with skeletal muscle interstitial Nestin-GFP-/NG2-DsRed+ but 

not Nestin-GFP+/NG2-DsRed+ cells. 
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Figure 38 Figure 3. Type-1 but not type-2 pericytes are adipogenic in vitro. 
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Figure 3. Type-1 but not type-2 pericytes are adipogenic in vitro. Adipogenic induction of 

freshly isolated muscle-derived pericyte subtypes. (A) Protocol: freshly isolated pericytes were 

cultured in adipogenic medium for 14 days. (B) Representative dot plots showing DsRed versus 

GFP fluorescence of cells isolated from skeletal muscle of Nestin-GFP/NG2-DsRed mice. Gate 

was set using cells derived from wild-type skeletal muscle. Morphologic analysis is shown after 

type-1 and 2 pericytes were cultured for 2 weeks under adipogenic conditions; they were then 

stained with anti-perilipin A antibody (C and D) or Oil Red O / Hematoxylin (E and F). (D) 

Percent of cells positive for perilipin in type-1 or type-2 pericytes (n=5 preparations). (F) Percent 

of type-1 or type-2 pericytes positive for Oil Red O (n=5 preparations from separate cell 

isolation experiments). Data are mean ± S.E.M. Scale bars = 20 μm. 
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Figure 39 Figure 4. Type-2 but not type-1 pericytes are myogenic in vitro. 

Figure 4. Type-2 but not type-1 pericytes are myogenic in vitro. Myogenic induction of 

freshly isolated muscle-derived pericyte subtypes. (A) Protocol: freshly isolated pericytes were 
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cultured for 3 days in growth medium followed by 2 weeks in myogenic differentiation medium. 

(B) Representative dot plots showing DsRed versus GFP fluorescence of cells isolated from the 

skeletal muscle of Nestin-GFP/NG2-DsRed mice. Gate was set using cells derived from wild-

type skeletal muscle. Morphologic analysis is shown after type-1 and 2 pericytes were cultured 

for 2 weeks in myogenic conditions. (C-D) After 3 days in differentiation medium, Nestin-GFP-

/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells were stained with anti-myogenin antibody. 

(D) The percent of myogenin+ cells derived from each pericyte population was counted and 

normalized to the number of nuclei. (n=3 preparations from separate cell isolation experiments). 

(E-F) After 14 days in differentiation medium, both cell types were stained with anti-MHC 

antibody. (F) The percent of MHC+ nuclei derived from each pericyte subpopulation was 

counted and normalized to the total number of nuclei (n=3 preparations from separate cell 

isolation experiments). Data are mean ± S.E.M. Scale bar=100 μm. 
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Figure 40 Figure 5. Satellite cells do not express NG2 proteoglycan. 
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Figure 5. Satellite cells do not express NG2 proteoglycan. (A) Representative TA muscle 

section from a Nestin-GFP/NG2-DsRed transgenic mouse showing laminin (basal lamina), 

Nestin-GFP, NG2-DsRed expression, and Hoechst positive nuclei in the same region. Brightfield 

and merged images are also shown. White arrow shows a satellite cell (Nestin-GFP+ located 

beneath the basal lamina) that does not express NG2-DsRed; the yellow arrow indicates a type-2 

pericyte (Nestin-GFP+/NG2-DsRed+) located outside the basal lamina. (B) We counted 120 

Nestin-GFP+ cells (NG2+ or NG2-) beneath the basal lamina. (C) Representative Nestin-GFP, 

NG2-DsRed, brightfield, and merged images of the same region in a dish containing freshly 

dissociated FDB muscle fibers from Nestin-GFP/NG2-DsRed mice. The white arrow indicates a 

satellite cell (Nestin-GFP+) attached to the myofiber, while the yellow arrow shows both types 

of pericytes (Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells) in dissociated 

connective tissue. Scale bar = 50 μm. (D) Number of Nestin-GFP+ cells (NG2+ or NG2-) in 

freshly dissociated single FDB muscle fibers from Nestin-GFP/NG2-DsRed transgenic mice; 

n=4 preparations, more than 1000 cells counted. (E) Representative TA muscle section from a 

NG2-DsRed transgenic mouse showing Pax7 staining. The white arrow shows a typical satellite 

cell (Pax7+/NG2-DsRed-).  
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Figure 41 Figure 6. Diagram of transplantation procedures used to track the fate of type-1 and type-2 pericytes in vivo. 

Figure 6. Diagram of transplantation procedures used to track the fate of type-1 and type-2 

pericytes in vivo. (A) Obtaining single cells from Nestin-GFP/β-actin-DsRed double-transgenic 

mouse skeletal muscle, in which all cells are DsRed+. Representative dot plots showing GFP 

fluorescence versus NG2+ cells with the gate set using unlabeled cells. Protocol for cell 

transplantation in models of injury (B) and fatty degeneration (C) in skeletal muscle. 
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Figure 42 Figure 7. Type-1 pericyte adipogenic potential in vivo. 

Figure 7. Type-1 pericyte adipogenic potential in vivo. (A) Fourteen days after type-1 or type-

2 pericytes were transplanted into glycerol-injured muscle, muscle sections were analyzed for 
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perilipin expression. Representative perilipin expression (green), DsRed fluorescence, Hoechst, 

brightfield, and merge images of the same region. Co-localization of DsRed+ cells with perilipin, 

shown by the yellow arrow in the merged image, supports adipogenic differentiation of 

transplanted type-1 pericytes. Note that DsRed+ type-2 pericytes do not differentiate into 

adipocytes (perilipin-) in vivo; all perilipin+ (green) adipocytes are DsRed- as indicated by the 

white arrow in the merged image. (B) Quantitative analysis of transplantation experiments. Data 

are mean ± S.E.M. (n=5 replicates).  (C)  Section of the muscle represented in A, incubated with 

the fluorescent secondary but not the primary anti-perilipin antibody. (D) Control section of a 

regenerated muscle stained with perilipin. Notice that perilipin does not stain myofibers. Scale 

bars = 50 μm. 
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Figure 43 Figure 8. Only type-2 pericytes generate myofibers after transplantation into injured skeletal muscle. 
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Figure 8. Only type-2 pericytes generate myofibers after transplantation into injured 

skeletal muscle. (A) DsRed fluorescence in whole TA muscles two weeks after injection with 

type-1 or type-2 pericytes. DsRed+ fibres can be detected only in muscle injected with type-2 

pericytes. (B) Quantative analysis of newly formed DsRed+ myofibers with characteristic central 

nuclei derived from type-1 or type-2 pericytes. Data are mean ± S.E.M. (n=5 replicates). (C) At 

day 14 after transplantation, clusters of DsRed myofibers (red) are present throughout the muscle 

of mice injected with type-2 pericytes. Type-1 pericytes stay in the interstital space and do not 

differentiate into muscle cells. (D) Representative TA muscle section from a transplanted mouse 

(as in C), showing that Type-1 pericytes (DsRed+) retain the expression of the pericyte marker 

NG2 proteoglycan. Scale bar = 20 μm.  

 

 

 

 

 

 

 

 

 

 

 

 

http://www.nature.com/ncb/journal/v12/n2/fig_tab/ncb2014_F5.html
http://www.nature.com/ncb/journal/v12/n2/fig_tab/ncb2014_F5.html


251 
 

 

Figure 44 Figure 9. Schematic representation of normal regenerating and fatty degenerating skeletal muscle. 

Figure 9. Schematic representation of normal regenerating and fatty degenerating skeletal 

muscle. Two pericyte subtypes are associated with blood vessels: type-1 (yellow) and type-2 

(green). We suggest that type-1 pericytes contribute to the adipose infiltration observed in 

various disorders, such as obesity, dystrophies, and aging, while type-2 pericytes cooperate with 

myogenesis following healing in normal adult skeletal muscle.  

 

 

 

Figure 45 Supplemental Figure 1. PDGFRα+, but not PDGFRα-, type-1 pericytes generate adipocytes. 

Supplemental Figure 1. PDGFRα+, but not PDGFRα-, type-1 pericytes generate 

adipocytes. Freshly isolated muscle-derived type-1 pericytes (PDGFRα+ or PDGFRα-) were 
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cultured in adipogenic medium for 14 days. Representative image shows that only PDGFRα+ 

cells accumulate lipid vacuoles (Oil red O+) in their cytoplasm.  

 

 

Figure 46 Supplemental Figure 2. RT-PCR analysis of gene expression in sorted muscle cells based on Nestin-GFP and NG2-
DsRed expression. 

Supplemental Figure 2. RT-PCR analysis of gene expression in sorted muscle cells based on 

Nestin-GFP and NG2-DsRed expression. Representative single cell RT-PCR agarose gel 

showing the expression of Pax7, Myf5, CD34 and Sca-1 genes. The myogenic markers Pax7 and 

Myf5 were present only in Nestin-GFP+/NG2-DsRed- cells. CD34 and Sca-1 expression was 

found in Nestin-GFP-/NG2-DsRed+ cells, while they were absent in Nestin-GFP+/NG2-DsRed+ 

cells. GAPDH gene was used as control. Data are representative of 3 experiments. 
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Figure 47 Supplemental Figure 3. TGF-β induces type-1 pericytes to form fibroblasts in vitro. 

Supplemental Figure 3. TGF-β induces type-1 pericytes to form fibroblasts in vitro. Freshly 

isolated type-1 pericytes were cultured in fibrogenic medium (with 1 ng/ml TGF-β) for 5 days. 

Collagen type I-producing cells were detected by immunostaining. Nuclear DNA stained with 

Hoechst 33342, brightfield and merged images are also shown. 
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Figure 48 Supplemental Figure 4. Type-1 and type-2 pericytes expand and re-enter the cell cycle after muscle injury. 
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Supplemental Figure 4. Type-1 and type-2 pericytes expand and re-enter the cell cycle after 

muscle injury.  (A) Histological changes in TA muscle from nestin-GFP/NG2-DsRed mice 

analyzed before and 3 days after injury with glycerol or BaCl2. The six panels for each condition 

(control, glycerol, and BaCl2) show the same muscle area from left to right: NG2-DsRed (red), 

Nestin-GFP+ (green), Hoechst (blue), brightfield, merged without brightfield, and merged with 

brightfield images. Notice that there is an increase in the number of both type-1 (Nestin-GFP-

/NG2-DsRed+) and type-2 (Nestin-GFP+/NG2-DsRed+) pericytes after injury. (B) TA muscle 

section from uninjured Nestin-GFP/NG2-DsRed mice stained with anti-Ki67 antibody. (C) TA 

muscle section from Nestin-GFP/NG2-DsRed mice 3 days after injury with BaCl2 stained with 

anti-Ki67 antibody. Type-1 and type-2 pericytes re-entering the cell cycle (Ki67+) are indicated 

by white and yellow arrows, respectively. Scale bars = 20 μm.  
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Figure 49 Supplemental Figure 5. After BaCl2 injury, a subpopulation of type-1 but not type-2 pericytes express PDGFRα. 

Supplemental Figure 5. After BaCl2 injury, a subpopulation of type-1 but not type-2 

pericytes express PDGFRα.  Representative transverse cross-section of a TA muscle 3 days 

after injury from a double-transgenic Nestin-GFP/NG2-DsRed mouse. Expression of PDGFRα, 

DsRed, GFP, and their corresponding, Hoechst 33342, brightfield, and merge images are 

illustrated. The white arrow indicates a Nestin-GFP-/NG2-DsRed+ and PDGFRα+ cell. Scale 

bar = 20 μm. 
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Table 1 

Antibodies, concentration, and source 

Table 7 Table 1. Antibodies, concentration, and source 

Antibody Dilution Source Location 

Rat anti-CD31 

(PECAM-1) 

1:100 BD Biosciences San Jose, CA 

Rat anti-mouse CD146 

 

1:250 BioLegend San Diego, CA 

Rabbit anti-PDGFRβ 1:250 Dr. W. Stallcup Sanford-Burnham 

Medical Research 

Institute, CA 

Rabbit anti-PDGFRα 1:250 Dr. W. Stallcup Sanford-Burnham 

Medical Research 

Institute, CA 

Rabbit anti-Perilipin A 

 

1:250 Sigma St. Louis, MO 

Mouse anti-Myogenin 

(F5D) 

1:400 Developmental 

Studies Hybridoma 

Bank, University of 

Iowa 

Iowa City, IA 

Mouse anti-MHC (MF 

20) 

1:2000 Developmental 

Studies Hybridoma 

Bank, University of 

Iowa 

Iowa City, IA 

Rabbit anti-Laminin 1:250 Sigma St. Louis, MO 

Rabbit anti-NG2 

Chondroitin Sulfate 

Proteoglycan 

1:100 Chemicon-Millipore Temecula, CA 

Mouse anti-Pax7 1:100 Developmental 

Studies Hybridoma 

Bank, University of 

Iowa 

Iowa City, IA 

Rat anti-Ki67 1:100 DakoCytomation Carpinteria, CA 
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Table 2 

Genes, GenBank Accession numbers, Coding regions, Primers 

Table 8 Table 2. Genes, GenBank Accession numbers, Coding regions, Primers 

Gene GenBank 

Accession 

numbers 

Coding 

regions 

Forward primer and 

positions 

Reverse primer and 

positions 

Myf5 NM_008656.5 CDS: 204-971 AGACGCCTGAAGAAGG

TCAA (483-502) 

 

TGGAGAGAGGGAAGC

TGTGT (899-880) 

 

CD34 NM_001111059.

1 

CDS: 146-

1123 

GGGTAGCTCTCTGCCTG

ATG (195-214) 

 

 

CAGTTGGGGAAGTCTG

TGGT (482-463) 

 

Sca-1 NM_010738.2 CDS: 39-443 

 

CCATCAATTACCTGCCC

CTA (162-181) 

 

AAGGTCTGCAGGAGGA

CTGA (436-417) 

 

Pax7 NM_011039.2 CDS: 58-1569 CATCCTTAGCAACCCGA

GTG (1215-1234) 

AGTAGGCTTGTCCCGT

TTCC (1567-1548) 

 

GAPDH NM_008084.2 CDS: 51-1052 GTGGCAAAGTGGAGAT

TGTTGCC (118-140) 

 

GATGATGACCCTTTTG

GCTCC (407-387) 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/nucleotide/126012538?report=genbank&log$=nucltop&blast_rank=4&RID=1N48PEET013
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ABSTRACT 

 

In older adults, changes in skeletal muscle composition are associated with increased fibrosis, 

loss of mass, and decreased force, which can lead to dependency, morbidity, and mortality. 

Understanding the biological mechanisms responsible is essential to sustaining and improving 

their quality of life. Compared to young mice, aged mice take longer to recover from muscle 

injury; their tissue fibrosis is more extensive, and regenerated myofibers are smaller. Strong 

evidence indicates that cells called pericytes, embedded in the basement membrane of capillaries, 

contribute to the satellite-cell pool and muscle growth. In addition to their role in skeletal muscle 

repair, after tissue damage, they detach from capillaries and migrate to the interstitial space to 

participate in fibrosis formation. Here we distinguish two bona fide pericyte subtypes in the 

skeletal muscle interstitium, type-1 (Nestin-GFP-/NG2-DsRed+) and type-2 (Nestin-GFP+/NG2-

DsRed+), and characterize their heretofore unknown specific roles in the aging environment. Our 

in vitro results show that type-1 and type-2 pericytes are either fibrogenic or myogenic, 

respectively. Transplantation studies in young animals indicate that type-2 pericytes are 

myogenic, while type-1 pericytes remain in the interstitial space. In older mice, however, the 

muscular regenerative capacity of type-2 pericytes is limited, and type-1 pericytes produce 

collagen, contributing to fibrous tissue deposition. We conclude that in injured muscles from 

aging mice, the pericytes involved in skeletal muscle repair differ from those associated with 

scar formation. 
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INTRODUCTION 

 

Most chronic diseases are characterized by excessive fibrous tissue deposition, altered tissue 

architecture and organ dysfunction (49, 76). Typically, fibrosis increases in all organs with aging 

(27, 43). Following skeletal muscle injury, stem cells proliferate, differentiate and fuse into 

myoblasts with injured myofibers during the repair phase (39). Connective tissue accumulation 

in the skeletal muscle has been reported when the injury involves the basal lamina (31). While 

the connective tissue contributes to cytoarchitecture stability during the healing process, 

excessive fibrogenic cells proliferation and fibrous tissue deposition may interfere with muscle 

regeneration, leading to incomplete functional recovery (69). Compared to young, aged mice 

take longer to recover from muscle injury; regenerated myofibers are smaller, and tissue fibrosis 

is significantly increased (13). 

The biological process underlying fibrous tissue deposition with aging is incompletely 

understood. Various cell types have been proposed to produce fibrous tissue in several organs 

including skeletal muscle (29), resident fibroblasts (3), bone marrow-derived circulating 

fibrocytes (14), epithelial cells (52), endothelial cells (79), and more recently, pericytes (28). 

Besides their role in initiating a fibrogenic response to pathology in various organs, pericytes act 

as multipotent stem cells in tissue repair (23). In the skeletal muscle, they contribute to the 

satellite cell pool and muscle growth (26).  

Based on markers and morphology, pericytes have been identified as a heterogeneous cell 

population (11). However, their diverse differentiation potential was not explored until we 

demonstrated their heterogeneity in the skeletal muscle (7, 10). Whether a specific pericyte 

subtype contributes to skeletal muscle fibrosis with aging is unknown. 
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Here, by using a Nestin-GFP/NG2-DsRed transgenic mouse, we show the presence of 

two bona fide pericyte subtypes, type-1 (Nestin-GFP-/NG2-DsRed+) and type-2 (Nestin-

GFP+/NG2-DsRed+), in the skeletal muscle. These cells express the pericyte markers PDGFRβ 

and CD146 and are associated with microvessels. Our in vitro studies show that type-2 but not 

type-1 form muscle cells when exposed to myogenic differentiation medium. Additionally, we 

found that type-1 but not type-2 pericytes are fibrogenic when exposed to TGFβ in culture. 

Additionally, transplantation studies indicate that type-2 pericytes contribute only to new muscle 

formation after injury, but not to fibrogenesis tissue in the old mouse. Of relevance is the fact 

that type-2 pericytes’ regenerative myogenic capacity varies depending whether they are injected 

in either young or old animals, indicating that the host environment is crucial for efficient muscle 

regeneration. Moreover, type-1 pericytes do not form muscle in vivo, but contribute to increased 

muscle fibrous tissue in older mice. 

We conclude that type-1 pericytes contribute to muscle fibrous tissue formation with 

aging, and envision the possibility of using type-2 and type-1 pericyte as a cellular target to 

improve skeletal muscle repair and reduce fibrosis in older mammals, respectively.   

 

 

MATERIALS AND METHODS 

 

Animals 

Nestin-GFP transgenic mice (our colony) were maintained homozygous for the transgene on the 

C57BL/6 genetic background (56). Aging FVB (Friend Virus B) mice (our colony) have long 

been used as a model of aging skeletal muscle in our laboratory (9, 66); young (3-5 months), 
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middle-aged (11-14 months) and old (22-26 months) mice were used. NG2-DsRed transgenic 

mice expressing DsRed-T1 under the control of the NG2 promoter (10) were purchased from the 

Jackson Laboratory (Bar Harbor, ME). β-actin-DsRed transgenic mice expressing red fluorescent 

protein variant DsRed.MST under the control of the chicken β-actin promoter coupled with the 

cytomegalovirus (CMV) immediate-early enhancer (9) were purchased from the Jackson 

Laboratory . All tissues of β-actin-DsRed transgenic mice fluoresce red. Nestin-GFP mice were 

crossbred with NG2-DsRed and β-actin-DsRed mice to generate respectively Nestin-GFP/NG2-

DsRed and Nestin-GFP/β-actin-DsRed double-transgenic mice. All mice colonies were housed 

in a pathogen-free facility of the Animal Research Program at Wake Forest School of Medicine 

(WFSM) under 12:12-h light/dark cycle and fed ad libitum. Both male and female homozygous 

mice were used, and their ages ranged from 3 to 5 months. The WFSM Animal Care and Use 

Committee approved handling and procedures. 

 

Primary antibodies  

Table 1 shows the antibodies, their dilution, and source. 

 

Immunohistochemistry 

To detect DsRed and GFP fluorescence or DsRed fluorescence from 3-month-old Nestin-

GFP/NG2-DsRed mice or FVB mice of different ages injected with DsRed+ pericytes, 

respectively, Extensor Digitorum Longus (EDL) and Tibialis Anterior (TA) muscles were 

dissected, fixed in 4% paraformaldehyde (PFA) overnight, immersed in 10%, 20%, and 30% 

sucrose solutions for 60, 45, and 30 minutes, respectively, embedded in OCT, and rapidly frozen 

in liquid nitrogen to prepare 10-μm thick cryosections. Muscle sections were fixed with 4% PFA 

http://www.getbodysmart.com/ap/muscularsystem/footmuscles/extdigitorumlongus/tutorial.html
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for 30 minutes, then permeabilized in 0.5% Triton X-100 (Sigma, St. Louis, MO), and blocked to 

saturate nonspecific antigen sites using 5% (v/v) goat serum/PBS (Jackson Immunoresearch 

Labs, West Grove, PA) overnight at 4°C. The next day, the sections were incubated with primary 

antibodies at room temperature for 4 h and visualized using appropriate species-specific 

secondary antibodies conjugated with Alexa Fluor 488, 568, or 680 at 1:1000 dilution 

(Invitrogen, Carlsbad, CA). Muscle sections were counterstained with Hoechst 33342, mounted 

on slides using Fluorescent Mounting Medium (DakoCytomation, Carpinteria, CA), and 

examined under fluorescence microscopy.  

 

Fluorescence-activated cell sorting (FACS) 

FACS was carried out on a BD FACS (Aria Sorter, San José, CA) at 4°C and a pressure of 20 

psi, using a laser at the 488-nm line, a 530/30 band-pass filter, a 100-µm sorting tip, and 34.2 

kHz drive frequency. The sorting apparatus was sterilized with 10% bleach. This instrument 

allowed us to characterize cells by size as well as fluorescence. Data acquisition and analyses 

were performed using BD FACS Diva 5.0.3 software, gated for a high level of GFP, DsRed, or 

APC expression. The clear separation of GFP+ from GFP- cells (7) and DsRed+ from DsRed- 

cells as well as the low flow rate explains the ease and accuracy of sorting (10). Sorted cells were 

re-analyzed to confirm their fluorescence profile (7, 10).  

 

Pericyte subtypes isolation from Nestin-GFP/NG2-DsRed mice skeletal muscle by FACS  

Cells were sorted immediately from a pool of hindlimb muscles after skeletal muscle dissection 

and dissociation. Hindlimb muscles from young-adult (3-5 month) Nestin-GFP/NG2-DsRed 

transgenic mice were prepared as described before (10). Briefly, muscles were carefully 
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dissected away from the surrounding connective tissue and minced, then digested by gentle 

agitation in 0.2% (w/v) type-2 collagenase in Krebs solution at 37°C for 2 hours, and dissociated 

by trituration and resuspension in 0.25% trypsin/0.05% EDTA in PBS for 15 minutes at 37°C. 

After centrifuging at 1500 rpm for 5 minutes, the supernatant was removed, and the pellet 

resuspended in growth medium. Aggregates were removed by passing them through a 40-µm 

cell strainer prior to sorting. Cells were centrifuged at 1500 rpm for 5 minutes. The supernatant 

was removed, and the pellet resuspended in 1% FBS in PBS and analyzed for GFP and DsRed 

fluorescence to sort the different cell populations based on these two markers. The gate was set 

using cells isolated from C57BL6 wild-type mice. Isolated type-1 (Nestin-GFP-/NG2-DsRed+) 

and type-2 (Nestin-GFP+/NG2-DsRed+) pericytes were used to track the fate of those cells in 

vitro under myogenic or fibrogenic conditions.  

 

Reverse transcription polymerase chain reaction (RT-PCR) 

To detect the mRNA expression in cells, total RNA was isolated using TRIZOL reagent (Life 

Technologies, Carlsbad, CA), RNA was dissolved in sterile, RNase-free water (Invitrogen) and 

quantitated spectrophotometrically at 260 nm. RT-PCR was performed in accordance with the 

manufacturer’s instructions using the SuperScript III First-Strand synthesis system for RT-PCR 

system (Invitrogen). For each experiment, equivalent amounts of intact RNA (0.1 to 0.2 µg) 

were used. As negative controls, the RT reactions were performed in the absence of RNA (only 

water) or reverse transcriptase. The cDNA was amplified by PCR using the primers included in 

Table 2. PCR Master Mix was purchased from Promega (Madison, WI). Each PCR reaction 

contained 1× Promega PCR Master Mix, 1 μM of each primer, and the cDNA of the cells used in 

each case (Nestin-GFP-/NG2-DsRed+, Nestin-GFP+/NG2-DsRed+, Nestin-GFP+/NG2-DsRed- 
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cells). The volume of each reaction was brought up to 50 μl with water. DNA amplification was 

carried out as follows: denaturation at 94°C for 2 minutes, followed by 35 cycles of 94°C for 1 

minute, 60°C for 1 minute, and 72°C for 2 minutes. After 35 cycles, the reactions were incubated 

at 72°C for 7 minutes to increase the yield of amplification. PCR products were verified with 

DNA 2% agarose gel electrophoresis.  

 

Myogenic induction in vitro 

Freshly isolated pericyte subtypes (2,5 × 10
3
 cells per cm

2
) were cultured on laminin-precoated 

plates (Invitrogen) for 2 days in growth medium (DMEM-high glucose [Invitrogen], 

supplemented with 2% L-glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin, and 10% (v/v) 

fetal bovine serum (FBS, Invitrogen)], followed by 14 days in differentiation medium (DMEM 

[Invitrogen] containing 2-mM L-glutamine [Invitrogen] and 1% penicillin/ streptomycin 

[Invitrogen], supplemented with 2% Horse Serum (HS) [Invitrogen]) in a 5% CO2 atmosphere 

(80, 81). Medium was changed every 3 days until elongated, multinucleated myotubes appeared. 

After day 14 in culture, cells were fixed in 4% PFA at RT, and Myosin Heavy Chain (MHC) 

expression was analyzed and quantified.  

 

Fibrogenic induction in vitro 

Fibrogenic differentiation was induced in fibrogenic medium for 5 days as described elsewhere 

(29). Briefly, freshly isolated pericyte subtypes were plated onto laminin-coated plates 

(Invitrogen) and cultured for 5 days in DMEM supplemented with 2% horse serum 10% (v/v) 

(HS, Invitrogen), with 2% L-glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin, 
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supplemented with 2.5 ng/ml of TGF-β1. Medium was changed twice. After day 5 in culture, 

cells were fixed in 4% PFA at RT, and type I collagen expression was analyzed and quantified.  

 

Immunocytochemistry 

Cultured cells were fixed with 4% PFA for 30 minutes, then permeabilized in 0.5% Triton X-100 

(Sigma), and blocked to saturate nonspecific antigen sites using 5% (v/v) goat serum/PBS 

(Jackson Immunoresearch Labs\) overnight at 4°C. The next day, the cells were incubated with 

primary antibody at room temperature for 4 h and visualized using appropriate species-specific 

secondary antibody conjugated with Alexa Fluor 680 at 1:1000 dilution (Invitrogen). They were 

counterstained with Hoechst 33342 reagent at 1:2000 dilution (Invitrogen) to label the DNA and 

mounted on slides for fluorescent microscopy with Fluorescent Mounting Medium 

(DakoCytomation). 

 

Isolation of type-1 and type-2 DsRed+ pericytes  

Hindlimb muscle cells were isolated from young adult (3-5-month-old) Nestin-GFP/β-actin-

DsRed mice as described above (9). After counting, cells were centrifuged at 1500 rpm for 5 min 

and resuspended in 100-µl 1% FBS in PBS /10
6
 cells. First, an aliquot was collected for use as 

unlabeled control (labeled with only the secondary APC anti-rabbit, without the primary anti-

NG2 antibody) to set the gate. The remaining cells were incubated with the primary APC anti-

mouse NG2 antibody for 45 min and washed in 1% FBS in PBS. They were then incubated for 

30 min with APC anti-rabbit secondary antibody, washed in PBS with 1% FBS, and run on a BD 

FACS flow cytometer (Aria Sorter). Sorting was done based on GFP and APC fluorescence. 

Isolated Nestin-GFP+/NG2-APC+/β-actin-DsRed+ and Nestin-GFP-/NG2-APC+/β-actin-
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DsRed+ cells were used in cell fate tracking experiments to evaluate muscle and fibrous tissue 

formation in vivo. 

 

Muscle injury and cell transplantation 

Skeletal muscle regeneration was studied in TA muscle injured by intramuscular injection of 

barium chloride (BaCl2) as described (32). Specifically, young, middle-aged and old FVB mice 

were anaesthetized with isoflurane/O2 inhalation. TA muscles were injected with 50 µl of 1.2% 

BaCl2 dissolved in sterile PBS 1 day prior to cell transplantation. At 24 h postinjury, type-1 

(Nestin-GFP-/NG2-APC+/β-actin-DsRed+) or type-2 (Nestin-GFP+/NG2-APC+/β-actin-

DsRed+) pericytes were isolated from donor Nestin-GFP/β-actin-DsRed mice, resuspended in 

PBS (3 × 10
4
 cells per TA), and slowly injected into the damaged muscle of the acceptor mice. 

As controls, injured TA muscles of all groups were injected with PBS. As our transplantation 

experiments were performed in immune-competent (FVB) mice, immunosuppression was 

induced in all mice to suppress immune rejection of the transplanted cells as described before 

(6). Briefly, all animals received daily subcutaneous injections of cyclosporine A (15 mg/kg, s.c.; 

Novartis, East Hanover, NJ) begining 2 d before of transplantation and continuing for the 

duration of the experiment. Mice were sacrificed 14 days postinjection, and TA muscles 

collected and processed for immunohistochemistry as described above. The area and number of 

newly formed DsRed+ myofibers were quantified in the muscle sections. Also, the area with 

collagen was quantified in old compared to young muscle sections. DsRed+ cells positive to type 

I collagen, which were localized at the interstitial muscle space were counted in muscle sections. 
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Microscopy, Cell Imaging, and Counting 

An inverted motorized fluorescent microscope (Olympus, IX81, Tokyo, Japan) with an Orca-R2 

Hamamatsu CCD camera (Hamamatsu, Japan) was used for image acquisition. Camera drive and 

acquisition were controlled by a MetaMorph Imaging System (Olympus, Center Valley, PA, 

USA). Ten arbitrary microscopic fields were counted in each immunostained plate or tissue 

section, and values pooled from parallel duplicates per time point and individual experiment. 

 

Statistical Analysis 

Results are expressed as the mean ± SEM. Statistical significance was assessed using Student’s t-

test or one-way ANOVA followed by  Holm-Sidak or Tukey post-hoc tests using SigmaPlot11 

(Systat Software, Inc.) San Jose, CA. P<0.05 was considered significant.  

 

 

RESULTS 

 

Two bona fide pericyte subpopulations associated to microvessels are present in the skeletal 

muscle. 

Pericytes are commonly recognized by their location and gene expression patterns rather than a 

precisely defined phenotype. Neuron-glial 2 chondroitin sulfate proteoglycan (NG2) has been 

used to detect them (62). We conducted a histological analysis of skeletal muscle from Nestin-

GFP/NG2-DsRed mice using Nestin and NG2 regulatory elements to control GFP and DsRed 

expression, respectively. We discovered two types of pericytes; one expressed Nestin-GFP in the 
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interstitium and the other did not. We termed them type 1 (Nestin-GFP-/NG2-DsRed+) and type 

2 (Nestin-GFP+/NG2-DsRed+) (Fig. 1 A, B).  

 We confirmed that both types express two pericytic markers in addition to NG2 

proteoglycan: a cell-surface tyrosine kinase receptor (platelet-derived growth factor receptor; 

PDGFRβ/CD140) (28) and a melanoma-specific cell-adhesion molecule, CD146, also known as 

MCAM, M-CAM, and MUC18 (23). While neither type expressed the endothelial cell marker 

PECAM-1 (platelet endothelial cell adhesion molecule 1), a transmembrane glycoprotein also 

known as CD31 (23) (Fig. 1 C), they surrounded CD31+-labeled blood vessels (orange); 

pericytes typically surround small vessels with endothelial cells (23). 

Like pericytes, satellite cells express GFP in Nestin-GFP transgenic mice (25) but not NG2-

DsRed (Fig. 2) in Nestin-GFP/NG2-DsRed mice. As fibroblasts are also present in the skeletal 

muscle interstitium, we examined whether pericytes express fibroblast-specific protein 1 (FSP1) 

(42). Our results indicate that they do, but FSP1+ fibroblasts do not express NG2-DsRed (Fig. 2). 

Pericytes have been reported to have fibrogenic (28, 29) and myogenic (23, 26) potential, 

although myogenic potential has not been reported for fibrogenic progenitors (29). Whether 

distinct pericyte subtypes contribute to either muscle repair or the excessive fibrogenesis that 

occurs in older adults is unknown. Here, we propose that the muscle vasculature from adult and 

aged mammals contains two types of pericytes, one responsible for muscle tissue repair, the 

other for fibrous tissue accumulation with aging (28). 

 

Type-1 pericytes are fibrogenic, while type-2 pericytes are myogenic in vitro 

To determine whether fibrogenic or myogenic potential arises from the distinct, lineage-

committed pericyte subtypes described above (10), we isolated type-1 and type-2 pericytes from 
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mononucleated cells dissociated from Nestin-GFP/NG2-DsRed mouse skeletal muscle by cell 

sorting (Fig. 3) and cultured them separately in myogenic (Fig. 5 A, B, C) or fibrogenic (Fig. 5 

D, E, F, G) induction medium. 

Our previous work show that, in contrast to type-2 pericytes, satellite cells do not express 

NG2 proteoglycan and are located beneath the basal lamina (53, 77). To confirm the purity of 

our pericyte subpopulations, we examined the expression of specific markers in our isolated 

sorted cells by RT-PCR (Fig. 4 A, B). All pericytes expressed CD146, NG2 and PDGFRβ 

mRNA, but not the satellite cell markers Pax7 (48, 61, 65, 68) or Myf5 (5). Type I collagen 

mRNA was expressed in satellite cells (Nestin-GFP+/NG2-DsRed-) as reported (71), and type-1 

pericytes (Nestin-GFP-/NG2-DsRed+), but absent in type-2 pericytes (Nestin-GFP+/NG2-

DsRed+). Additionally, , pericytes did not express the fibroblast markers FSP1(42) and 

Scleraxis(55) (22).  

To investigate myogenesis in vitro, we examined the expression of myosin heavy chain 

(MHC), a marker of myogenic lineage (63), in cells exposed to myogenic differentiation medium 

for 14 days to allow myotube formation. We found that type-2 (Nestin-GFP+/NG2-DsRed+) but 

not type-1 (Nestin-GFP-/NG2-DsRed+) pericytes differentiated into myotubes (Fig. 5 B). The 

percent of nuclei per MHC+ myotubes normalized to total nuclei in type-1 and type-2 pericyte 

cultures was 0.34 ± 0.10 (n=3 replicates, 500 nuclei counted) and 60 ± 13 % (n=3 replicates, 500 

nuclei counted), respectively (Fig. 5 C). 

To examine the fibrogenic potential of the two skeletal muscle pericyte subpopulations, we 

exposed them to fibrogenic medium containing transforming growth factor beta 1 (TGF-β1), a 

profibrotic cytokine of well-established potency that is overexpressed in most fibrotic tissues 

(19).  Type-1, but not type-2 pericytes, differentiated into FSP1+ fibroblast-like cells (Fig. 5 G) 
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and expressed type I collagen (Fig. 5E). The percent of type-1 and type-2 pericyte-derived type I 

collagen+ cells per total nuclei was 68 ± 8.1 (n=3 replicates, 200 cells counted) and 0.9 ± 0.3% 

(n=3 replicates, 200 cells counted), respectively (Fig. 5 F). 

 

Type-2 pericytes are myogenic in vivo  

As purified type-2 pericytes demonstrated myogenic differentiation in vitro, we next examined 

their myogenic potential in skeletal muscle. Immediately after cell sorting, we transplanted the 

pericyte subtypes freshly isolated from the muscles of Nestin-GFP/β-actin-DsRed transgenic 

(Tg) mice into the tibialis anterior (TA) muscles of wild-type mice of different ages (young, 

middle-aged, and old) (Fig. 6B) using BaCl2 injection (Fig. 6) to induce well-confined muscle 

degeneration without damaging the basal membrane (16). DsRed fluorescence (9) allowed us to 

identify donor fibers in the host muscle (Fig. 6A). The purity of these cell populations was 

confirmed by flow cytometric re-analysis as reported (10). After 2 weeks, very few interstitial 

DsRed+ cells were observed in the muscles from young mice injected with type-1 pericytes, and 

no DsRed+ myofibers were detected (Fig. 6 C). In contrast, transplanted muscles from animals 

injected with type-2 pericytes showed many newly formed DsRed+ myofibers (Fig. 6 D, 7 A). 

 

The regenerative capacity of type-2 pericytes decreased when transplanted into aged 

skeletal muscle  

Aged microenvironments or niches inhibit the regenerative capacity of tissue stem cells (74). 

Whether they influence the differentiation potential of pericyte subpopulations is unknown. To 

address this question, we injected young, middle-aged, and old mice with type-2 pericytes and 

found that their myogenic regenerative capacity decreased in the aged microenvironment; the 
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same number of cells formed fewer myofibers in old mice compared to their younger littermates. 

Quantitative analysis revealed that Nestin-GFP+/NG2+/β-actin-DsRed+ cells participated in the 

formation of 474 ± 39 (n = 3 muscles), 316 ± 23 (n = 3 muscles), and 79 ± 30 (n = 3 muscles) 

DsRed+ myofibers per mm
2
 in young, middle-aged, and old animals, respectively (Fig. 7 A, B). 

Compared to young mice, middle-aged and old mice showed a 33% and 83% decrease in 

DsRed+ cells, respectively. Additionally, the cross-sectional area (CSA) of the newly formed 

fibers was smaller in old than young and middle-aged mice. The area of DsRed+ myofibers  was 

2123 ± 211, 984 ± 54, and 707 ± 54 µm
2
 in young, middle-aged, and old animals, respectively 

(Fig. 7A, C).  Compared to young mice, middle-aged and old mice showed a 53% and 66% 

decrease in the DsRed+ area, respectively.  

Skeletal muscle exhibits marked plasticity; myofiber type readily converts in response to 

distinct stimuli (12, 34, 38, 40). During muscle formation, fast myosin is expressed before slow 

myosin appears (41). To determine DsRed+ myofibers’ type, we examined their MHC isoform 

expression. Our results show that type-2 pericytes fused to fast (type II) myofibers (Fig. 8A). As 

the adult tibialis anterior muscle is composed of only fast fibers (36), while soleus muscles are a 

mixture of fast and slow fibers (30), we used the soleus muscle as a control for our antibody (Fig. 

8B). 

In addition to fusing to developing myofibers, skeletal muscle pericytes have been reported 

to enter the satellite-cell compartment and express satellite-cell markers (26). Since satellite cells 

do not express NG2 proteoglycan, they did not contaminate the pool of injected type-2 pericytes, 

and any DsRed+ satellite cells detected after transplantation had to originate from the pericyte 

subtype. Indeed, in examining the expression of the satellite-cell marker Pax7 in DsRed+ cells 

derived from the transplanted type-2 pericytes, we did find DsRed+/Pax7+ cells in TA muscles 
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from young animals, although very rarely (0.92 ± 0.92 DsRed+/Pax7+ cells per mm
2
), indicating 

that besides myofibers, type-2 pericytes may generate satellite cells (Fig. 7 D). 

 

Type-1 but not type-2 pericytes contribute to fibrous tissue formation in skeletal muscle 

from old mice 

Because type-1 pericytes showed fibrogenic differentiation potential in vitro, we next evaluated 

their in vivo capacity to form fibrous tissue in skeletal muscle. Fibrous tissue accumulation is 

observed only when myogenic regeneration fails due to aging or disease (29) and not in response 

to injury in young healthy mice. Therefore, we transplanted type-1 and type-2 pericytes into the 

injured skeletal muscle of old mice to analyze their fibrotic potential (54).  Previous works have 

measured collagen accumulation in intact aging skeletal muscle using biochemical and 

histochemical techniques (1, 33, 37, 47, 57). 

We sorted the pericyte subtypes from β-actin-DsRed/Nestin-GFP mice using a rabbit anti-

NG2 proteoglycan and APC anti-rabbit secondary antibodies. Since every cell expresses DsRed 

(10), even when transdifferentiated into another cell type, this technique allowed us to track 

isolated type-1 and type-2 pericytes after injection (Fig. 9 A).  

Two weeks after cell transplantation, muscles were harvested and stained for type I collagen 

(Fig. 9 B).  We observed few DsRed+ mononucleated cells in the interstitium of muscles injected 

with type-2 pericytes; almost no DsRed+ cells expressing type I collagen (9.4 ± 9.4 DsRed+/type 

I collagen+ cells per mm
2
; n = 3 muscles)(Fig. 9 B, C); and newly formed DsRed+ myofibers 

(Fig. 9B). In contrast, the interstitial connective tissue of muscles transplanted with type-1 

pericytes was rife with DsRed+ cells expressing type I collagen (1772 ± 228 DsRed+/type I 
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collagen+ cells per mm
2
: n = 3 muscles) and FSP1 (Fig. 9 D), and had no regenerated DsRed+ 

myofibers, indicating that type-1 pericytes are fibrogenic in vivo (Fig. 9 B, D). 

 

 

DISCUSSION 

 

Pericytes are found in vascularized tissues and recognized by their histological location rather 

than a precisely defined phenotype. However, some antigens, such as neuron-glial 2 chondroitin 

sulphate proteoglycan (NG2) (23), platelet-derived growth factor receptor (PDGFRβ) (28), and a 

melanoma-specific cell-adhesion molecule CD146 (23) have been identified as pericytic 

molecular markers. We distinguished two bona fide subpopulations of pericytes in skeletal 

muscle, types 1 and 2. They express these markers and, surround the endothelial cells in the 

microvasculature. Although pericytic differentiation in several tissues supports their 

multipotency (23), whether pericyte subpopulations are differentially committed to specific 

lineages is not known.  

We found that both in vitro and in vivo, type-2 (Nestin-GFP+/NG2-DsRed+) pericytes are 

myogenic, while type-1 are fibrogenic. Future studies targeting their specific capacities could 

establish a therapeutic role, either to enhance myogenesis or to decrease fibrous tissue 

accumulation, in skeletal muscle from aging mammals (Fig. 10A). 

 

Type-1 pericytes as cellular targets for anti-fibrotic therapy in skeletal muscle 

Pericytes have been found to contribute to fibrous tissue production in several organs, including 

muscle (28). Once activated, they escape from the microvessels into the interstitium and 
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participate in the formation of scar tissue, progression of fibrosis, and deterioration of organ 

function (28). However, they have also been associated with regenerative functions. In skeletal 

muscle, for example, they participate in vasculogenesis and contribute to the satellite-cell pool 

and muscle growth (23, 24, 26). Thus, removing all pericytes to prevent or reduce fibrosis would 

impede tissue repair after injury.  

Here, we adduce data indicating that a distinct type of pericyte directs each of these separate 

outcomes. Type-1 contributes to fibrosis in aging skeletal muscle, while only type-2 is myogenic. 

Instead of the whole pericyte population, future studies should target type-1 for anti-fibrotic 

therapy in skeletal muscle and, further, determine whether specific pericyte subpopulations vary 

in their function and regenerative capacity in other organs. 

 

Age-dependent mechanisms may activate different pericyte subtypes  

Fibrous tissue accumulates in the skeletal muscle with aging (75), but the mechanisms remain 

poorly understood (21). Some studies suggest that the decrease in, and reduced function of, stem 

cells play an essential role (58); others, that significant changes to the skeletal muscle pericyte 

microenvironment impair regeneration (35). Some pericytes may not express a specific receptor 

that mediates the signaling pathway required for their differentiation, resulting in the emergence 

of a subpopulation with poor sensitivity to a specific agonist. Reduced expression of the notch-

ligand delta affects notch signaling to impair muscle regeneration (21). The TGFβ, Wnt, and IGF 

pathways have also been associated with age-dependent impairment of muscle regeneration (4, 

18).  

The constitutively active PDGFRα-receptor knock-in mouse exhibits fibrosis both 

systemically and in the skeletal muscle (60). Consequently, it could be used to determine 
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whether aging-impaired signaling through PDGFRs affects different pericyte subtypes (2) and 

how extrinsic and intrinsic pericyte changes impair muscle regeneration. Cell-intrinsic changes 

may be reversible or irreversible but in any case represent an additional source of heterogeneity. 

One pericyte subtype may be more prone to senescence or apoptosis, and the aged environment 

may select for a subtype with distinct regenerative potential (20). Pericyte subtype 

characterization also suggests further investigation of reported heterogenous stem cells (72) and 

their role in tissue regeneration in various organs. Future studies should determine whether 

pericytes’ fate changes when they are exposed to such ligands as IGF-I, PDGF-AA, Wnt, and 

delta and whether their differentiation potential remains unchanged after exposure to PDGFRα-, 

TGFβR-, IGFR-, frizzled-, or notch-Fc chimeric receptors, which compete with pericyte 

receptors for ligands in vitro. 

 

The host microenvironment is critical for type-2 pericyte myogenicity 

Total muscle size decreases over the lifespan (51), and old muscle regenerative capacity is 

severely impaired (21), which can lead to disability, particularly in patients with other diseases or 

organ impairments. Note that when exposed to a younger microenvironment or experimental 

activation of specific signaling, old muscle can regain its regenerative capacity (21). 

Our data show that the myogenic regenerative capacity of type-2 pericytes decreases when 

injected in older host animals: the same number generated fewer and smaller myofibers. We 

suggest that the deleterious age-muscle microenvironment could be modified to improve type-2 

pericyte-dependent muscle regeneration. 

Total muscle decrease with aging is associated with fewer fibers (51), but many studies also 

report myofiber atrophy with a substantial decrease in fiber size (73). Reduced regenerative 
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potential of muscle stem cells (15) is one of several mechanisms proposed to explain age-related 

muscle loss. Here, we show that the regenerative capacity of type-2 pericytes is impaired in the 

old. To what extent this impairment leads to fiber loss or atrophy as compared to the effects of 

other myogenic stem cells in skeletal muscle has not been established. 

 

In general, pericytes are multipotent, but their subpopulations exhibit lineage restriction  

Strong evidence indicates that pericytes are multipotent stem cells, able to form various tissues. 

They have been shown to improve heart function following myocardial infarction in animal 

models (45); to form myotubes with high efficiency (23, 26); and their osteogenic differentiation 

and chondrogenic and adipogenic potential are also confirmed (23). They accelerate wound 

healing (78) and contribute to fibrous tissue formation (28, 29). Their role in forming and 

stabilizing engineered blood vessels (24) suggests a use in vasculogenic therapy, and they can be 

induced to develop into neural cells (44).  

Pericytes are heterogeneous in location, origin, and morphology (82), and here we show that 

their molecular marker expression along the skeletal muscle vasculature also varies. However, in 

contrast to the current concept of skeletal muscle pericytes as multipotent stem cells with several 

differentiation potentials (Fig. 10B), the two oligopotent capillary pericytes we identified differ. 

Type-1 is responsible for ectopic adipocyte deposition (8) and fibrous tissue accumulation with 

aging, while type-2 accounts for regenerative capacity and, under special conditions, may be 

induced to differentiate into neural lineage (10). This new knowledge will advance tissue repair 

and regenerative medicine.  
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Limitations of this study 

Our transplantation studies are the first to show that pericytes participate differentially in 

myogenesis or fibrosis in vivo. However, their contribution relative to other myogenic and 

fibrogenic cells in skeletal muscle—namely, satellite cells and tissue-resident fibroblasts, 

respectively—remains to be studied. Although lack of muscle regeneration has been reported 

after satellite cell ablation (50, 54, 67), their interaction with fibroblasts is required for efficient 

muscle regeneration (59), and cross-talk with other cell types, including pericytes, cannot be 

ruled out. Skeletal muscle fibroblasts do not participate directly, contributing myonuclei, to 

muscle regeneration. However, since their ablation alters the expansion of satellite cells and 

impairs muscle regeneration (59), research is needed to determine whether ablating type-2 

pericytes, which do contribute myonuclei by fusion, can affect muscle regeneration.  

Endogenous pericytes contribute to growth of a significant percentage of muscle fibers 

(26). Additionally, conditions that trigger skeletal muscle regeneration, such as muscle injury, 

dramatically increase pericytes’ contribution to skeletal myogenesis (26). Reports showing that 

selectively ablating satellite cells permanently hampers subsequent attempts to regenerate 

skeletal muscles (50, 59, 67) do not contradict our results because satellite cells may be required 

to induce other cell types to adopt a myogenic fate, as suggested by Sambasivan et al., 2011 (67). 

The relative contribution of pericytes to muscle repair is unknown since they fuse with myofibers 

and may generate satellite cells (26). 

Multinucleated myofibers arise from the fusion of many cells with myogenic capacity in 

developing and regenerating muscle (17, 46, 64, 70). A recent study describes the ability of 

pericytes resident in postnatal skeletal muscle to fuse with myofibers and enter the satellite cell 

compartment (26). Here, we show that myofibers become DsRed+ after injection with type-2, 
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but not type-1, pericytes because these pericytes fuse to the myofibers during tissue repair. 

Whether one or many type-2 pericytes fuse with individual damaged myofibers is unknown. We 

also show that, in vitro, only type-2 pericytes form myotubes. 

Quantifying the contribution of endogenous pericyte subtypes to myogenesis and fibrous 

tissue formation with aging is enabled by recombination-based lineage tracing, and ablating a 

pericyte subpopulation would show whether satellite cells’ myogenic capacity is affected by its 

absence. The only marker we found differentially expressed in pericyte subpopulations is Nestin-

GFP, which is also expressed in satellite cells (25), so tracking pericyte fate or ablating a subtype 

in vivo will require the discovery of new markers expressed in a pericyte subpopulation but not 

other cells. Future work characterizing the expression profiles of type-1 and type-2 pericytes will 

define these novel markers. 
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Figure 50 Figure 1. Two pericyte subtypes are associated with skeletal muscle microvessels. 
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Figure 1. Two pericyte subtypes are associated with skeletal muscle microvessels. (A) 

Histological analysis of pericyte subtypes in the skeletal muscle of double transgenic Nestin-

GFP/NG2-DsRed mice. Whole lumbricalis muscle examined immediately after dissection. NG2-

DsRed, Nestin-GFP, brightfield, and merged images are shown. NG2-DsRed+ cells can be 

detected; some overlap with Nestin-GFP fluorescence. (B) Longitudinal section of EDL muscle 

from Nestin-GFP/NG2-DsRed mice illustrating the two pericyte subtypes, type-1 (Nestin-GFP-

/NG2-DsREd+; white arrow) and type-2 (Nestin-GFP+/NG2-DsRed+; yellow arrow). All panels 

show the same muscle area for different channels (Nestin-GFP, NG2-DsRed, Hoechst, 

brightfield, merged fluorescence, and merged fluorescence and brightfield images). (C) 

Immunofluorescence on transverse sections from the same muscle shown in (B), stained with 

anti-PDGFRβ, anti-CD146, and anti-CD31 antibodies, confirms the presence of two types of 

pericytes, both PDGFRβ+/CD146+ and associated with microvessels (CD31+). Panels show 

identical muscle areas from left to right: PDGFRβ (first line), CD146 (second line), or CD31 

(third line) (orange), Nestin-GFP+ (green), NG2-DsRed (red), Hoechst (blue), brightfield, and 

merged images. The white arrows indicate type-1 pericytes (Nestin-GFP-/ NG2-DsRed+), and 

the yellow arrows, type-2 (Nestin-GFP+/NG2-DsRed+). 
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Figure 51 Figure 2. Satellite cells and fibroblasts do not express NG2-DsRed. 

Figure 2. Satellite cells and fibroblasts do not express NG2-DsRed. Skeletal muscle from 

Nestin-GFP/NG2-DsRed transgenic mice shows Pax7 (satellite cells marker), FSP1 (fibroblast 

marker), Nestin-GFP, NG2-DsRed, and Hoechst staining in the same region. Brightfield and 

merged images are also shown. White arrow shows a satellite cell (Nestin-GFP+/Pax7+) that 

does not express NG2-DsRed; the yellow arrow indicates a Nestin-GFP-/FSP1+ but NG2-

DsRed- fibroblast. 
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Figure 52 Figure 3. Isolation of skeletal muscle pericyte subtypes from Nestin-GFP/NG2-DsRed mice by sorting. 

Figure 3. Isolation of skeletal muscle pericyte subtypes from Nestin-GFP/NG2-DsRed mice 

by sorting. Representative flow cytometry dot plot showing GFP versus DsRed fluorescence 

with the gate set using cells isolated from skeletal muscle of wild-type mice (A). (B) Nestin-

GFP/NG2-DsRed skeletal muscle-derived cells were divided into four populations: Nestin-

GFP+/NG2-DsRed-, Nestin-GFP-/NG2-DsRed+ (type-1 pericytes), Nestin-GFP+/NG2-DsRed+ 

(type-2 pericytes), and Nestin-GFP-/NG2-DsRed- cells. (C) Single cells in culture dishes 

immediately after sorting. Localization of Nestin-GFP+ (green) and NG2-DsRed+ (red) cells in 

freshly sorted fractions. All cells in the fraction of type-1 pericytes (Nestin-/NG2+) were Nestin-

GFP negative and NG2-DsRed positive and Nestin-GFP and NG2-DsRed positive in the fraction 

of type-2 pericytes (Nestin+/NG2+). 
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Figure 53 Figure 4. Nestin-GFP and NG2-DsRed cells gene expression. 

Figure 4. Nestin-GFP and NG2-DsRed cells gene expression. (A) Representative RT-PCR 

agarose gel from 3 experiments showing CD146, NG2, PDGFRβ, Pax7, Myf5 expression and 
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control GAPDH. The pericyte markers CD146, NG2 and PDGFRβ were present in Nestin-GFP-

/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells, but absent in Nestin-GFP+/NG2-DsRed- 

cells. The satellite cell markers Pax7 and Myf5 were detected only in Nestin-GFP+/NG2-DsRed- 

cells. (B) RT-PCR agarose ge,l representative of 3 experiments, showing type I Collagen 

(Col1a1), Fibroblast specific protein (FSP1), Scleraxis (Scx) expression and control GAPDH. 

Type I Collagen gene was expressed in Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-

DsRed- cells, but absent in Nestin-GFP+/NG2-DsRed+ cells. The fibroblast markers were not 

present in Nestin-GFP-/NG2-DsRed+, Nestin-GFP+/NG2-DsRed+, or Nestin-GFP+/NG2-

DsRed- cells. cDNA from whole skeletal muscle dissociated cells pre-sorting (WSM) was used 

as a positive control. 
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Figure 54 Figure 5. Type-1 pericytes produce type I collagen, while type-2 pericytes differentiate into myotubes in vitro. 
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Figure 5. Type-1 pericytes produce type I collagen, while type-2 pericytes differentiate into 

myotubes in vitro. Myogenic and fibrogenic induction of freshly isolated pericyte subtypes from 

Nestin-GFP/NG2-DsRed mouse muscle. (A) Timeframe of myogenic differentiation in vitro: 

freshly isolated pericytes (Fig. 3) were cultured for 2 weeks in myogenic differentiation medium. 

(B) After 14 days in differentiation medium, Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-

DsRed+ cells were stained with anti-myosin heavy chain (MHC) antibody. (C) The percent of 

MHC+ nuclei derived from each pericyte subtype was counted and normalized to the total 

number of nuclei (n=3). Data are mean ± S.E.M. (D) Timeframe for fibrogenic in vitro 

differentiation: freshly isolated pericytes (Fig. 3) were cultured for 5 days in fibrogenic medium 

containing TGFβ. (E) After 5 days in fibrogenic medium, Nestin-GFP-/NG2-DsRed+ and 

Nestin-GFP+/NG2-DsRed+ cells were stained with anti-type I collagen antibody. (F) The 

percent of type I collagen+ cells derived from each pericyte subpopulation was counted and 

normalized to the total cell number (n=3 preparations). (G) Nestin-GFP-/NG2-DsRed+ and 

Nestin-GFP+/NG2-DsRed+ cells were stained with FSP1 antibody at day 5 in fibrogenic 

conditions. 
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Figure 55 Figure 6. Skeletal muscle type-2 pericyte fate in vivo. 
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Figure 6. Skeletal muscle type-2 pericyte fate in vivo. (A) Pericytes subtypes from Nestin-

GFP/β-actin-DsRed double-transgenic mice were isolated and sorted using an anti-NG2 

proteoglycan APC antibody. All cells are DsRed+ and can be tracked in vivo. Representative dot 

plots showing GFP versus APC fluorescence with the gate set using unlabeled cells before and 

after labeling with NG2 APC antibody. (B) Transplantation of isolated type-2 DsRed+ pericytes 

into injured skeletal muscles. (C) Representative tibialis anterior (TA) muscle section from a 

young mouse showing transplanted type-1 pericytes (DsRed+) remaining in the interstital space. 

Panels show identical muscle areas. Nuclei were stained with Hoechst 33342. (D) Whole TA 

muscle visualized immediately after dissection from young, middle-aged, and old mice 2 weeks 

after type-2 DsRed+ pericytes transplantation. Brightfield, DsRed fluorescence, and merged 

images are shown. Notice the scarcity of DsRed+ cells in the muscle from old animals. 
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Figure 56 Figure 7. Type-2 pericytes participate in the formation of fewer and smaller myofibers in injured old mice. 
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Figure 7. Type-2 pericytes participate in the formation of fewer and smaller myofibers in 

injured old mice. (A) Two weeks after transplantation, DsRed+ myofibers (red) are present in 

the muscle of mice injected with type-2 pericytes. Panels show identical muscle areas from top to 

bottom: DsRed fluorescence (first line), Hoechst (blue), brightfield, merged fluorescence, and 

merged fluorescence and brightfield images. (B and C) Quantification of the data illustrated in 

A.  (B) Number of DsRed+/type I collagen+ cells normalized to the cross-sectional area at day 

14 of cell transplantation into injured skeletal muscle from old mice (n=3 muscles). For data 

analysis we used one-way ANOVA followed by Holm-Sidak test. (C) Cross-sectional area of 

DsRed+ myofibers in young, middle-aged, and old mice (n=3 muscles). For data analysis, we 

used one-way ANOVA followed by Tukey test. (D) Representative TA muscle section from a 

transplanted mouse (as in A), showing a rare type-2 pericyte (DsRed+) expressing the satellite 

cell marker Pax7. Panels show identical muscle areas. Nuclei were stained with Hoechst 33342. 

* indicates P<0.05. 
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Figure 57 Figure 8. DsRed+ muscle fibers in muscles transplanted with DsRed+type-2 pericytes are fast (type II). 

Figure 8. DsRed+ muscle fibers in muscles transplanted with DsRed+type-2 pericytes are 

fast (type II). (A) All fibers express fast myosin heavy chain in TA muscle injected with 

DsRed+ type-2 pericytes. (B) Soleus muscle, used as a staining control, also shows some fibers 

expressing fast myosin heavy chain. All panels show the same area for different channels: Fast 

MHC staining (orange), DsRed (red), Laminin (green), Hoechst (blue), brightfield, merged 

fluorescence images, and fluorescence and brightfield merge image. n=3. 
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Figure 58 Figure 9. Type-1 pericytes are fibrogenic in vivo in old mouse skeletal muscle. 
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Figure 9. Type-1 pericytes are fibrogenic in vivo in old mouse skeletal muscle. (A) 

Timeframe for type-1 or type-2 DsRed+ pericyte isolation and injection into injured skeletal 

muscles from old wild-type mice. (B) TA muscle cross-sections from old mice injected with 

type-1 or type-2 DsRed pericytes 2 weeks after transplantation. Panels show identical muscle 

areas from left to right: DsRed, type I collagen, Hoechst, brightfield, merged fluorescence, and 

merged fluorescence and brightfield images. Anti-type I collagen staining confirms that type-1 

pericytes stay in the interstitium and do not differentiate into muscle cells; type-2 pericytes do 

not express type I collagen and fuse in DsRed+ myofibers. (C) Quantification of the data 

illustrated in B. Number of DsRed+/type I collagen+ cells normalized to the cross-sectional area 

at day 14 of cell transplantation into injured skeletal muscle from old mice (n=3 muscles). (D) 

TA muscle cross-sections from old mice injected with type-1 DsRed+ pericytes 2 weeks after 

transplantation. All panels show the same muscle area for different channels (FSP1 staining, 

DsRed, Hoechst, brightfield, merged fluorescence, and fluorescence and brightfield merged 

images). Type-1 pericytes are located in the interstitium and express the fibroblast marker FSP1. 
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Figure 59 Figure 10. Diagram of the role of pericyte subtypes in healing young and old skeletal muscle. 

Figure 10. Diagram of the role of pericyte subtypes in healing young and old skeletal 

muscle. Two subpopulations of pericytes are associated with blood vessels in the skeletal 

muscle: type-1 (yellow) and type-2 (green). (A) We propose that during muscle repair, type-2 

pericytes together with satellite cells contribute to myogenesis, producing larger myofibers in 

young than in old mice, while type-1 pericytes participate in the fibrous tissue accumulation 

observed in aged mice. (B) Classical model of the pericyte as a multipotent stem cell able to 

differentiate into fat, fibrous tissue, muscle, or neural cells. (C) Our model proposes that 

pericytes are heterogeneous and multipotent, but their subtypes are oligopotent and their ability 

to differentiate more restricted. 
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Table 1 

Antibodies, concentration, and source 

Table 9 Table 1. Antibodies, concentration, and source 

Antibody Dilution Source Location 

Rabbit anti-PDGFRβ 1:250 Dr. W. Stallcup Sanford-

Burnham 

Medical 

Research 

Institute, CA 

Rat anti-mouse CD146 1:250 BioLegend (Cat. # 134702) San Diego, CA 

Rat anti-CD31 (PECAM-

1) 

1:100 BD Biosciences (Cat. #  

558736) 

San Jose, CA 

Rabbit anti- type I 

collagen 

1:1000 AbD Serotec (Cat. #  2150-

1410) 

Raleigh, NC, 

Mouse anti-MHC (MF 20) 1:2000 Developmental Studies 

Hybridoma Bank, University of 

Iowa 

Iowa City, IA 

Rabbit anti-NG2 

Chondroitin Sulfate 

Proteoglycan 

1:100 Chemicon-Millipore (Cat. # 

AB5320) 

Temecula, CA 

Mouse anti-Pax7 1:100 Developmental Studies 

Hybridoma Bank, University of 

Iowa 

Iowa City, IA 

Mouse anti-FSP1 1:100 Novus Biologicals (Cat. # 

H00006275-M01) 

Littleton, CO 

Mouse anti-Fast Myosin 

Skeletal Heavy chain 

1:100 Abcam (Cat. # ab51263) 

 

Cambridge, MA 

 

 

 

 

 

 

 

 

 

 

http://www.bdbiosciences.com/ptProduct.jsp?prodId=681&key=CD31&param=search&mterms=true&from=dTable
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Table 2 

Genes, GenBank Accession numbers, Coding regions, Primers 

Table 10 Table 2. Genes, GenBank Accession numbers, Coding regions, Primers 

Gene GenBank 

Accession 

numbers 

Coding 

regions 

Forward primer and 

positions 

Reverse primer and 

positions 

CD146 NM_023061.2 CDS: 33-1797 

 

AAGAGGAGAGCACCGA

TGAA (922-941) 

TTACTTTCTGCCTCGCA

GGT (1147-1128) 

NG2 NM_139001.2 CDS: 87-7070 GCACGATGACTCTGAG

ACCA (3020-3039) 

AGCATCGCTGAAGGCT

ACAT (3242-3223) 

PDGFRβ NM_001146268.

1 

CDS: 430-

3729 

 

CCGGAACAAACACACC

TTCT   (2511-2530) 

 

TATCCATGTAGCCACC

GTCA (2656-2637) 

 

Pax7 NM_011039.2 CDS: 58-1569 CATCCTTAGCAACCCGA

GTG (1215-1234) 

AGTAGGCTTGTCCCGT

TTCC (1567-1548) 

 

Myf5 NM_008656.5 CDS: 204-971 AGACGCCTGAAGAAGG

TCAA (483-502) 

 

TGGAGAGAGGGAAGC

TGTGT (899-880) 

 

Col1a1 NM_007742.3 CDS: 100-

4461 

CACCCTCAAGAGCCTGA

GTC (3765-3784) 

 

GTTCGGGCTGATGTAC

CAGT (3998-4017) 

S100a4 

(FSP1) 

NM_011311.2 CDS: 53-358 TTGTGTCCACCTTCCAC

AAA (87-106) 

 

GCTGTCCAAGTTGCTC

ATCA (225-244) 

 

Scx NM_198885.3 CDS: 165-788 TGGCCTCCAGCTACATT

TCT (529-548) 

 

TGTCACGGTCTTTGCTC

AAC (746-765) 

 

GAPDH NM_008084.2 CDS: 51-1052 GTGGCAAAGTGGAGAT

TGTTGCC (118-140) 

 

GATGATGACCCTTTTG

GCTCC (407-387) 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/nucleotide/126012538?report=genbank&log$=nucltop&blast_rank=4&RID=1N48PEET013
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ABSTRACT 

 

Tissue growth and function depend on vascularization, and vascular insufficiency or excess 

exacerbates many human diseases. Identifying the biological processes involved in angiogenesis 

will dictate strategies to modulate reduced or excessive vessel formation. Here, we examine the 

essential role of pericytes. Their heterogeneous morphology, distribution, origins, and 

physiology have been described. Using double transgenic Nestin-GFP/NG2-DsRed mice, 

we had identified two pericyte subsets. In this work, we found that Nestin-GFP-/NG2-DsRed+ 

(type-1) and Nestin-GFP+/NG2-DsRed+ (type-2) attach to the walls of small and large blood 

vessels in vivo, and in vitro, type-2, but not type-1, spark endothelial cells to form new vessels. 

Matrigel assay showed that only type-2 pericytes participate in normal angiogenesis. Moreover, 

when cancer cells were transplanted into Nestin-GFP/NG2-DsRed mice, type-1 pericytes did not 

penetrate the tumor, while type-2 were recruited during its angiogenesis. As inhibiting 

angiogenesis is a promising strategy in cancer therapy, type-2 pericytes may provide a cellular 

target susceptible to signaling and pharmacological manipulation in treating malignancy. This 

work also reports the potential of type-2 pericytes to improve blood perfusion in ischemic 

hindlimbs, indicating their potential for treating ischemic illnesses.  
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INTRODUCTION 

 

All tissues require healthy vasculature to supply nutrients and oxygen and remove degradation 

products. Insufficient vascularization leads to ischemic conditions that inhibit tissue growth and 

survival, while tumors promote excessive and aberrant vascularization (36). Angiogenesis is the 

process by which new blood vessels form from existing vessels (65). It plays a central role in 

human physiology during fetal development, menstruation, wound healing, tissue repair after 

surgery or trauma, cancer, and various ischemic and inflammatory diseases (3, 46). 

Understanding angiogenesis well enough to manipulate it would create numerous therapeutic 

opportunities.  

Successful angiogenesis requires the participation of various cell types and associated 

molecular signaling. Cells attached to the walls of microvessels, called pericytes, play a critical 

role in stabilizing blood vessels. Based on their markers, morphology, and origin, they are 

heterogeneous (19, 34, 72, 75, 77, 90) (15, 17, 18 ). Some have robust angiogenic potential (30), 

respond to angiogenic factors, guide newly formed vessels, and provide survival signals for 

endothelial cells. Whether all pericyte subpopulations have angiogenic potential remains 

unknown. 

As pericytes participate in stem cell support, self-renewal, and proliferation (50) as well as 

tissue regeneration and repair (15, 18), targeting only the pericyte subpopulation involved in 

angiogenesis may provide more efficient control of blood vessel development and a target for 

treatments designed either to decrease (cancer) or to increase (ischemic diseases) vascularization.  

Recently, using Nestin-GFP/NG2-DsRed transgenic mice, we identified two pericyte 

subtypes, type 1 (Nestin-GFP-/NG2-DsRed+) and type 2 (Nestin-GFP+/NG2-DsRed+). We 
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found that they play diverse roles in different microenvironments (15, 17, 18): while type-2 

pericytes generate new muscle tissue after injury, type 1 are fibrogenic and adipogenic in old and 

diseased skeletal muscle, respectively. Whether their angiogenic potential differs is unknown. 

Here, using a Matrigel plug assay, we show that angiogenesis occurs when type-2, but not 

type-1, pericytes are cultured with endothelial cells or injected in vivo. Moreover, only 

endogenous type-2 pericytes are recruited during tumor angiogenesis. We also found that type-2 

pericytes recover blood flow in a mouse model of hindlimb ischemia. We propose targeting type-

2 pericytes, rather than all pericytes, for antiangiogenic cancer therapy and tissue 

revascularization. This approach will not interfere with normal type-1 pericyte functions such as 

extracellular matrix deposition needed for normal tissue remodeling. 

 

 

MATERIALS AND METHODS 

 

Animals 

Our colony of Nestin-GFP transgenic mice was maintained homozygous for the transgene on the 

C57BL/6 genetic background (54). Our colony of C57BL/6 wild-type mice was used as the 

control. Male athymic nude (nu/nu) mice from Taconic Farms (Germantown, NY) were used in 

transplantation studies. NG2-DsRed transgenic mice expressing DsRed-T1 under the control of 

the NG2 promoter (89) and β-actin-DsRed transgenic mice expressing red fluorescent protein 

variant DsRed.MST under the control of the chicken β-actin promoter coupled with the 

cytomegalovirus (CMV) immediate-early enhancer (84) were purchased from the Jackson 

Laboratory (Bar Harbor, ME). All tissues of β-actin-DsRed transgenic mice fluoresce red (84). 
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Nestin-GFP mice were crossbred with β-actin-DsRed mice to generate Nestin-GFP/β-actin-

DsRed double-transgenic mice. Nestin-GFP/NG2-DsRed double-transgenic mice were described 

in previous publications (15, 17, 18). All colonies were housed in a pathogen-free facility of the 

Animal Research Program at Wake Forest School of Medicine (WFSM) under a 12:12-h 

light/dark cycle and fed ad libitum. Both male and female homozygous mice were used, and their 

ages ranged from 3 to 5 months. Animal handling and procedures were approved by the WFSM 

Animal Care and Use Committee. 

 

Primary antibodies  

Table 1 shows the antibodies and source. 

 

Mesenteric vessel isolation 

Mesenteric vessels were isolated as described (53). Briefly, the mice were anesthetized and their 

arteries removed, with all precautions to ensure sterility observed. The abdominal wall was 

opened in layers, and the coeliac gland exposed. The superior mesenteric artery was then easily 

identified in close proximity to the gland, stripped of surrounding mesentery, and clamped 

proximally. Blood was cleared from the artery and its branches by injecting 1 ml of cold PBS 

solution into the artery, distal to the clamp. Tissues were kept moist during dissection with PBS 

solution. After teasing away surrounding mesentery, the artery and its branches were quickly 

removed and stripped of peri-arterial fat and fibrous tissue. The superior mesenteric artery and its 

main branches were then dissected out and observed under phase-contrast and fluorescence 

microscopy.  
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Skeletal muscle immunohistochemistry 

To detect DsRed and GFP fluorescence in 3-month-old Nestin-GFP/NG2-DsRed mice, 

nondissociated Extensor Digitorum Longus (EDL) muscles were dissected; fixed in 4% 

paraformaldehyde (PFA) overnight; immersed in 10%, 20%, and 30% sucrose solutions for 60, 

45, and 30 minutes, respectively; embedded in OCT; and rapidly frozen in liquid nitrogen to 

prepare 10-μm-thick cryosections. Muscle sections were fixed with 4% PFA for 30 minutes, then 

permeabilized in 0.5% Triton X-100 (Sigma, St. Louis, MO), and blocked to saturate nonspecific 

antigen sites using 5% (v/v) goat serum/PBS (Jackson Immunoresearch Labs, West Grove, PA) 

overnight at 4°C. The next day, the sections were incubated with primary antibodies at 1:100 

dilution for 4 h at room temperature and visualized using appropriate specie-specific secondary 

antibodies conjugated with Alexa Fluor 680 at 1:1000 dilution (Invitrogen, Carlsbad, CA) (87, 

88). Muscle sections were counterstained with Hoechst 33342, mounted on slides using 

Fluorescent Mounting Medium (DakoCytomation, Carpinteria, CA), and examined under 

fluorescence microscopy.  

 

Fluorescence-activated cell sorting (FACS) 

FACS was carried out on a BD flow cytometer (Aria Sorter, San José, CA). Data acquisition and 

analyses were performed using BD FACS Diva 5.0.3 software, gated for a high level of GFP or 

APC expression. The clear separation of GFP+ from GFP- cells (14) and APC+ from APC- cells 

as well as the low flow rate explain the ease and accuracy of sorting (17). Sorted cells were re-

analyzed to confirm their fluorescence profile (14, 17).  

 

 

http://www.getbodysmart.com/ap/muscularsystem/footmuscles/extdigitorumlongus/tutorial.html
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Isolation of type-1 and type-2 DsRed+ pericytes  

Hindlimb muscle cells were freshly isolated from young adult (3-5-month-old) Nestin-GFP/β-

actin-DsRed mice as described (16). Briefly, muscles were carefully dissected away from the 

surrounding connective tissue and minced, then digested by gentle agitation in 0.2% (w/v) type-2 

collagenase in Krebs solution at 37°C for 2 hours, and dissociated by trituration and resuspension 

in 0.25% trypsin/0.05% EDTA in PBS for 15 minutes at 37°C. After centrifuging at 1500 rpm 

for 5 minutes, the supernatant was removed, and the pellet resuspended in growth medium. 

Aggregates were removed by passing them through a 40-µm cell strainer prior to sorting. After 

counting, cells were centrifuged at 1500 rpm for 5 min and resuspended in 100-µl 1% FBS in 

PBS /10
6
 cells. First, an aliquot was collected for use as unlabeled control (labeled with only the 

secondary APC anti-rabbit, without the primary rabbit anti-NG2 antibody) to set the gate for 

APC. The remaining cells were incubated with the primary rabbit anti-mouse NG2 antibody for 

45 min and washed in 1% FBS in PBS. They were then incubated for 30 min with APC anti-

rabbit secondary antibody, washed in PBS with 1% FBS. The gate for GFP was set using cells 

isolated from skeletal muscle of wild-type mice. Sorting was based on GFP and APC 

fluorescence. Isolated Nestin-GFP+/NG2-APC+/β-actin-DsRed+ and Nestin-GFP-/NG2-

APC+/β-actin-DsRed+ cells were used in angiogenic in vitro assays, in Matrigel plug in vivo 

assays, and in cell-fate tracking experiments to evaluate vessel formation in vivo after hindlimb 

ischemia. In contrast to Nestin-GFP/NG2-DsRed, Nestin-GFP/β-actin-DsRed cells express β-

actin-DsRed in all cells (21) and their red fluorescence persists even after their 

transdifferentiation, allowing us to track cell fate. 
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Cell culture 

Human umbilical vein endothelial cells (HUVEC) were obtained from the American Type 

Culture Collection. All experiments used endothelial cells between passages 2 and 4. HUVECs 

were maintained in Medium 200 with endothelial Low-Serum Growth Supplement (LSGS) 

(Invitrogen) at 37ºC with 5% CO2. The medium was changed every other day. All cells were 

maintained as subconfluent cultures and split 1:3, 24 hours before use.  

 

Angiogenic assays 

Angiogenic assays were performed as described (4). Briefly, after O/N incubation at 4°C, 150 µl 

of precooled matrigel-reduced growth factor (BD matrigel™ 356230) were transferred to a 48-

well plate on ice. After gel formation at 37C° for 30 min, 4 x 10
5
 HUVECs were diluted in cell 

culture media, and 500 µl of the suspension were added to the 48-well plate. HUVECs were 

cultured alone as a control or together with 1,5 x 10
5
 type-1 DsRed+ purified pericytes or 1,5 x 

10
5
 type-2 DsRed+ purified pericytes in the same culture medium. Plating dishes were incubated 

at 37°C, and after 3 hours, the culture medium was gently removed and matrigel (150 µl) added 

to form a sandwich that was finally covered with 500 µl of culture medium. After 10 days, the 

formation of endothelial tubular networks was examined under the microscope. 

 

Matrigel plug assays 

Matrigel plug assays were performed as described (23). Briefly, 4 x 10
6
 HUVEC and 5 x 10

5
 

type-1 DsRed+ purified pericytes or 5 x 10
5
 type-2 DsRed+ purified pericytes were suspended in 

500 µl of culture medium. The cell suspensions were mixed with 500 µl of liquid matrigel 

reduced growth factor (BD matrigel™ 356230) at a ratio of 1:1 at 4°C.  Nude mice (2-3-month-
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old) received a total of 1mL of this mixture subcutaneously in the dorsal region generating 

matrigel plugs when warmed to body temperature (49). Plugs were recovered 2 weeks later. 

 

Intracerebral transplantation of glioblastoma (GBM) cells 

To evaluate cell recruitment during brain tumor growth, orthotopic GBM tumors were 

established by stereotaxic implantation of 2 × 10
5
 actively growing G26-H2 murine glioma cells 

in Nestin-GFP/NG2-DsRed mice. In brief, mice were anesthetized with a ketamine/xylazine 

mixture (114/17 mg/kg), and a 0.45 mm burr hole was made 2 mm lateral and 0.5 posterior to the 

bregma in the right cerebral hemisphere through a scalp incision. Stereotaxic injection was 

performed on a Just For Mice stereotaxic apparatus (Harvard Apparatus, Holliston, MA), 

inserting a 10-µL syringe (Hamilton, Reno, NV) with a 30-gauge, 1-inch flat needle through the 

burr hole to a depth of 3.2 mm. A Nanomite Programmable Syringe Pump (Harvard Apparatus) 

delivered constant infusion at a rate of 0.5 μL/min to a total volume of 5 µL (11, 12).  

To prevent infection and alleviate pain and/or discomfort, all animals received an antibiotic 

(gentamycin, 5.8 mg/kg) and an analgesic (buprenorphine, 0.1-0.5mg/kg). Mice were monitored 

for body weight and ambulatory, feeding, and grooming activities afterward. Animals losing 

≥20% of their body weight or having trouble ambulating or feeding were euthanized. Mice with 

tumors growing outside of their intracranial space were eliminated from the study. 

Five weeks after implantation, mice were anesthetized again and transcardially perfused with 

cold PBS followed by perfusion with 4% paraformaldehyde solution in PBS. After decapitation, 

brains were rapidly dissected out, removed from the skull, postfixed for 24 hours in the same 

fixative solution, and cryoprotected with 30% sucrose in PBS for 2 days. The brains were then 
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placed in embedding cryomolds, covered with tissue embedding medium (O.C.T. Compound; 

Tissue-Tek; Sakura Finetek, Tokyo, Japan), snap-frozen in liquid nitrogen, and stored at -80°C. 

 

Brain histological processing 

Serial, 20-µm thick, coronal sections of frozen brains, obtained using a cryostat (Zeiss Microm 

HM 500, Oberkochen, Germany) at -20°C, were mounted on SuperFrost Plus Microscope Slides 

in series of six (Fisher Scientific) and stored at -20°C. For experiments, the sections were dried 

at room temperature for 1 hour, rehydrated in PBS, permeabilized with 0,5% Triton X-100 

(Sigma, St. Louis, MO) in PBS solution, and blocked to saturate nonspecific antigen sites using 

5% (v/v) goat serum/PBS (Jackson Immunoresearch Labs) at 4°C overnight. The next day, the 

sections were incubated with Hoechst 33342 used as a nuclear marker. The sections were 

mounted on slides using Fluorescent Mounting Medium (DakoCytomation) and examined with 

fluorescence microscopy.  

 

Subcutaneous transplant of melanoma cells and tumor tissue processing 

To evaluate cell recruitment during peripheral tumor growth, actively growing B16 melanoma 

cells were implanted subcutaneously into Nestin-GFP/NG2-DsRed mice at 3 × 10
5
 cells per 

mouse in 200 µL of PBS/Matrigel (BD Biosciences). When tumors reached a volume exceeding 

1000 mm
3
, mice were killed. Tumor tissues and adjacent muscle were dissected, harvested, and 

fixed in 4% paraformaldehyde overnight. Tissues were then immersed in 30% sucrose solution 

overnight, embedded in OCT, and rapidly frozen in liquid nitrogen to prepare 10-μm-thick 

cryosections, which were fixed with 4% PFA for 30 minutes, then permeabilized in 0.5% Triton 

X-100 (Sigma), and blocked to saturate nonspecific antigen sites using 5% (v/v) goat serum/PBS 
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(Jackson Immunoresearch Labs) overnight at 4°C. The next day, the sections were incubated 

with primary antibody anti-CD31 (PECAM) at room temperature for 4 h and visualized using 

appropriate species-specific secondary antibody conjugated with Alexa Fluor 680 at 1:1000 

dilution (Invitrogen). These sections were counterstained with Hoechst 33342, mounted on slides 

using Fluorescent Mounting Medium (DakoCytomation), and examined with fluorescence 

microscopy.  

 

Critical hindlimb ischemia model 

Two to three month-old athymic nude (nu/nu) male mice were anesthetized with xylazine (20 

mg/kg) and ketamine (100 mg/kg) by intraperitoneal injection as described (30) and subjected to 

hindlimb ischemia by femoral artery ligation and transection. Immediately after surgery, mice 

received 2x10
6
 type-1 or type-2 DsRed+ pericytes or unconditioned DMEM medium (200 µl) by 

intramuscular injection into the ischemic leg. Limb perfusion was assessed with in vivo MRI 

angiography 10 days after treatment, followed by fluorescence microscopy analysis of muscle 

harvested from the ischemic limb.  

 

In vivo MR imaging – Angiography 

All in vivo imaging was performed on a Bruker 70/30 horizontal bore, small animal MRI scanner 

equipped with a high-power gradient insert (60-mm inside diameter) capable of generating a 

maximal magnetic field gradient of 1000 mT/m (Bruker Biospin, Ettlingen, Germany). Each 

animal was placed prone in a sliding mouse bed in an induction chamber initially filled with 

room air and then with a mixture of isoflurane (2%) and oxygen (2 L/min) until the animal was 

anesthetized. A pillow over the abdomen monitored respiration rate, and a nose cone supplied 
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isoflurane and oxygen (typical levels: 1.5% and 1 L/min) during scanning. Thermostatically 

controlled warm air was blown into the bore of the magnet to keep the animal’s skin temperature 

above 35ºC.  

The animal’s pelvis was placed at the center of the 7T MRI magnet in a quadrature volume 

RF coil with an inside diameter of 35 mm. A three-plane localizer scout scan was acquired using 

a Rapid Acquisition with Relaxation Enhancement (RARE) pulse sequence with the parameters: 

repetition time (TR) = 1500ms; echo time (TE) = 35ms; field of  view (FOV) = 3 cm; matrix size 

= 128x128; slice thickness = 2.0mm; and number of excitations (NEX) = 1.  

The high-resolution, T1-weighted scan and angiography scan were planned using the three-

plane localizer images. The T1-weighted scan was acquired using a RARE pulse sequence with 

the parameters: TR = 3000ms; TE=8ms; matrix = 256x256; FOV = 2.2 cm; and NEX=3 for a 

total acquisition time of 7 minutes and an in-pl -resolution 

angiography scans were acquired using a Fast Low Angle Shot (FLASH) 2D gradient echo 

angiography sequence with the parameters: TR=15ms; TE=4ms; FOV = 2.2cm; matrix 

=512x360; slice thickness = 0.40mm; slice gap = 0.25mm; and NEX=16 for a total acquisition 

time of 1 hour 14 minutes and an in-plane resolution of 43µm x 61µm. When scanning was 

complete, the mouse was removed from the scanner, placed on a warming pad, and allowed to 

regain consciousness.  

 

Microscopy, Cell Imaging, and Counting 

An inverted motorized fluorescent microscope (Olympus, IX81, Tokyo, Japan) with an Orca-R2 

Hamamatsu CCD camera (Hamamatsu, Japan) was used for image acquisition. Camera drive and 

acquisition were controlled by a MetaMorph Imaging System (Olympus, Center Valley, PA). 
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Ten arbitrary microscopic fields were counted in each immunostained plate or tissue section, and 

values pooled from parallel duplicates per time point and individual experiment. 

 

Statistical Analysis 

Results are expressed as the mean ± SEM. Statistical significance was assessed by Student’s t-

test using GraphPad Prism (GraphPad Software, San Diego, CA). P < 0.05 was considered 

significant. 

 

 

RESULTS 

 

Two pericyte subtypes enwrap blood vessels of various calibers 

Pericytes have been reported around microvessels (6, 76) and possibly larger vessels (1, 7, 27, 

31, 56, 83), and their heterogeneity has been described in various tissues (15, 17, 18, 38) (19). 

However, whether distinct classes of pericytes surround blood vessels of a certain caliber is 

unknown.  

The marker most commonly used to identify pericytes in recent years is NG2, the neuron-

glial 2 chondroitin sulphate proteoglycan (62, 63). We analyzed the small skeletal muscle 

capillaries and larger mesenteric blood vessels from NG2-DsRed/Nestin-GFP mice in which 

NG2 and Nestin regulatory elements control DsRed and GFP expression, respectively. We found 

the two types of pericytes, type 1 and type 2, around large blood vessel walls (Fig. 1A) and small 

capillaries (Fig. 1B). Both type-1 and type-2 pericytes stained positive for PDGFRβ (43) (15, 18) 
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and CD146 (28, 68) (15, 18) (Fig. 1 C). Our results indicate that both pericyte subpopulations 

line the outer surface of the vasculature, irrespective of its caliber. 

Recently, we showed that pericyte subtypes differ in their differentiation capacity. Type 1 are 

responsible for ectopic adipocyte deposition (15) and fibrous tissue accumulation with aging 

(18), while type 2 differentiate into the neural lineage (16, 17) and participate in skeletal muscle 

regeneration after injury (15). Pericyte participation in engineered new blood vessels (30, 42) 

indicates their therapeutic potential, but whether the subtypes contribute differently to 

angiogenesis is unknown.  

 

Only one pericyte subtype has angiogenic potential in vitro 

The angiogenic potential of pericyte subpopulations was initially evaluated in vitro by testing 

their ability to form vessel-like structures when incubated with human umbilical vein endothelial 

cells (HUVECs). All type-1 and type-2 pericytes, sorted from Nestin-GFP/β-actin-DsRed mice, 

expressed constitutive DsRed.  In contrast to Nestin-GFP/NG2-DsRed, Nestin-GFP/β-actin-

DsRed mice express β-actin-DsRed in all cells (21) and the red fluorescence persists even after 

their transdifferentiation, allowing us to track them after transplantation. (Fig. 2A, B, C and D). 

We confirmed their purity as described previously (18). HUVECs cultured alone in Matrigel 

usually form an unstable network that disappears after 5 days (57). All DsRed- cells are 

HUVECs as they do not derive from β-actin-DsRed mice. After 10 days, we did not detect any 

vessel-like structures in the culture with type-1 pericytes (Fig. 2E).  In contrast, type-2 pericytes 

from Nestin-GFP/β-actin-DsRed mice formed vessel-like networks in the in vitro Matrigel assay 

(Fig. 2E, F). All DsRed+ cells were closely associated with HUVECs, assuming a clear 
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periendothelial position (p<0.05) (Fig. 2E, F). These results suggest that only type-2 pericytes 

are angiogenic in vitro.  

 

Only type-2 pericytes form blood vessels in vivo 

To examine the angiogenic potential of type-2 pericytes in vivo, we used the murine Matrigel 

plug assay. Matrigel, an extract of the Engelbreth-Holm-Swarm tumor composed of basement 

membrane components, is liquid at 4°C and forms a gel when warmed to 37°C (49). Pericyte 

subpopulations were isolated from Nestin-GFP/β-actin-DsRed mice. In this assay, Matrigel plus 

HUVECs, Matrigel plus HUVECs and type-1 pericytes, and Matrigel plus HUVECs and type-2 

pericytes, were injected separately and subcutaneously in the dorsal region of nude mice (Fig. 

3A). The Matrigel plug solidified after the injection. Two weeks after implantation, the Matrigel 

plug containing type-2 pericytes formed a large blood vessel network connected with the host 

vasculature. These vessels contained blood (n=3). In contrast, the Matrigel plug containing only 

HUVECs (data not shown) or HUVECs plus type-1 pericytes displayed no functional vessels 

(n=3) (Fig. 3B). As the transplanted pericytes were marked with β-actin-DsRed fluorescence, we 

detected those cells in the matrigel plugs in vivo participating in the vessel formation (Fig. 3C). 

These experiments indicate that type-2 pericytes are angiogenic in vivo. 

 

Brain tumor angiogenesis recruits NG2-DsRed+ cells that express Nestin-GFP 

Angiogenic activity is enhanced in some pathological conditions, such as tumors, in which 

pericytes contribute to vessel formation (10, 71, 85). Pericytes stabilize the endothelium by 

surrounding the blood vessels and support angiogenesis by secreting VEGF (41). To examine 

whether one pericyte subtype or both are recruited during tumor angiogenesis, we injected 
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actively growing glioblastoma tumor cells into the right brain hemisphere of 3-month-old NG2-

DsRed/Nestin-GFP mice (200,000 cells / 5 µl) (n=3).  Five weeks later, we removed the brains to 

examine the NG2-DsRed+ cells in the tumor margins and adjacent normal brain tissue in coronal 

sections (Fig. 4A). We detected NG2-DsRed+/Nestin-GFP- and NG2-DsRed+/Nestin-GFP+ 

cells in healthy normal brain neighboring the tumor tissue (Fig. 4B, C). Nestin-GFP+ cells 

represented 67.3 ± 7.5 % of NG2-DsRed+ cells, while 32.7 ± 7.5 % were Nestin-GFP-. In 

contrast, 97.7 ± 0.9 % of NG2-DsRed+ cells penetrating the tumor expressed Nestin-GFP, while 

only 2.3 ± 0.9% were Nestin-GFP- (Fig. 4B, C, D). Thus, NG2-DsRed+/Nestin-GFP+ cells 

significantly increased, while NG2-DsRed+/Nestin-GFP- cells significantly decreased in the 

tumor (p=0.02). These results support the conclusion that type-1 pericytes (NG2-DsRed+/Nestin-

GFP-) are not recruited during tumor angiogenesis. Note that not all brain NG2-DsRed+/Nestin-

GFP+ cells correspond to type-2 pericytes, as some are oligodendrocyte progenitors (33). 

Whether more type-2 than type-1 pericytes migrate toward the tumor or the cancer cells 

stimulate oligodendrocyte progenitor cell migration is unknown.   

 

Only type-2 pericytes are recruited during tumor vessel formation 

As oligodendrocyte progenitors are restricted to the CNS (60), we implanted growing B16 

melanoma cells hypodermically into 3-month-old Nestin-GFP/NG2-DsRed double transgenic 

mice to evaluate cell recruitment during tumor growth outside the central nervous system 

(300,000 cells / 200 µl) (n=3). Two weeks later, the tumors were surgically removed with a good 

margin of normal surrounding tissue (Fig. 5A). Consistent with a previous report (17), we found 

two pericyte subpopulations on the abluminal surface of vessels in the normal skeletal muscle 

surrounding the tumor (Fig. 5B, C). Endothelial cells forming capillary tubes are located near 
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pericytes (86).  In the walls of small vessels, we found both pericyte subtypes associated with 

endothelial cells marked with CD31 (Fig. 5B, C).  

A fraction of NG2-DsRed+ cells (56.7 ± 5.0 %) expressed Nestin-GFP, while 43.3 ± 5.0 % 

were Nestin-GFP-. In contrast, we only detected NG2-DsRed+/Nestin-GFP+ cells (99.7 ± 0.3 % 

of NG2-DsRed+ intratumoral cells), which showed a significant increase in the tumor 

(p=0.0001), surrounding CD31+ microvessels (Fig. 5D). Our results indicate that only 

endogenous type-2 pericytes (NG2-DsRed+/Nestin-GFP+) are angiogenic.  

 

Type-2 pericytes improve blood flow in a mouse model of critical hindlimb ischemia  

Stimulating angiogenesis can improve perfusion and function in ischemic tissues (81). Critical 

limb ischemia, leading cause of nontraumatic amputation (61), is a condition of severe arterial 

obstruction in which blood flow to the legs and feet is not sufficient to maintain tissue viability. 

We used a well-established mouse model with unilateral hindlimb ischemia (30) to test whether 

pericyte subtypes can be used to promote angiogenesis. We transplanted type-1, type-2 β-actin-

DsRed+ pericytes, and DMEM medium as a control, into the ischemic leg of a nude mouse with 

unilateral hindlimb ischemia (Fig. 6 A). After 10 days, we assessed limb perfusion using in vivo 

MRI angiography. We found that while type-1 pericytes did not recover femoral arterial blood 

flow in the ischemic leg, type-2 pericytes induced partial recovery (Fig. 6 A-D) (the images are 

representative of two experiments). To test whether type-2 pericytes remain in the tissue, we 

analyzed muscles from these mice by fluorescence microscopy. We found β-actin-

DsRed+/Nestin-GFP+ type-2 pericytes formed the walls of newly formed blood vessels (Fig. 

6E). These results indicate that type-2 pericytes can be used for vascular therapy. 
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DISCUSSION 

 

In this work, we propose that type-1 and type-2 pericytes present in small capillaries and larger 

blood vessels vary in their angiogenic capacity. Only type 2 are angiogenic in vitro and in vivo 

and can be used in cell therapy to improve perfusion in ischemic tissues. In cancer, only type-2 

pericytes from the surrounding normal tissue contribute to angiogenesis and can be a target for 

anti-angiogenic therapy. 

 

Pericytes are heterogenous and differ in their regenerative capacity 

We propose that pericytes are multipotent, but their subtypes are oligopotent (18).  They can 

behave like stem cells, but their potential in health and disease remains unknown (22). Despite 

their putative common identity, pericytes are a heterogenous cell population and differ in their 

developmental origins. Their ontogeny indicates that those in the head derive from the 

neurectoderm, while those in other organs derive from the mesoderm (34). Pericytes from 

different anatomical locations differ morphologically, biochemically, and physiologically (6, 72), 

and different pericyte subsets occupy the periendothelial compartment (9).  

Their multiplicity raises a question: Do pericyte subpopulations vary in function like stem 

cells do? Our previous work shows that pericyte subpopulations are oligopotent, differentially 

committed to specific lineages. Pericytes involved in repairing skeletal muscle differ from those 

that contribute to scar and fat formation. Our transplantation studies indicate that type-2 pericytes 

are myogenic (15), while type 1 do not form muscle but contribute to fat deposition in diseased 

skeletal muscle (15) and fibrous tissue deposition with aging (18).  

Angiogenesis is the process of blood vessel assembly, beginning with cell clustering and 

ending with a vascular network. Angiogenic potential has been reported in pericytes (2, 30, 59, 
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79). They rapidly form neovasculature, which readily anastomoses with the host vasculature and 

significantly ameliorates hind-limb ischemia in a femoral artery ligation model (30). Here, we 

show for the first time that only type-2 pericytes have angiogenic potential. 

Blood vessels consist of endothelial and mural cells (32, 64), while the latter refers to either 

pericytes or smooth muscle (8). Pericytes’ molecular markers can be down or upregulated in 

various culture conditions, pathologies and developmental states (9, 31, 32). Identifying 

pericytes in tissue sections relies on the combination of their anatomical location and specific 

markers such as the NG2 proteogylcan (39, 50, 55, 78). We distinguished two populations of 

pericytes, in the skeletal muscle based on Nestin-GFP expression (17), however, we do not know 

whether pericyte subtypes can interconvert.  Two strategies, a pericyte subtype ablation in vivo 

and the discovery of additional specific markers will address this question. We have shown that 

both pericyte subtypes can differentiate into smooth muscle cells in vitro (17). Whether pericytes 

differentiate into smooth muscle cells under specific conditions in vivo, remains to be studied.  

Interestingly, we found that only nestin-expressing pericytes (type-2), which do not express 

neural markers, form neural progenitor cells (14, 16, 17).  

 

The type-2 pericyte may be a cellular target for inhibiting tumor angiogenesis 

Cancer is characterized by excessive angiogenesis (24). Traditional anti-angiogenic therapy 

aimed to inhibit as much as possible and to prune existing tumor vessels. The cellular targets of 

anti-angiogenic drugs are normal host cells, such as pericytes or endothelial cells, which 

circumvents the acquired drug resistance when tumor cells are the target. Pericytes play an 

important role in stabilizing blood vessels in the microvasculature (58, 76) through crosstalk with 

endothelial cells. Pericytes deposit matrix or releasing factors that can promote endothelial cell 
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differentiation or quiescence (8). Tumor blood vessels are associated intimately with pericytes, 

which make them more functional and stable than vessels lacking their support (25).  

The combination of VEGF receptor and PDGFβ receptor inhibitors affects pericyte-mediated 

endothelial cell survival, resulting in the regression of tumor blood vessels and inhibiting tumor 

growth (13). In parallel, the genetic depletion of pericytes using viral thymidine kinase slows 

primary tumor growth (26). However, this strategy can also increase invasiveness possibly by 

increasing normal blood vessel leakage and reducing the barrier that tumor cells intravasate. 

Thus, distinguishing tumor pericytes from normal pericytes could provide a specific cellular 

target for more efficient therapy. Here, we found that only type-2 pericytes participate in new 

blood vessel formation during tumor angiogenesis (Fig. 7A). Future work will analyze whether 

and how tumor type-2 pericytes differ from type-2 pericytes in normal vasculature. As pericytes 

are heteregoneous, and subsets have different functions, targeting only the pericyte 

subpopulation involved in angiogenesis may be more efficient. Since anti-angiogenic drugs are 

the leading therapy to arrest tumor growth, type-2 pericytes may provide a central cellular target 

susceptible to signaling and pharmacological manipulation. 

 

The role of type-1 pericytes in tumor growth remains unclear  

Our results indicate that endogenous type-1 pericytes do not participate in tumor angiogenesis, 

but they do not exclude a role in tumor growth. In cancer, stromal cells may acquire a phenotype 

of activated fibroblasts (69). The signals that mediate the transition of normal cells into cancer-

associated fibroblasts are not fully understood. Cancer-associated fibroblasts are commonly 

identified by their expression of α-SMA (α smooth muscle actin) (37, 67, 82), which pericytes 

express in culture (48). Phenotypic features of cancer-associated fibroblasts can be induced by 
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transforming growth factor-β (TGFβ), which mediates fibroblast activation in organ fibrosis (51). 

Similar pathways may also be responsible for the emergence of cancer-associated fibroblasts in 

tumors (66). These cells produce an extracellular matrix rich in type-I collagen, which is 

conductive to initiating tumor angiogenesis (20).  

Recently, we showed that type-1 pericytes are fibrogenic and, when exposed to TGFβ, may 

differentiate into fibroblasts, which produce type-I collagen (18). Additional studies are needed 

to determine whether type-1 pericytes can contribute to cancer-associated fibroblasts. However, 

using the Nestin-GFP/NG2-DsRed double transgenic mice, we cannot track the fate of type-1 

pericytes that change or lose their marker expression. We used NG2 and nestin expression to 

distinguish type-1 pericytes (NG2+/Nestin-) in tissues, but we do not have a positive marker for 

them. As NG2 is expressed in both type-1 and type-2 pericytes (15), we must explore the 

complete type-1 and type-2 pericyte transcriptome to find a specific marker for type-1 pericytes. 

 

Type-2 pericytes and therapeutic angiogenesis 

Pathological changes in the vascular system, such as constriction and obstruction, may lead to 

ischemia and limb amputation. The goal of therapeutic angiogenesis is to treat ischemia by 

stimulating new blood vessel growth from existing vessels (35, 36, 44). Several cell types have 

been used to induce neovascularization. Of the available cell therapy approaches, endothelial 

progenitor cells are already lineage-committed and grow slowly (47). By contrast, induced 

pluripotent stem cells (iPSCs) exhibit high replicative capacity (80), but they have a tendency to 

lead to  cancer.  

Transplanting mesenchymal stem cells (MSCs) induces neovascularization and improves 

blood flow to ischemic hindlimbs in animal models (40, 45, 74). Their presence in many adult 
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tissues suggests a common origin. Some have proposed that MSCs are pericytes based on shared 

markers in vivo and in vitro (22), and attention has now turned to pericytes as stem cells with 

broad organ distribution (5, 28, 29, 52, 58, 70, 73). Consistently, pericytes have been proposed 

for angiogenic therapy based on their role in forming and stabilizing engineered blood vessels 

(30, 42).  

Due to their pivotal role in angiogenesis, pericytes represent a promising target for treatments 

designed to increase vascularization in ischemic diseases. Specifically manipulating type-2 

pericytes instead of the whole pericyte population can preclude complications associated with 

excluding the benefirts of type-1 functions. Future research should compare the angiogenic 

potency of various cell types: endothelial progenitor cells, embryonic stem cells, iPSCs, and 

MSCs. Our long-term studies will investigate the mechanisms underlying the angiogenic 

potential of type-2 pericytes and whether their ablation affects normal vascular function. 
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Figure 60 Figure 1. Two pericyte subtypes are found in capillaries and larger blood vessels. 
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Figure 1. Two pericyte subtypes are found in capillaries and larger blood vessels. Pericyte 

subtypes in mesenteric vessels and skeletal muscle from Nestin-GFP/NG2-DsRed mice. (A) 

Pericytes surround mesenteric blood vessels. All panels show the same area for different 

channels (Nestin-GFP, NG2-DsRed, merged fluorescence, brightfield, and merged fluorescence 

and brightfield images). (B) Pericytes surround vessels in skeletal muscle. Muscle longitudinal 

sections show small blood vessels with CD31+ endothelial cells surrounded by NG2-DsRed+ 



342 
 

pericytes. Red and green arrows indicate Nestin-GFP-/NG2-DsRed+ (type-1) and Nestin-

GFP+/NG2-DsRed+ (type-2) pericytes, respectively. Blood vessels are labeled by the endothelial 

cell marker CD31. All panels show the same area for different channels (Nestin-GFP, NG2-

DsRed, Hoechst, CD31 staining, brightfield, merged fluorescence, and merged fluorescence and 

brightfield images). (C) Pericyte markers PDGFRβ and CD146 co-localize with skeletal muscle 

interstitial Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells. Panels show 

identical muscle areas from top to bottom: PDGFRβ (first column) or CD146 (second column) 

(orange), NG2-DsRed (red), Nestin-GFP+ (green), Hoechst (blue), brightfield, and merged 

images. The red arrow indicates type-1 pericytes (Nestin-GFP-/ NG2-DsRed+), and the green 

arrow, type 2 (Nestin-GFP+/NG2-DsRed+). Scale bar = 20 μm.  
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Figure 61 Figure 2. Only type-2 pericytes are angiogenic in vitro. 
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Figure 2. Only type-2 pericytes are angiogenic in vitro. (A) Procedures to isolate 

mononucleated cells from skeletal muscle of Nestin-GFP/β-actin-DsRed double transgenic mice. 

(B) Representative flow cytometry dot plot showing GFP versus APC fluorescence with the gate 

set using cells isolated from wild-type mice. (C and D) Representative dot plots showing GFP 

versus APC fluorescence using mononucleated cells from skeletal muscle of Nestin-GFP/β-actin-

DsRed mice, unlabeled (C), and after labeling with NG2 proteoglycan APC antibody (D). Two 

cell populations were isolated by sorting: Nestin-GFP-/NG2-APC+/β-actin-DsRed+ (type-1 

pericytes, yellow) and Nestin-GFP+/NG2-APC+/β-actin-DsRed+ (type-2 pericytes, green). All 

cells are DsRed+ and can be tracked in vitro after mixing with human umbilical vein endothelial 

cells (HUVECs). (E) In vitro Matrigel assay containing a mixture of HUVECs with either type-1 

or type-2 DsRed+ pericytes sorted from the skeletal muscle of Nestin-GFP/β-actin-DsRed mice. 

DsRed fluorescence, brightfield, and merged images are shown. After 10 days, only HUVECs 

cultured with type-2 pericytes formed stable vessel-like networks. (F) Percent of HUVECs 

forming vascular-like structures in co-culture with type-1 or type-2 pericytes. Data are 

mean ± S.E.M. 
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Figure 62 Figure 3. Matrigel plug assay shows that only type-2 pericytes are angiogenic in vivo. 



346 
 

Figure 3. Matrigel plug assay shows that only type-2 pericytes are angiogenic in vivo. (A) 

Transplantation scheme of an in vivo Matrigel plug assay. A mixture of HUVECs and either 

type-1 or type-2 pericytes sorted from skeletal muscle are embedded in Matrigel and implanted 

subcutaneously into nude mice. The Matrigel plug is recovered after two weeks for analysis. (B) 

The left and right images show gross anatomy of freshly removed Matrigel plug with type-1 or 

type-2 pericytes, respectively, 2 weeks after implantation. Type-2 pericytes together with 

endothelial cells form blood vessels in vivo. (C) β-actin-DsRed fluorescence around blood 

vessels in a matrigel plug tracks type-2 pericytes in vivo. 
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Figure 63 Figure 4. Nestin-GFP+/NG2-DsRed+ cells, but not Nestin-GFP-/NG2-DsRed+ cells, invade brain tumor mass. 
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Figure 4. Nestin-GFP+/NG2-DsRed+ cells, but not Nestin-GFP-/NG2-DsRed+ cells, invade 

brain tumor mass. (A) Diagram of intracranial injection of allograft tumor cells and brain 

preparation for histology. Growing G26-H2 murine glioblastoma cells were injected into the 

brain of Nestin-GFP/NG2-DsRed double transgenic mice. (B) Representative image of a Nestin-

GFP/NG2-DsRed mouse brain coronal section showing the margin of a G26-H2 murine brain 

tumor. The dashed line indicates the separation between tumor and normal surrounding tissue. 

The image shows Nestin-GFP+/NG2-DsRed+ cells invading the tumor; Nestin-GFP-/NG2-

DsRed+ cells are only present in the adjacent healthy tissue. The 6 smaller panels on the left 

show identical areas in the brain section: NG2-DsRed (red), Nestin-GFP+ (green), Hoechst 

(blue), brightfield,  NG2-DsRed (red) and Nestin-GFP+ (green) merged, and all images merged. 

The bigger panel on the right shows NG2-DsRed (red), Nestin-GFP+ (green), and Hoechst (blue) 

merged. The regions in red, yellow, and white boxes are examples of Nestin-GFP+/NG2-

DsRed+ and Nestin-GFP-/NG2-DsRed+ in normal tissue and Nestin-GFP+/NG2-DsRed+ cells 

invading the tumor tissue, respectively; those areas are magnified in C. White arrows indicate 

Nestin-GFP+/NG2-DsRed+ cells in the tumor.  (C) Magnification of the NG2-DsRed+ cells in 

normal and tumor cells shown in B. The top, middle, and bottom seven panels show identical 

brain tissue areas for different channels; from left to right: NG2-DsRed (red); Nestin-GFP+ 

(green); Hoechst (blue); brightfield; merged NG2-DsRed (red) and Nestin-GFP+ (green); all 

images merged; and merged NG2-DsRed (red), Nestin-GFP+ (green), and Hoechst (blue). Note 

that in the normal tissue, NG2-DsRed+ cells express Nestin-GFP transgene, while only NG2-

DsRed+/Nestin-GFP+ cells are present in the tumor. (D) Percent of Nestin-GFP-/NG2-DsRed+ 

and Nestin-GFP+/NG2-DsRed+ cells in normal brain or tumor 35 days after cell implantation 

(n=3 preparations). Note that predominantly type-2 pericytes invade the tumor.  
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Figure 64 Figure 5. Type-2 pericytes are recruited during tumor angiogenesis. 
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Figure 5. Type-2 pericytes are recruited during tumor angiogenesis. (A) Diagram and 

protocol of subcutaneous allograft tumor growth. B16 melanoma cells are injected into Nestin-

GFP/NG2-DsRed double transgenic mice followed by surgical removal of tumor plus normal 

adjacent healthy tissue 2 weeks later. (B) Representative immunofluorescence image of a Nestin-

GFP/NG2-DsRed mouse tumor section stained with anti-CD31 antibody illustrating the margin 

of the melanoma tumor and surrounding normal tissue. The vertical dashed line indicates the 

separation between tumor and normal skeletal muscle. Panels show the same tissue area for 

different channels: NG2-DsRed (red), Nestin-GFP+ (green), CD31 (orange or blue), Hoechst 

(blue), and merged images as indicated. The regions selected in red, yellow, and white boxes 

show type-1 pericytes in normal tissue, type-2 pericytes in normal tissue, and type-2 pericytes 

associated with tumor blood vessels, respectively. These areas are magnified in C. Only type-2 

pericytes are associated with CD31+ blood vessel endothelial cells in the tumor, while both types 

associate with these cells in the normal skeletal muscle. Type-1 pericytes are only present in the 

adjacent healthy tissue. (C) Magnification of the pericytes in normal and tumor tissues outlined 

with color boxes in B. The three columns show identical tissue areas for different channels; from 

top to bottom: NG2-DsRed (red), Nestin-GFP+ (green), CD31 (orange), Hoechst (blue), 

brightfield, and all fluorescent merged images. Two types of pericytes are associated with 

vessels (CD31+) in the normal tissue, while only type 2 associate with tumor vessels. (D) 

Percent of Nestin-GFP-/NG2-DsRed+ (type-1) and Nestin-GFP+/NG2-DsRed+ (type-2) 

pericytes located in normal and cancer tissues 15 days after tumor implantation (n=3 

preparations). Note that only type-2 pericytes are recruited during tumor blood vessel formation. 
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Figure 65 Figure 6. Type-2 pericytes recover blood flow in a mouse model of hindlimb ischemia. 
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Figure 6. Type-2 pericytes recover blood flow in a mouse model of hindlimb ischemia. (A) 

Hindlimb ischemia protocol in nude mice: femoral artery ligation and transection; intramuscular 

injection of type-1 or type-2 pericytes into the ischemic leg; and limb perfusion assessed with in 

vivo MRI angiography. (B) High-resolution in vivo MR imaging. Angiography from the mouse 

hindlimbs right after ligation of the femoral artery (time=0) and after 10 days of treatment. Red 

circles indicate the femoral artery location. (C) MRI angiography of hindlimbs below the knee 

10 days after. (D) New, partially developed femoral artery in the ischemic legs of mice injected 

with type-2 pericytes. The red rectangles indicate the location of the femoral arteries. (E) DsRed 

and GFP fluorescence around vessels in whole muscles 10 days after type-2 pericyte 

transplantation. Scale bar = 100 μm. O: occlusion of femoral artery; P1: type-1 pericytes; P2: 

type-2 pericytes. 
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Figure 66 Figure 7. Schematic representation of type-2 pericyte involvement in angiogenesis. 

Figure 7. Schematic representation of type-2 pericyte involvement in angiogenesis. (A) Two 

pericyte subtypes are associated with blood vessels: type 1 (yellow) and type 2 (green). We 

propose that only type-2 pericytes are angiogenic. (B) Type-2 pericytes participate in 

angiogenesis associated with ischemic conditions and tumor progression.  
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Table 1 

Antibodies and source 

Table 11 Table 1. 

Antibodies and source 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            Antibody                Source              Location 

Rat anti-CD31 

(PECAM-1) 

BD Biosciences San Jose, CA 

Rat anti-mouse CD146  

 

BioLegend San Diego, CA 

Rabbit anti-PDGFRβ Dr. W. Stallcup Sanford-Burnham 

Medical Research 

Institute, La Jolla, 

CA 

Rabbit anti-NG2 

chondroitin sulfate 

proteoglycan 

Chemicon-Millipore Temecula, CA 
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ABSTRACT  

 

Introduction: Fibrosis, or scar formation, is a pathological condition characterized by excessive 

production and accumulation of collagen, loss of tissue architecture, and organ failure in 

response to uncontrolled wound healing. Several cellular populations have been implicated, 

including bone marrow-derived circulating fibrocytes, endothelial cells, resident fibroblasts, 

epithelial cells, and, recently, perivascular cells called pericytes. We demonstrated pericyte 

functional heterogeneity in skeletal muscle. Whether pericyte subtypes are present in other 

tissues and whether a specific pericyte subset contributes to organ fibrosis are unknown.  

Methods: Here, we report the presence of two pericyte subtypes, type-1 (Nestin-GFP-/NG2-

DsRed+) and type-2 (Nestin-GFP+/NG2-DsRed+), surrounding blood vessels in lungs, kidneys, 

heart, spinal cord, and brain. Using Nestin-GFP/NG2-DsRed transgenic mice, we induced 

pulmonary, renal, cardiac, spinal cord, and cortical injuries to investigate the contributions of 

pericyte subtypes to fibrous tissue formation in vivo.  

Results: A fraction of the lung’s collagen-producing cells corresponds to type-1 pericytes and 

kidney and heart pericytes do not produce collagen in pathological fibrosis. Note that type-1, but 

not type-2, pericytes increase and accumulate near the fibrotic tissue in all organs analyzed. 

Surprisingly, after CNS injury, type-1 pericytes differ from scar-forming PDGFRβ+ cells.  

Conclusions: Pericyte subpopulations respond differentially to tissue injury, and the production 

of collagen by type-1 pericytes is organ-dependent. Our findings reveal that the mechanisms of 

scar formation may differ, depending on the tissue injured. 
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INTRODUCTION  

 

The circulatory system supplies oxygen and nutrients to the entire organism. Cells tightly 

associated with the vasculature, called pericytes [1], stabilize the blood vessels in the 

microvasculature [2, 3], but recent studies suggest many other regulatory, immune, angiogenic, 

and phagocytic functions as well as a role in tissue homeostasis. Strong evidence indicates that 

they are multipotent stem cells [4-17]. Besides their role in tissue repair, they can trigger a 

fibrogenic response to pathological situations in some organs [18-22] but not others [23].  

In tissue fibrosis, an integral component of most pathologic conditions, extracellular matrix 

synthesis is deregulated, leading to the destruction of organ architecture and impaired function 

[24]. The biological processes underlying fibrous tissue deposition are not fully understood. 

Besides pericytes, various cell types have been implicated: resident fibroblasts [25], bone 

marrow-derived circulating fibrocytes [26], epithelial cells [27], and endothelial cells [28].  

Based on markers and morphology, pericytes are heterogeneous [29]. However, we were the 

first to demonstrate their diverse differentiation potential [30, 31]. We identified two pericyte 

subtypes, type-1 and type-2, using a double-transgenic Nestin-GFP/NG2-DsRed mouse. Under 

specific culture conditions, type-1 pericytes (Nestin-GFP-/NG2-DsRed+) generate adipocytes 

and fibroblasts but not neural cells, while type-2 (Nestin-GFP+/NG2-DsRed+) generate either 

Tuj1+ neural cells or become muscle cells [30, 31]. Recently, we showed that type-1 pericytes 

contribute to muscle fibrous tissue formation with aging [32]. Whether pericyte subtypes are 

present in other organs and whether their roles vary in tissue fibrogenesis are unknown. Reports 

indicate that pericytes may contribute to fibrosis in some organs [20, 22] but not others [23]. 
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Here, using a Nestin-GFP/NG2-DsRed transgenic mouse, we distinguished the two pericyte 

subtypes associated with microvessels in lung, kidney, heart, spinal cord, and brain. In addition, 

we used mouse models of pulmonary [21], renal [23], cardiac [33], and CNS [34] fibrosis to 

investigate the contributions of pericyte subtypes to fibrous tissue formation in vivo. Because 

collagen type I production increases several hundred-fold in pathological fibrosis [35], we 

evaluated whether the two pericyte subtypes were among the collagen-producing cells in 

diseased organs. We found that type-1 but not type-2 produce collagen type I in bleomycin-

induced pulmonary fibrosis, but they are only a fraction of the total collagen-producing cells, and 

although they increase and accumulate near the fibrotic tissue, they do not produce collagen type 

I in renal and cardiac fibrosis. Similarly, after CNS injury, type-1 pericytes participate in the scar 

tissue but differ from the PDGFRβ+ cells that are responsible for collagen production [34, 36]. 

Consequently, the exact role of type-1 pericytes in tissue fibrosis requires further research.  

We conclude that the pericyte subtypes respond differentially to tissue injury; type-1 

pericytes do or do not produce collagen depending on the organ injured, and scar formation 

mechanisms are specific to the injured organ. Further study of pericyte subtype functions in 

peripheral tissues may reveal ways to improve tissue repair under pathological conditions or with 

aging. 
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MATERIALS AND METHODS 

 

Animals 

Nestin-GFP transgenic mice were maintained homozygous for the transgene on the C57BL/6 

genetic background [37]. They were crossbred with NG2-DsRed transgenic mice expressing 

DsRed-T1 under the control of the NG2 promoter [38] (purchased from Jackson Laboratory, Bar 

Harbor, Maine) to generate Nestin-GFP/NG2-DsRed double-transgenic mice. All mouse 

colonies were housed at Wake Forest School of Medicine (WFSM) in a pathogen-free facility of 

the Animal Research Program under 12:12-h light/dark cycle and fed ad libitum. Both male and 

female homozygous mice were used, and their ages ranged from 3 to 5 months. Animal handling 

and procedures were approved by the WFSM Animal Care and Use Committee. 

 

Mouse model of lung injury with bleomycin  

For intratracheal instillation of bleomycin, Nestin-GFP/NG2-DsRed double-transgenic mice 

were anesthetized with an intraperitoneal (i.p.) injection of 114 mg/kg ketamine and 17 mg/kg 

xylazine, and the trachea exposed. The animals were orotracheally intubated with an 18-gauge 

catheter; 0.025 units of pharmaceutical grade bleomycin in 50 μl H2O were delivered 

intratracheally. The incision was closed, and catheter removed. Lungs were harvested at day 14. 

For lung histology and immunohistochemistry, at the time of sacrifice, the lungs were 

perfused with 1 ml of PBS through the right ventricle. The right lung was tied off with suture, 

removed, and frozen in liquid nitrogen. The left lung was perfused with 1 ml of 4% 

paraformaldehyde/PBS. The left lung was then inflated to 25 mmHg with 1% 

agarose/4%paraformaldehyde/PBS. It was tied off with a suture, removed, and placed in 4% 
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paraformaldehyde overnight. The following day, the lung was placed in 5%sucrose/PBS for 6 

hours at 4°C, then in 20% sucrose/PBS overnight. The next day, the lung was placed in a 

cryomold (TissueTek, Sakura Finetek, Torrance, CA, USA), covered in Optimal Cutting Tissue 

(TissueTek), and flash frozen in ice-cold isopentane [39, 40]. 

 

Unilateral Ureteral Obstruction (UUO) mouse model 

A UUO kidney disease model was induced as described [41-44]. UUO or sham surgery was 

performed in Nestin-GFP/NG2-DsRed mice. All surgeries were performed under general 

anesthesia with isoflurane. In the UUO group, the right ureter was exposed through an abdominal 

midline incision and ligated using 4–0 silk under sterile conditions. Volume depletion was 

prevented by administering 0.1 ml saline into the peritoneal cavity. The midline incision was 

closed; the mice were returned to their cages and allowed free access to food and water. Sham-

operated mice had their ureters exposed and manipulated without ligation. Sham (nonobstructed) 

and UUO (obstructed) kidneys were harvested at day 14 postsurgery for tissue analysis. 

 

Mouse model of Myocardial Infarction (MI) 

MI was induced by ligating the left anterior descending (LAD) coronary artery in aseptic 

conditions as described [45-47]. Briefly, Nestin-GFP/NG2-DsRed mice were ventilated after 

anesthesia with a ketamine/xylazine (114/17 mg/kg) mixture. The adequacy of the anesthesia 

was monitored by observing slow breathing, loss of muscular tone, or no response to surgical 

manipulation. The heart was visualized through a midline sternotomy using a high-magnification 

stereoscope. The coronary artery was ligated using a 6-0 prolene suture at the edge of the left 

atrium. During the surgery, animals were ventilated using a respirometer. Body temperature was 

monitored with a rectal sensor connected to a thermocouple, and thermal pad temperature 
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adjusted accordingly to prevent hypothermia. The chest wall was rapidly sutured, maintaining an 

intrathoracic tube, which was removed when the suture was completed. The thorax was opened 

carefully, without touching the lung with any sharp object.  

Next, we removed the part of the pericardial sac that covers the heart. The LAD is located 

between the pulmonary artery and the left auricle, and it was permanently ligated to form a 

localized ischemic area. This surgical procedure imitates the pathophysiology of infarction-

related myocardial ischemia. The control group underwent a sham operation where the ligature 

around the LAD was not tied. After ligation, we placed a chest tube (28G, venal catheter), 

between the fourth and fifth ribs, closed the thoracic incision in layers to adapt the ribs, and 

closed the skin. We drained the thorax carefully with a 2ml syringe. Next, we placed the mice on 

their backs, took out the endotracheal tube, and adapted the tracheal cartridge rings with one 

single stitch using sutures. Mice were disconnected from the respirometer and anesthesia system 

and closely monitored (respiratory frequency and depth, expansion of both hemithoraxes, 

spontaneous mobility, and eating and drinking habits) every 30 min for the first 12 hours and 

every 6h afterward. After induced MI and as needed, animals received analgesics based on signs 

of distress (decreased activity, piloerection, ungroomed appearance, excessive licking and 

scratching, self-mutilation, abnormal stance, hunched appearance, rapid or shallow respiration, 

grunting, dilated pupils, aggression toward handler, high-pitched vocalizations, change in 

feeding activity, and attempts to separate from the group). Mice with clinical distress were 

euthanized. Mice were killed by cervical dislocation, and heart samples were harvested 

postmortem for histological analyses. 
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Histology of lung, kidney, and heart  

Histological studies in the lung, kidney, and heart followed standard procedures. Lungs were 

collected 2 weeks after intratracheal bleomycin or saline administration; kidneys 14 days after 

UUO or sham surgery; and hearts 2 weeks after myocardial infarction or sham surgery. Tissues 

were fixed in 4% formalin in PBS, embedded in paraffin, and sectioned at 5 μm intervals to 

perform hematoxilin and eosin (H&E) staining for general morphology and Van Giesen and 

Masson’s trichrome staining for collagen accumulation. 

 

Immunohistochemistry of lung, kidney, and heart 

To detect DsRed and GFP fluorescence or GFP fluorescence alone in Nestin-GFP/NG2-DsRed 

mice, hearts, kidneys, and lungs were dissected; fixed in 4% paraformaldehyde overnight; 

immersed in 10%, 20%, and 30% sucrose solutions for 60, 45, and 30 minutes, respectively; 

embedded in OCT; and rapidly frozen in liquid nitrogen to prepare 10-μm-thick cryosections. 

These sections were fixed with 4% PFA for 30 minutes, then permeabilized in 0.5% Triton X-

100 (Sigma, St. Louis, MO), and blocked to saturate nonspecific antigen sites using 5% (v/v) 

goat serum/PBS (Jackson Immunoresearch Labs, West Grove, PA) overnight at 4°C. The next 

day, they were incubated with primary antibodies [anti-CD31 (PECAM-1) antibody (BD 

Biosciences, San Jose, CA) at 1:100 dilution or anti-collagen type I antibody (AbD Serotec, 

Raleigh, NC) at 1:1000 dilution] at room temperature for 4 h and visualized using appropriate 

species-specific secondary antibodies conjugated with Alexa Fluor 488, 568, 647, or 680 at 

1:1000 dilution (Invitrogen, Carlsbad, CA). Tissue sections were counterstained with Hoechst 

33342, a nuclear marker; mounted on slides using Fluorescent Mounting Medium 

(DakoCytomation, Carpinteria, CA); and examined with fluorescence microscopy.  



370 
 

Spinal cord injury 

To evaluate the cellular composition of spinal cord scars, surgery was performed on Nestin-

GFP/NG2-DsRed mice, anesthetized by intraperitoneal injection of a ketamine/xylazine mixture, 

and using a surgical microscope. Mice lay prone and immobilized on a special operating table, 

and the fur on their backs was shaved. Following a midline skin incision between the thoracic 

and lumbar regions and paravertebral muscle dissection, the spinous processes and laminar arcs 

were removed. The spinal cord was exposed, and the dorsal funiculus cut transversely, short of 

the gray matter and central canal, and extended caudally with microsurgical scissors to span one 

segment. The razor was as sharp as possible to minimize traumatic injury. Finally, the muscle 

and incision were sutured. To prevent infection and alleviate pain and/or discomfort, all animals 

received antibiotic (gentamycin, 5.8 mg/kg) and an analgesic (buprenorphine, 0.1-0.5mg/kg) and 

were monitored for body weight and ambulatory, feeding, and grooming behavior. Two weeks 

after injury, they were anesthetized again and transcardially perfused with cold PBS followed by 

perfusion with 4% paraformaldehyde solution in PBS. Following perfusion, the spinal cord was 

removed, immersed for 24 h in fixative solution, and cryoprotected with 30% sucrose in PBS for 

2 days. The spinal cords were then placed in embedding cryomolds, covered with tissue-

embedding medium (Tissue-Tek O.C.T. compound, Sakura Finetek, Tokyo, Japan), snap-frozen 

in liquid nitrogen, and stored at -80°C. 

 

Spinal cord immunohistochemistry 

Frozen spinal cords were cut longitudinally and transversely into 20-µm-thick serial sections 

using a cryostat at -20°C. Mounted on slides in series of six (Fisher Scientific), they were stored 

at -20°C before processing for immunocytochemistry. Sections were dried at room temperature 
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for 1 h, rehydrated in PBS, permeabilized with 0,5% Triton X-100 (Sigma) in PBS solution, and 

blocked to saturate nonspecific antigen sites using 5% (v/v) goat serum/PBS (Jackson 

Immunoresearch Labs) at 4°C overnight. The next day, the sections were incubated with primary 

antibodies at room temperature for 4 h and visualized using appropriate species-specific 

secondary antibodies. Hoechst 33342 was used as a nuclear marker.  

 

Brain injury 

To evaluate cell composition in scars formed after lesion, Nestin-GFP/NG2-DsRed mice were 

anesthetized with ketamine/xylazine as described above and positioned in a Just For Mice 

stereotaxic apparatus (Harvard Apparatus, Holliston, MA). To expose the cortex, a 1-mm-wide 

opening was made in the skull 1.5 mm from midline, extending from bregma to lambda. A sterile 

metallic surgical blade, size 15 (BD Biosciences), was lowered 1.5 mm (relative to the dura 

mater) unilaterally into the cortex and drawn along the length of the exposed brain, parallel to the 

midline. To prevent infection and alleviate pain and/or discomfort, all animals received antibiotic 

(gentamycin, 5.8 mg/kg) and an analgesic (buprenorphine, 0.1-0.5mg/kg). Their body weight and 

ambulatory, feeding, and grooming activities were monitored. Two weeks after injury, they were 

anesthetized and transcardially perfused with cold PBS followed by perfusion with 4% 

paraformaldehyde solution in PBS. After decapitation, their brains were rapidly dissected out, 

removed from the skull, postfixed for 24 h in the same fixative solution, and cryoprotected with 

30% sucrose in PBS for 2 days. The brains were then placed in embedding cryomolds, covered 

with tissue-embedding medium, snap-frozen in liquid nitrogen, and stored at -80°C.  
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Brain immunohistochemistry 

Frozen brains from Nestin-GFP/NG2-DsRed mice with or without injury were sectioned 

transversely into serial 20-µm-thick coronal sections using a cryostat (Zeiss Microm HM 500, 

Oberkochen, Germany) at -20°C, mounted on SuperFrost Plus Microscope Slides (Fisher 

Scientific) in series of six, and stored at -20°C before processing for immunocytochemistry. 

Sections were dried at room temperature for 1 hour, rehydrated in PBS, permeabilized with 0,5% 

Triton X-100 (Sigma) in PBS solution, and blocked to saturate nonspecific antigen sites using 

5% (v/v) goat serum/PBS (Jackson Immunoresearch Labs) at 4°C overnight. The next day, the 

sections were incubated with anti-PDGFRβ antibody (gift from Dr. W. Stallcup, Sanford-

Burnham Medical Research Institute, La Jolla, CA) at 1:100 dilution at room temperature for 4 h 

and visualized using appropriate species-specific secondary antibodies. Hoechst 33342 was used 

to mark nuclei. The sections were mounted on slides using Fluorescent Mounting Medium 

(DakoCytomation) and examined with fluorescence microscopy.  

 

Microscopy, Cell Imaging, and Counting 

An inverted motorized fluorescent microscope (Olympus, IX81, Tokyo, Japan) with an Orca-R2 

Hamamatsu CCD camera (Hamamatsu, Japan) was used for image acquisition. Camera drive and 

acquisition were controlled by a MetaMorph Imaging System (Olympus, Center Valley, PA). 

Ten arbitrary microscopic fields were counted in each immunostained plate or tissue section, and 

values pooled from parallel duplicates per time point and individual experiment. 

 

 

 



373 
 

Statistical Analysis 

Results are expressed as the mean ± SEM. Statistical significance was assessed using Student’s t-

test or ANOVA as referred in the text with GraphPad Prism (GraphPad Software, San Diego, 

CA). P<0.05 was considered significant. 

 

 

RESULTS  

 

Type-1, but not type-2, pericytes produce collagen type I in response to lung injury 

Several cell types contribute to fibrosis in response to bleomycin-induced lung injury [48, 49] 

(Fig. 1A, B; Fig. 2A), including pericytes [21]. As the functions of the pericyte subtypes differ in 

skeletal muscle [31], we examined their role in pulmonary fibrosis in Nestin-GFP/NG2-DsRed 

mice. We detected type-1 and type-2 pericytes associated with lung CD31+ microvessels (Fig. 

3A) and treated Nestin-GFP/NG2-DsRed mice with the fibrogenic agent bleomycin [50] (Fig. 1 

A, B). We looked for the pericyte subtypes in lung sections before and two weeks after the 

injury. We found that compared to pretreatment (74 ±26 cells/mm
2
), the number of type-1 

pericytes (315 ± 23 cells/mm
2
) increased significantly after bleomycin treatment (p= 0.002). In 

contrast, the increase in type-2 pericytes was not significant (pretreatment: 119 ± 51 cells/mm
2
; 

posttreatment: 290±87 cells/mm
2
; p= 0.165) (Fig. 3 B, C). Moreover, type-1 pericytes 

correspond to 12.6 ± 0.3% of type I collagen- producing cells, while type-2 pericytes generated 

no detectable collagen (0.3 ± 0.3%) (P<0.0001)(Fig. 3B, D). These results indicate that type-1 

pericytes accumulate at the injury site and contribute to pulmonary fibrosis.  
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Type-1 pericytes accumulate in the kidney after unilateral ureteral obstruction 

Unilateral ureteral obstruction (UUO) in rodents generates progressive renal fibrosis (Fig. 4A, B; 

Fig. 2B). Although several studies have suggested that pericytes, among other cell types (14, 16, 

52, 62, 84), contribute to collagen production in kidney fibrosis [51-53], a recent study ablated 

them and found no significant reduction in fibrosis but significant accumulation in the 

interstitium [23]. We detected type-1 and type-2 pericytes attached to renal CD31+ 

microvasculature (Fig. 5A). To determine whether both pericyte subtypes accumulate after renal 

fibrosis, we induced UUO in Nestin-GFP/NG2-DsRed mice and evaluated fibrosis by H&E, Van 

Gieson, and Masson’s trichrome stainings (Fig. 4A, B). Compared to sham control, the UUO 

group showed much more collagen deposition and more prominent fibrosis at day 14 (Fig. 4B). 

We observed a high concentration of type-1 pericytes near areas of dense collagen accumulation, 

but they were not producing type I collagen (Fig. 5B, D; Fig. 6). The number of type-1 pericytes 

increased significantly 2 weeks after UUO (preinjury: 222 ± 32 cells/mm
2
; postinjury: 681±150 

cells/mm
2
; p= 0.040), with an insignificant increase in type-2 pericytes (p=0.060) (Fig. 5B, C).  

 

Type-1 pericytes accumulate and surround the fibrotic area after myocardial infarct 

Whether pericytes participate in postinfarct fibrosis is unknown. Ultrastructural studies 

determined that contractile cells in MI scars include pericytes [54], but in the absence of pericyte 

markers, the question of pericyte contribution to cardiac fibrosis remains unanswered. We 

detected type-1 and type-2 pericytes in the perivascular space of CD31+ cardiac vessels (Fig. 

8A). To verify whether they participate in fibrous tissue accumulation after myocardial injury, 

we induced infarct in Nestin-GFP/NG2-DsRed transgenic mice by ligating the LAD coronary 

artery (Fig. 7A).  The hearts were harvested 14 days later (Fig. 2C), sectioned, and stained with 

http://www.vhlab.umn.edu/atlas/coronary-arteries/lad-left-anterior-descending-artery/index.shtml
http://www.vhlab.umn.edu/atlas/coronary-arteries/lad-left-anterior-descending-artery/index.shtml
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H&E, Van Gieson, and Masson's Trichrome to visualize the tissue scar. Myocardial infarcts were 

composed of dense scar tissue characterized by increased interstitial fibrosis (Fig. 7B, C). They 

were identified in all mice that underwent successful LAD ligation (Fig. 7C). Sham operated 

control animals did not show fibrosis (Fig. 7B). Thus, fibrosis was related to occlusion of the 

LAD artery rather than any other surgical effects. Type-1 pericytes increased significantly in the 

infarcted area (preinjury: 138 ± 25 cells/mm
2
; postinjury: 611 ± 72 cells/mm

2
; p= 0.003); type-2 

pericytes did not (preinjury: 196 ± 28 cells/mm
2
; postinjury: 286 + 56 cells/mm

2
; p= 0.223) (Fig. 

8B, C). Although type-1 pericytes concentrated in the area of the infarct, they did not produce 

type I collagen, which also accumulated there (Fig. 8B, D). Collagen was produced by cells that 

did not express the pericytic marker NG2 proteoglycan (Fig. 8B, D). Thus, our results imply that 

type-1 pericytes are recruited to the scar tissue after MI but do not contribute to tissue fibrosis. 

 

Type-1 pericytes participate in the scar formation after spinal cord lesion 

PDGFRβ+ cells play an important role in scar formation after spinal cord injury [34], 

contributing the most  collagen [36]. Since NG2 proteoglycan [55] and PDGFRβ [56] are 

expressed in pericytes, we examined whether NG2+ pericytes accumulate in the scar formed 

after spinal cord injury. We examined cell localization and the lesion’s fluorescence profile 

before and after performing dorsal spinal cord hemisection on Nestin-GFP/NG2-DsRed mice 

(Fig. 9A, B). We found that type-1 pericytes increased after injury (preinjury: 7.7 ± 3.0 cells; 

postinjury: 335 ± 34 cells), while the number of Nestin-GFP+/NG2-DsRed+ cells did not change 

significantly (preinjury: 10.0 ± 2.1; postinjury: 7.0 ± 3.2 cells) (Fig. 9C) at the injury area, the 

dorsal funiculus. Type-1 pericytes localized at the scar after injury, while Nestin-GFP+/NG2-

DsRed+ cells distributed throughout the spinal cord section (Fig. 9D, E). Note that a fraction of 
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Nestin-GFP+/NG2-DsRed+ cells correspond to oligodendrocyte progenitors [57], which are 

evenly distributed in the gray and white matter in the adult spinal cord [38] but do not form the 

scar after injury [58]. Nestin-GFP+/NG2-DsRed- cells correspond to ependymal cells and are 

only found around the ependymal canal [59]. 

 

Type-1 pericytes differ from PDGFRβ+ cells and accumulate after brain injury  

Fibrotic scars at the site of brain injury inhibit axonal regeneration [60]. Whether their cellular 

components are the same as those described in spinal cord scar is not known. To determine 

whether type-1 pericytes are found in brain scars, we examined the location of Nestin-GFP+ and 

NG2-DsRed+ cells before and 14 days after injuring the brain cortex of Nestin-GFP/NG2-DsRed 

mice (Fig. 10A, B, C). Consistent with our data on spinal cord injury (Fig. 9), type-1 pericytes 

were observed at the injured site (387 ± 14 cells) (Fig. 10D, E) but rarely in noninjured cortex 

(28.3 ± 17 cells) (Fig. 10D, F). Nestin-GFP+/NG2-DsRed- cells were consistently found in the 

subventricular zone (SVZ), a neurogenic area along the walls of the brain’s lateral ventricle, 

where proliferating progenitor cells and quiescent neural stem cells express Nestin [57]. As in 

the spinal cord, Nestin-GFP+/NG2-DsRed+ cells comprise two cell populations: type-2 pericytes 

and oligodendrocyte progenitors, which are broadly distributed in the brain and do not participate 

in scar formation after injury. Surprisingly, when we stained the brain sections with PDGFRβ 

antibody 2 weeks after injury, we detected accumulations of both cell populations in the injured 

area (NG2+ pericytes and PDGFRβ+ cells), and they did not overlap (Fig. 11A, B). As PDGFRβ 

is a known marker of other cell types, such as fibroblasts [36, 61], our results suggest that 

PDGFRβ+ cells, which contribute functionally to CNS fibrosis [34], differ from NG2+ pericytes. 

The role of type-1 pericytes in brain injury and their contribution to fibrosis require further study. 



377 
 

DISCUSSION 

 

This study demonstrates that only the nonneurogenic and nonmyogenic type-1 pericyte, which 

we identified in skeletal muscle [30], proliferates and accumulates at injured sites in the lungs, 

kidney, heart, spinal cord, and brain. Our results also show that this pericyte subtype corresponds 

to a subpopulation of collagen-producing cells only in the lungs, not in the kidney and heart, 

indicating that its role in tissue fibrosis is organ-dependent. After brain injury, type-1 pericytes 

differ from PDGFRβ+ cells at the core of the fibrous scar. Future therapies that target type-1 

pericytes to improve organ recovery after injury must consider the cell and organ differences 

reported here. 

 

Two pericyte subpopulations in skeletal muscle, lung, kidney, heart, spinal cord, and brain  

Pericytes have been classically subdivided in two groups based on their ontogeny: during 

development, most of them derive from the mesoderm [62-69], while CNS and thymus pericytes 

derive from the ectoderm [70-75]. Our data show that peripheric and CNS pericytes share the 

same markers, supporting the idea that they could share some characteristics [76, 77]. Their 

similarity may be explained by cell reprogramming from ectodermic to mesodermic during 

development [78-80]. However, our results indicate that pericyte subtypes do not play the same 

roles in different tissues. 

Although we found the two subtypes in several tissues, we do not know how type-2 pericytes 

(Nestin-GFP-) respond to pathological conditions. All the injury models studied here increase 

scar tissue, which seems to involve only type-1. Determining the role of type-2 pericytes in these 
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tissues and whether they are affected by other pathological conditions will require testing or 

developing other injury models.  

Future work should also explore why type-1 pericytes accumulate in several tissues after 

injury, as in most cases, they do not seem to produce extracellular matrix collagen. 

 

Pericyte participation in peripheral organ fibrosis  

Normal tissue homeostasis, regeneration, and repair rely on resident stem cells. In mammals, 

incomplete regeneration has been attributed to an insufficient number or malfunction of stem 

cells and a rapid fibroproliferative response after wounding. Excessive scar formation can lead to 

organ failure. Various cell types, including pericytes, have been implicated in fibrous tissue 

formation in several organs [81], but whether pericyte participation varies between organs and 

only a specific subtype contributes to scarring remains unexplored.  

Pericytes have been shown to differentiate into collagen-producing cells in models of dermal 

scarring [82]. In a recent lineage-tracing report, pericytes were found to contribute to formation 

of fibrous tissue after injury to skeletal muscle and dermis [22]. Another recent report 

demonstrates that liver pericytes, also known as hepatic stellate cells, are the major source of 

collagen during chronic hepatic disease [20].  

In contrast to the dominant role of pericytes in skin, skeletal muscle, and liver fibrosis [20, 

22], their contribution to fibrous tissue formation in other organs remains controversial. Some 

kidney and lung studies show important participation [21, 53]; other studies do not [23, 83]. 

Possible explanations include the use of different mouse models, the small percentage of cells 

undergoing recombination in some of them, and pericyte markers expressed by other cells, such 

as fibroblasts. Our study confirms that type-1 pericytes accumulate in the injured area in several 
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organs, although we detected a fibrogenic role only in the lungs. In a recent report, we showed 

that in skeletal muscle, only the subset of type-1 pericytes that is not involved in myogenesis 

produces collagen, thus contributing to fibrous tissue deposition in older mice [32]. Here, we 

show that type-1 pericytes correspond to approximately 10% of collagen-producing cells after 

lung injury. In contrast, although they concentrate in the injured area of kidney and heart, but 

they do not produce collagen. 

 

Nonneural cell participation in the CNS scar after trauma  

Genetically altered mice provide a powerful tool for elucidating the complex cellular and 

molecular mechanisms underlying CNS injury, which leads to scar formation at the lesion site. 

Various nonneural cells play critical roles. Endothelial cells are activated to form new vessels 

[84, 85]; leukocytes [86] can contribute to tissue repair, while macrophages [87] and microglia 

cells clear debris and recruit other cells [88-92]. 

Recent studies claim that most scar cells in the injured spinal cord are not glia cells. 

PDGFRβ+ pericytes have been reported to form fibrous tissue after spinal cord injury, and their 

genetic abrogation in the lesion results in its failure to close [34]. In this study, the authors claim 

that PDGFRβ+ cells are pericytes, although this marker is also present on other cells. In another 

recent study, the use of transgenic approaches demonstrated that PDGFRβ+ cells in the fibrotic 

core of the scar produce type I collagen and correspond to fibroblasts [36].  

Here, we show that two weeks after spinal cord and brain injury, type-1, but not type-2, 

pericytes increase and accumulate at the injured site. We also show that type-1 pericytes differ 

from PDGFRβ+ cells in the injured cortex, suggesting that their role in tissue repair after CNS 

injury is distinct from the collagen production described for PDGFRβ+ cells [34, 36]. 
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Signaling involved in type-1 pericyte accumulation merits further research 

Proliferation and migration of type-1 pericytes may be important in the pathogenesis of organ 

fibrosis. Several studies have shown that fibrosis activates cell division and migration [93], In 

particular, excessive PDGFβ activity has been associated with several human disorders, 

including organ fibrosis [94], and its signaling is critical for pericyte expansion and migration 

[95]. Future studies should focus on these signaling pathways. 

Collagen and TGFβ are upregulated in tissue fibrosis [96]. TGFβ has long been considered 

the most important ECM regulator [97]. It also regulates cell division and migration [98]. Thus, 

TGFβ and type I collagen facilitate the further migration of pericytes into diseased areas [93]. 

Additionally, pericytes express NG2 proteoglycan [99], which is very effective as a receptor, 

anchoring collagen to the cell surface [100, 101]. The functional significance of this 

NG2/collagen interaction is suggested by an increased ability of NG2+ cells to migrate in 

response to collagen [102]. Collagen accumulation may also activate the NG2 receptor and 

promote a cellular mitogenic response [103]. 

The tissue-specific variations we found in pericyte participation in the fibrotic response in 

different organs raise two questions: Are different signaling pathways involved? Why do type-1, 

but not type-2, pericytes respond to the injury models studied here? These problems will be 

investigated. 

 

Need for specific pericyte markers  

Here, we used NG2 and Nestin expression to detect pericyte subtypes, but we lack a single, 

specific, positive marker to track cell fate using recombination-based technology. We have yet to 
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discover a membrane protein expressed in pericyte subpopulations throughout the body that 

would facilitate their isolation and manipulation under normal and pathological conditions.  

To detect such specific markers, our future studies will screen for both pericyte subtypes 

isolated from Nestin-GFP/NG2-DsRed mice by microarray analysis, enabling the use of mouse 

genetic engineering to ablate cells. For instance, using pericyte subtype-specific marker 

CreER/DTA mice, as with other cell types [104, 105], might clarify their physiologic response to 

tissue injury.  

 

Distinguishing type-1 from type-2 pericytes is essential to exploiting their therapeutic 

potential 

Our earlier work found that under optimized culture conditions, only type-2 pericytes can 

generate neural cells [30], and transplantation studies indicate that type-2 pericytes participate in 

muscle regeneration, while type 1 contribute to adipose and fibrous tissue accumulation in the 

skeletal muscle [31, 32]. Here, we show that type-1, but not type-2, pericytes accumulate at an 

injured site. Whether each pericyte subset has distinct differentiation programs, self-renewal 

capacities, and requirements for proliferation in other tissues is unknown. 

Pericytes are multipotent stem cells [4-17, 106]. Besides their role in tissue repair, some 

studies suggest that they have important functions in several diseases [107]. Our studies support 

the idea that the capabilities of the pericyte subtypes we discovered [30] differ. We suggest that a 

pericyte subtype can be a source of easily accessible, autologous cells that can be expanded for 

tissue engineering and regenerative medicine. Future studies should reveal and clarify more 

differences in the roles of pericyte subtypes, so they can be used as cellular targets susceptible to 

signaling and pharmacological manipulation.  
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Figure 67 Figure 1. Mouse model of lung injury with bleomycin. 

Figure 1. Mouse model of lung injury with bleomycin. (A) Schematic diagram of the 

experimental plan for inducing peribronchial fibrosis. Right lungs of Nestin-GFP/NG2-DsRed 

mice were used for classical histology (B), and left lungs for immunohistochemistry (Fig. 3A, 

B). (B) Representative sections of normal mouse lungs and fibrotic lungs collected 14 days after 

intratracheal administration of bleomycin. Images of sections stained with H&E for general 

morphology and van Gieson (pink) and Masson's trichrome (blue) for collagen deposition 

throughout the lungs. 
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Figure 68 Figure 2 (related to Figures 1, 4, and 7). Models of cardiac, renal, and pulmonary fibrosis in mice. 
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Figure 2 (related to Figures 1, 4, and 7). Models of cardiac, renal, and pulmonary fibrosis 

in mice. Gross anatomy representative of normal and fibrotic mouse hearts (A), kidneys (B), and 

lungs (C) used in the study. 
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Figure 69 Figure 3. Nestin-GFP-/NG2-DsRed+ cells, but not Nestin-GFP+/NG2-DsRed+ cells, increase and participate in 
pulmonary fibrosis. 
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Figure 3. Nestin-GFP-/NG2-DsRed+ cells, but not Nestin-GFP+/NG2-DsRed+ cells, 

increase and participate in pulmonary fibrosis. (A) Representative photomicrographs of lung 

sections from Nestin-GFP/NG2-DsRed mice (control) showing blood vessels with CD31+ 

endothelial cells and pericytes (NG2-DsRed+). All panels show identical areas with CD31 

staining, NG2-DsRed, Nestin-GFP+, Hoechst, brightfield, and combined fluorescent images. 

Nestin-GFP- and Nestin-GFP+ pericytes (NG2-DsRed+) surround capillaries. (B) Immuno-

histochemical staining with an antibody against type I collagen in lung sections from Nestin-

GFP/NG2-DsRed double-transgenic mice showing matrix deposition 2 weeks after bleomycin 

treatment. All the panels show the same lung area with collagen type I (Col I), NG2-DsRed, 

Nestin-GFP+, Hoechst, brightfield, and merged fluorescent images. Note that some type-1 

pericytes (Nestin-GFP-/NG2-DsRed+) produce collagen type I after lung injury, indicated by a 

white arrow. (C) Number of Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells 

before and after pulmonary injury (n=3 mice; 10 lung sections from each). (D) Percentage of 

cells producing type I collagen in NG2-DsRed-/Nestin-GFP-, NG2-DsRed+/Nestin-GFP-, and 

NG2-DsRed+/Nestin-GFP+ cell populations (P<0.0001). 
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Figure 70 Figure 4. Mouse model of unilateral ureteral obstruction (UUO). 

Figure 4. Mouse model of unilateral ureteral obstruction (UUO). (A) Schematic diagram 

showing UUO in Nestin-GFP/NG2-DsRed transgenic mice. The right ureter was exposed via a 

lateral incision and ligated. The right obstructed kidney or left nonobstructed kidney (control) 

were analyzed 14 days after the operation. (B) Histology of UUO and contralateral kidneys. 

Paraffin kidney sections were stained with H&E. Collagen content was assessed by van Gieson 

(pink) and Masson's trichrome (blue). 
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Figure 71 Figure 5. NG2-DsRed+ pericyte accumulation, but no collagen production, in a mouse model of kidney fibrosis. 
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Figure 5. NG2-DsRed+ pericyte accumulation, but no collagen production, in a mouse 

model of kidney fibrosis. (A) Immunohistochemistry of unobstructed kidney sections in a 

Nestin-GFP/NG2-DsRed mouse showing blood vessels labeled with the endothelial cell marker 

CD31; Nestin-GFP-/NG2-DsRed+ (type-1) and Nestin-GFP+/NG2-DsRed+ (type-2) pericytes 

are attached to it. All panels show the same area for different channels (CD31, NG2-DsRed, 

Nestin-GFP, Hoechst, brightfield, and merged images). (B) Representative immuno-fluorescence 

staining of type I collagen in the kidney 14 days after UUO in a Nestin-GFP/NG2-DsRed mouse. 

All panels show the same area for different channels (collagen type I [Col I], NG2-DsRed, 

Nestin-GFP, Hoechst, brightfield, and merged images). Note that in this model of kidney 

fibrosis, NG2-DsRed+ cells do not express collagen type I. (C) Quantification of Nestin-GFP-

/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells before and 14 days after UUO (n=3 mice; 

10 kidney sections from each). (D) Percent of cells expressing collagen type I in the kidney two 

weeks after UUO (P<0.0001). Note that NG2+ pericytes do not contribute to collagen type I 

production. 
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Figure 72 Figure 6 (related to Figure 5). Type-1 pericytes accumulate, but do not overlap with collagen producing cells, in a 
mouse model of kidney fibrosis. 

Figure 6 (related to Figure 5). Type-1 pericytes accumulate, but do not overlap with 

collagen producing cells, in a mouse model of kidney fibrosis. Representative 

immunofluorescence image of an obstructed kidney section 14 days after UUO in a Nestin-

GFP/NG2-DsRed mouse. All panels show the same area for different channels (collagen type I 

[Col I], NG2-DsRed, Nestin-GFP, Hoechst, brightfield, and merged images].  
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Figure 73 Figure 7. Mouse model of myocardial infarction (MI). 

Figure 7. Mouse model of myocardial infarction (MI). Schematic illustration of myocardial 

infarction in Nestin-GFP/NG2-DsRed double-transgenic mice (A). A left lateral thoracotomy 

was performed on anesthetized and ventilated animals to expose the heart. The left anterior 

descending coronary artery (LAD) was permanently ligated forming a localized ischemic area. 

This surgical procedure mimics pathophysiological aspects of MI. Histology of representative 

control (B) and infarcted (C) hearts. Longitudinal sections of paraffin-embedded myocardial 

tissue were stained with hematoxylin and eosin (H&E) stain. Cardiac fibrosis was evaluated by 

Van Gieson’s (peach color, fibrillar collagen; pink, myocardium) and Masson's trichrome (blue, 

fibrillar collagen; red, myocardium) staining 2 weeks after MI. 
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Figure 74 Figure 8. Type-1 pericytes accumulate in the fibrotic region after myocardium infarction but do not express 
collagen. 
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Figure 8. Type-1 pericytes accumulate in the fibrotic region after myocardium infarction 

but do not express collagen. (A) Representative photomicrographs of longitudinal sections of 

myocardial tissue from Nestin-GFP/NG2-DsRed double-transgenic mice. Blood vessels with 

CD31+ endothelial cells are surrounded by Nestin-GFP-/NG2-DsRed+ (type-1) and Nestin-

GFP+/NG2-DsRed+ (type-2) pericytes. All panels show the same area for different channels 

(CD31, NG2-DsRed, Nestin-GFP, Hoechst, brightfield, and merged fluorescence). (B) 

Representative longitudinal sections of hearts 14 days post-infarct from Nestin-GFP/NG2-DsRed 

double-transgenic mice. All panels show identical areas in the heart section: CD31 staining, 

NG2-DsRed, Nestin-GFP+, Hoechst, brightfield, and merged fluorescence images. Note that 

anti-type I collagen staining confirms that neither type-1 nor type-2 pericytes express type I 

collagen, although type-1 pericytes accumulate near the fibrotic area. (C) Quantification of 

Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells before and 14 days after 

infarction (n=3 mice; 10 heart sections from each). Note that the number of Nestin-GFP-/NG2-

DsRed+ cells increased significantly. (D) Percent of cells expressing type I collagen in the 

infarcted heart (P<0.0001).  

 

 

 



396 
 

 

Figure 75 Figure 9. Type-1 (Nestin-GFP-/NG2-DsRed+) pericytes accumulate after spinal cord injury in vivo. 
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Figure 9. Type-1 (Nestin-GFP-/NG2-DsRed+) pericytes accumulate after spinal cord injury 

in vivo. (A) Diagram showing spinal cord injury by dorsal funiculus incision in Nestin-

GFP/NG2-DsRed mice. Spinal cord transverse and longitudinal sections were analyzed two 

weeks after injury. (B) Mouse spinal cord transverse-sectioned at the level of L5 (modified from 

ALLEN Spinal Cord Atlas), illustrating the area where the injury was performed (gray). (C) 

Quantification of Nestin-GFP-/NG2-DsRed+ and Nestin-GFP+/NG2-DsRed+ cells before and 

14 days after injury (n=3 mice, 10 spinal cord sections from each). (D) Photomicrographs of 

transverse section at L5 14 days after injury, illustrating the distribution of Nestin-GFP+ and 

NG2-DsRed+ cells. The second column shows the images in the first column at higher 

magnification. GFP and DsRed fluorescence images are illustrated. The top panels show 

brightfield images; the bottom panels, merged images. Note that type-1 pericytes accumulated in 

the tissue formed after injury, but almost no Nestin-GFP+/NG2-DsRed+ cells were detected in 

this area. Nestin-GFP+/NG2-DsRed- cells, or ependymal cells, line the central canal in the spinal 

cord. (E) Photomicrographs of a longitudinal section of a spinal cord 14 days after injury. 

Nestin-GFP, NG2-DsRed, and their corresponding brightfield, merged fluorescence, and merged 

fluorescence and brightfield images are shown. Note the higher number of Nestin-GFP-/NG2-

DsRed+ cells in the injured area. Scale bars = 100 μm.  
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Figure 76 Figure 10. Type-1 pericytes accumulate in the scar formed after brain injury. 
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Figure 10. Type-1 pericytes accumulate in the scar formed after brain injury. (A) Diagram 

of the experimental protocol. Brain coronal sections analyzed two weeks after cortical injury in 

Nestin-GFP/NG2-DsRed mice. (B) Mouse brain sagittal section (modified from Paxinos & 

Franklin, 2001 [[108]]). The vertical line indicates the site of the coronal section in C, 0.02 mm 

rostral to the bregma. (C) Mouse brain coronal sections (modified from Paxinos & Franklin, 

2001 [108]]) illustrating the site of the cortical injury (gray). The shaded boxes and areas 

outlined in red are the areas shown in images E and F. (D) Quantification of Nestin-GFP-/NG2-

DsRed+ and Nestin-GFP+/NG2-DsRed+ cells before and 14 days after injury (n=3 mice, 10 

brain sections from each preparations). (E) Representative brain coronal section magnifying the 

cortical injury represented in B. Note that type-1 pericytes predominate over type-2 in the scar 

formed after brain injury. Panels show GFP and DsRed fluorescence, brightfield, all fluorescence 

images merged, and all the images merged with brightfield. Nuclei were stained with Hoechst. 

(F) Representative brain coronal section magnifying the region contralateral to the injury 

represented in B in the same animal used in E. Note that Nestin-GFP-/NG2-DsRed+ cells 

developed in the scar postinjury but were rarely observed in the uninjured contralateral region. 

Scale bar = 100 μm. LV, lateral ventricle.  
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Figure 77 Figure 11. PDGFRβ+ is expressed in nonneural tissue formed after brain lesion. 

Figure 11. PDGFRβ+ is expressed in nonneural tissue formed after brain lesion. (A) 

Representative brain coronal sections 14 days after cortical injury. All panels show identical 

areas with PDGFRβ staining, NG2-DsRed, Nestin-GFP+, Hoechst, brightfield, and combined 

fluorescent images. Note that although type-1 pericytes accumulate in the nonneural tissue 

formed after brain contusion, they differ from PDGFRβ+ cells. (B) Percentage of NG2-DsRed- 

and NG2-DsRed+ cells expressing PDGFRβ. 
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ABSTRACT 

 

Troponin T (TnT) is known to mediate the interaction between Tn complex and tropomyosin 

(Tm), which is essential for calcium-activated striated muscle contraction. This regulatory 

function takes place in the myoplasm, where TnT binds Tm. However, recent findings of 

Troponin I and Tm nuclear translocation in Drosophila and mammalian cells imply other roles 

for the Tn-Tm complex. We hypothesized that TnT plays a nonclassical role through nuclear 

translocation. Immunoblotting with different antibodies targeting the NH2- or COOH-terminal 

region, uncovered a pool of fast skeletal muscle TnT3 localized in the nuclear fraction of mouse 

skeletal muscle as either an intact or fragmented protein. Construction of TnT3-DsRed fusion 

proteins led to the further observation that TnT3 fragments are closely related to nucleolus and 

RNA polymerase activity, suggesting a role for TnT3 in regulating transcription. Functionally, 

overexpression of TnT3 fragments produced significant defects in nuclear shape and caused high 

levels of apoptosis. Interestingly, nuclear TnT3 and its fragments were highly regulated by aging, 

thus creating a possible link between the deleterious effects of TnT3 and sarcopenia. We propose 

that changes in nuclear TnT3 and its fragments cause the number of myonuclei to decrease with 

age, contributing to muscle damage and wasting. 
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INTRODUCTION 

 

The thin filament regulatory proteins troponin (Tn) and tropomyosin (Tm) are essential for 

contraction of striated muscle (skeletal and cardiac), which is regulated by the concentration of 

intracellular calcium (Tobacman 1996; Gordon et al. 2000; Szczesna and Potter 2002). Tn 

complex is composed of three subunits: calcium-binding troponin C (TnC), inhibitory troponin I 

(TnI), and Tm-binding troponin T (TnT). Muscle fiber depolarization leads to sarcoplasmic 

reticulum calcium release and contraction (Jimenez-Moreno et al. 2008; Jimenez-Moreno et al. 

2010). Calcium binds to TnC, causing conformational changes in the Tn complex, exposing 

binding sites for myosin on the actin filaments, and initiating interaction between myosin and 

actin, with consequent muscle contraction (Geeves and Holmes 1999). 

Vertebrates have various TnT isoforms: cardiac TnT1, slow skeletal muscle TnT2, and 

fast skeletal muscle TnT3, with variable sizes (233–305 amino acids) and charges resulting from 

multiple regulatory mechanisms, including alternative RNA splicing and posttranslational 

modifications. The TnT NH2-terminal region is hypervariable in contrast to the COOH-terminal 

and middle regions, which are highly conserved across species (Jin et al. 2008). Functionally, the 

NH2-terminal region of TnT does not bind any known myofilament proteins and can be 

selectively removed during cardiac ischemia reperfusion through calpain cleavage (Zhang et al. 

2006). In contrast, the COOH-terminal and middle regions of TnT carry the binding sites for TnI, 

TnC, and Tm (Perry 1998) and play a central role, activating actomyosin even when the NH2-

terminal variable region is deleted (Pan et al. 1991). Therefore, the COOH-terminal and middle 

regions are the core TnT domain, making TnT the key mediator of Tn complex self-organization 

and interaction with the muscle thin filament (Tobacman 1996; Perry 1998).  
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Still, evolutionarily and developmentally, the hypervariable N-terminus of TnT seems to 

be required for the fine functional regulation of the core domain of each TnT isoform. The NH2-

terminal structure modulates TnT conformation and middle and C-terminal region interaction 

with other thin-filament proteins (Ogut and Jin 1996; Wang and Jin 1998; Biesiadecki et al. 

2007; Jin and Root 2000). Deletion of the N-terminal variable region of cardiac TnT increases 

heart efficiency (Zhang et al. 2006; Feng et al. 2008). TnT N-terminal variation alters thin-

filament Ca
2+

-sensitivity and force production (Reiser et al. 1992; Gomes et al. 2002; 

Biesiadecki and Jin 2002; Chandra et al. 1999), and the negative charges of the N-terminal 

region determine the overall TnT charge (Wang and Jin 1997), while the TnT N-terminal acidic 

residues provide binding capacity for Ca
2+

 (Zhang et al. 2004). 

Age-related loss of muscle mass, muscle function, and muscle quality, termed sarcopenia 

(Zinna and Yarasheski 2003), is characterized by muscle weakness (Degens and Alway 2003; 

Onambele et al. 2006; Morse et al. 2004; Degens and Alway 2006; Klitgaard et al. 1990; Larsson 

1978; Larsson and Ansved 1995; Morse et al. 2005), reduced maximal shortening velocity, and 

slow contraction and relaxation (Klitgaard et al. 1990; Larsson 1978; Larsson and Ansved 1995; 

Narici and Maganaris 2006) with a consequent decrease in force-generating capacity  ((Barbieri 

et al. 2003; Brooks and Faulkner 1991; Runge et al. 2004; Gonzalez and Delbono 2001; 

Gonzalez et al. 2000) for a review see (Delbono 2011)). Sedentary lifestyle and reduced levels 

and/or responsiveness to trophic hormones and factors contribute to muscle atrophy (Thomas 

2010). In addition, age-related decrease in muscle mass has been associated with myonuclei loss 

(Marzetti et al. 2010; Buford et al. 2010), fewer stem cells, and diminished regenerative capacity 

(Snijders et al. 2009; Carlson and Conboy 2007; Day et al. 2010; Shefer et al. 2010). Loss in 

fiber type II (Larsson 1978; Tomlinson et al. 1973) and fewer satellite cells (Verdijk et al. 2007) 
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also contribute to the predominant atrophy of fast-twitch fibers with aging. A rigorous analysis 

of the involvement of Tn isoforms in muscle fiber atrophy is needed. 

Whether Tn plays another role than the classically described regulation of striated muscle 

contraction is unknown. Here, for the first time, we show that fast skeletal muscle TnT3 and its 

fragments translocate into the skeletal myofiber nuclei in vivo. We further characterized their 

subnuclear localization; proved that they are closely related to the nucleolus and RNA 

polymerase activity; and examined changes in full-length TnT3 and TnT COOH-terminal 

fragment myonuclei expression with aging. Finally, we examined the cytotoxicity of TnT3 

fragments. We propose that nuclear TnT3 and its fragments cause myonuclear decrease in aging 

muscle and mediate muscle damage and disease. TnT3 may prove an effective therapeutic target 

to improve muscle quality in health and disease. 

 

 

METHODS 

 

Cell culture and transfection 

The mouse skeletal muscle cell line C2C12 was cultured as described previously (Zhang et al. 

2009). Only undifferentiated C2C12 myoblasts, which do not exhibit endogenous myofilaments, 

were used for transient exogenous protein expression. Briefly, undifferentiated C2C12 myoblasts 

were plated on tissue culture dishes or glass coverslips coated with 0.5% gelatin in growth 

medium consisting of Dulbecco’s modified Eagle Medium (DMEM, 1 g/l glucose) containing 

10% FBS (Atlanta Biologicals, Atlanta, GA) and 2 mM Glutamax (Invitrogen, Carlsbad, CA). 
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The mouse NIH3T3 fibroblasts were cultured in the same medium used for C2C12. 

Lipofactamine 2000 (Invitrogen, Carlsbad, CA) was used for cell transfection. 

 

TnT3 cDNA construct and primers 

The full-length cDNA of TnT3 was amplified by PCR using a TnT3 cDNA fragment subcloned 

in the pGADT7 vector as a template (obtained from a Yeast Two Hybrid assay from our lab, 

unpublished data) and into the NH2- terminal region of pDsRed2-N1 vector (Clontech, Mountain 

View, CA) between HindIII and SacII restriction enzyme digestion sites. The other three TnT3 

fragments encoding cDNA were further cloned by PCR using the same strategy. Primer 

sequences are listed in Fig S1. Sequencing confirmed all constructs (DNA sequencing 

laboratory, Wake Forest University School of Medicine [WFUSM]). 

 

Transcription inhibition 

Three hours before fixation, C2C12 cells transfected with different TnT3/DsRed constructs were 

treated with 0.05 µg/ml or 20 µg/ml actinomycin D (ActD) (Sigma-Aldrich, St. Louis, MO ) to 

inhibit RNA Pol I or Pol I and Pol II, respectively (Dousset et al. 2000; Pinol-Roma and 

Dreyfuss 1992), or treated with 25 µg/ml 5,6-dichlorobenimidazole ribose (DRB) (Sigma-

Aldrich, St. Louis, MO) to inhibit RNA Pol II specifically (van Koningsbruggen et al. 2004). 

 

RNA extraction, reverse transcription, and qPCR 

Total RNA was extracted from young and old mouse FDB muscles using Trizol reagent 

(Invitrogen, Carlsbad, CA) following the user manual. Gene expression was analyzed by 

quantitative real-time PCR (qPCR) using Stratagene Mx3000 (Stratagene, La Jolla, CA). qPCR 
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master mix and TaqMan primer/probes for TnT3 and GAPDH genes were purchased from 

Applied Biosystems (Foster City, CA). To determine TnT3 or GAPDH tissue expression levels, 

10 ng of total RNA were added to the PCR reaction tube with a mixture of qPCR master mix, 

Taqman primer/probes, superscript III reverse transcriptase (Invitrogen), and RNAse inhibitor 

(Promega, Fitchburg, WI) in a total reaction volume of 25 l. The PCR parameters were 48°C, 

45 minutes x 1 cycle; 95°C, 10 minutes x 1 cycle; 95°C, 15 seconds, and 60°C, 1 minute, x 40 

cycles. 

 

Animal and tissue lysates 

Tibialis anterior (TA) muscles were dissected from 3 and 28 month-old FVB (Friend Virus B, 

our colony) mice, which have been used as a model of aging skeletal muscle in our laboratory 

(Renganathan et al. 1998; Payne et al. 2004). Animals were housed at WFUSM and killed by 

cervical dislocation. Handling and procedures were approved by the WFUSM Animal Care and 

Use Committee. To extract cytosolic and nuclear protein fractions from the mouse TA, we used a 

procedure reported before (Siu et al. 2006) as shown in Fig S2. In brief, 50 mg of muscle were 

ground in liquid nitrogen and homogenized on ice in 1ml lysis buffer (10 mM NaCl, 1.5 mM 

MgCl2, 20 mM HEPES, pH 7.4, 20% glycerol, 0.1% Triton X-100, 1 mM dithiothreitol) 

supplemented with a protease inhibitor cocktail (Roche, Indianapolis, IN). Then the samples 

were filtered through a 40-µm cell strainer (BD Biosciences, Bedford, MA) to remove tissue 

debris and centrifuged (Heraeus’ Biofuge Fresco, Thermo Fisher Scientific, Pittsburgh, PA) at 

5,000 rpm for 5 minutes at 4°C to pellet the nuclei and cell debris. Supernatants were collected 

and centrifuged three more times at 6,000 rpm for 5 minutes at 4°C to remove residual nuclei. 

The final collected supernatants were stored as nuclei-free total cytosolic protein fractions. The 
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remaining pellet was resuspended in 360 µl of lysis buffer in the presence of 49.8 µl of 5 M 

NaCl and protease inhibitor cocktail, and rotated for 2 hours at 4°C to release soluble nuclear 

protein. Following a spin at 13,000 rpm for 15 minutes at 4°C, the supernatants were collected 

and stored as cytosolic-free nuclear protein fractions. The final pellet, mainly containing the 

myofibrillar proteins and insoluble nuclear matrix, was resuspended in Laemmli SDS PAGE 

sample buffer containing 2% SDS. Protein concentration was determined by Bio-Rad DC assay 

(Hercules, CA). For immunoblots, 10 g protein from each preparation were used. 

To prepare whole tissue lysates, muscles were homogenized in Laemmli SDS PAGE 

sample buffer containing 2% SDS and heated at 95°C for 5 min. Insoluble material was removed 

by centrifugation, and the soluble supernatants saved as whole cell lysis.  

 

Muscle electroporation and single intact fiber preparation 

Two mouse strains, C57B16 and FVB, were used for intramuscular plasmid injection and 

electroporation according to (DiFranco et al. 2006). Briefly, flexor digitorum brevis (FDB) 

muscles were injected with 5 µl of 2mg/ml hyaluronidase and injected 1 hour later with 20 μg 

DsRed-conjugated TnT3 cDNAs or control DsRed cDNA. Ten minutes later, two sterile, gold-

plated acupuncture needles were placed under the skin on adjacent sides of the muscle. Twenty 

100 V/cm, 20-ms square-wave pulses of 1-Hz frequency were applied to the muscle for one 

second each using a Grass stimulator (Grass S48; W. Warwick, RI, USA).  

The technique for single intact fiber dissection followed procedures previously described 

(Gonzalez et al. 2000; Lannergren and Westerblad 1987; Birbrair et al. 2011). After isolation, 

suspended fibers were pelleted for 20 minutes and fixed with 4% paraformaldehyde (15 minutes 

at room temperature), then stained with Hoechst 33342 and mounted for microscopic analysis. 
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Microscopy and image analysis 

Cells cultured on coverslips were fixed with 4% paraformaldehyde (15 minutes at room 

temperature), and cell membrane was permeabilized for 5 minutes at room temperature with 

0.5% Triton X-100 in PBS buffer after fixation. After three washes with PBS, cells were 

incubated for 1 hour at room temperature in blocking buffer (PBS with 10% normal goat serum 

[Sigma]) and labeled at room temperature with primary and secondary antibodies for 2 and 1 

hour, respectively. Cells were counterstained with Hoechst 33342 (Invitrogen) and mounted in 

DAKO fluorescent mounting medium (DAKO, Carpinteria, CA).  

Widefield immunofluorescence images were taken on an inverted motorized fluorescent 

microscope (Olympus, IX81, Tokyo, Japan), and an Orca-R2 Hamamatsu CCD camera 

(Hamamatsu, Japan) was used to acquire images. Camera driver and image acquisition were 

controlled with a MetaMorph Imaging System (Olympus). Digital image files were transferred to 

Photoshop 7.0 to assemble montages. Images are representative examples from three 

independent experiments. 

 

Annexin V and 7-AAD staining and flow cytometry 

The C2C12 or NIH3T3 cells were transfected with different constructs (TnFL/DsRed, 

TnNT/DsRed, TnM/DsRed, TnCT/DsRed and DsRed) (Fig. S1), cultured for 48 h, and stained 

with FITC Annexin V and 7-amino actinomycin D (7-AAD) (BD Bioscience, San Jose, CA), 

following the manufacturer’s protocol. Briefly, the cells were harvested by trypsinization, 

washed twice with PBS, and stained with 2.5µg/ml FITC Annexin V and 7-AAD in 1x binding 

buffer (10 mM Hepes (pH 7.4), 140 mM NaCl, 2.5 mM CaCl2) at room temperature for 15 

minutes. This method allows us to discriminate viable (AnnexinV - / 7-AAD -), apoptotic 
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(Annexin V + / 7-AAD -), and necrotic (Annexin V + / 7-AAD +; Annexin V - / 7-AAD +) cells. 

Flow cytometry analysis was carried out using a FACSCalibur flow cytometer (FACScan; 

Becton Dickinson Immunocytometry Systems, San Jose, CA). The samples were acquired 

immediately after staining, and the value in the dot plot indicates the percent of each gated 

region that fell into the quadrant. DsRed fluorescence was detected with the FL2 channel; 

Annexin V FITC fluorescence with the FL1 channel; and 7-AAD fluorescence with the FL3 

channel. Background fluorescence of (1) unstained nontransfected cells, (2) nontransfected cells 

stained for FITC Annexin V or 7-AAD, and (3) transfected DsRed-positive cells was used to set 

up gates, photomultiplier tube voltages, and amperage gain for each channel. The gate was set up 

to quantify only the transfected DsRed-positive cells for 7-AAD and Annexin V staining. Data 

were collected on at least 100,000 freshly stained cells and analyzed using CellQuest software 

software (BD). 

 

Electrophoresis and immunoblotting 

SDS-PAGE was conducted using a 4.5 % stacking gel with a 10% resolving gel in a Mini-

Protean gel system (BioRad Laboratories, Hemel-Hemptstead, Herts., UK) as described (Taylor 

et al. 2009). Gels were transferred to PVDF membranes (Amersham Health, Little Chalfont, 

Buckinghamshire, UK) and held overnight at 4°C. Blots were blocked in 5% nonfat dry milk 

with 0.1% Tween in TBS for primary antibody incubation. Horseradish peroxidase-conjugated 

secondary antibodies were used at a 1:5000 dilution at room temperature for 1 h. Band intensity 

was measured using the Kodak Gel Doc imaging system (Carestream Health, Inc, Rochester, 

NY). Peroxidase activity was revealed with the Amersham ECL plus western blot detection 
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reagents (GE Healthcare, Piscataway, NJ). Data are representative of three independent 

experiments. 

 

Reagents and antibodies 

Rabbit anti-TnT3 polyclonal antibody was purchased from Aviva Systems Biology (San Diego, 

CA); mouse anti-TnT3 monoclonal antibody from NOVUS Biologicals (Littleton, CO), rabbit 

anti-histone H3 from Cell Signaling Technology (Beverly, MA); mouse anti-myosin heavy chain 

(MHC) MF20 from Developmental Studies Hybridoma Bank (University of Iowa); mouse anti-

-tubulin from Sigma (Saint Louis, MO); mouse anti-actin from Millipore (Billerica, MA); 

mouse anti-fibrillarin from Abcam (Cambridge, MA); mouse anti-RPA194 (C-1) monoclonal 

antibody from Santa Cruz (Santa Cruz, CA); and mouse anti-RNA polymerase II 8GW16 

monoclonal antibody from Covance (Emeryville, CA).  

Alexa 488- or 568-conjugated antimouse or antirabbit IgG were purchased from 

Invitrogen (Carlsbad, CA). NA931V goat antimouse (Amersham Health, Little Chalfont, 

Buckinghamshire, UK) was used as a secondary antibody for immunoblotting. 

 

Statistical analysis 

All graphs and statistical analyses were made with Prism 5.0a (Graphpad Software, Inc., La 

Jolla, CA). Data are expressed as means  SD. The unpaired Student’s t-test was used to 

compare experimental groups. 
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RESULTS 

 

TnT3 is located in the myofiber nucleus and cytoplasm 

Western blot analysis of total (W), nuclear (N), myofibrillar (F) and cytoplasmic (C) extracts of 

untransfected mouse TA muscles showed that endogenous TnT3 localizes mainly in the 

myofibrillar pool. However, a small fraction localized in the nucleus (Fig. 1A). To verify the 

purity of the fractions, we looked for α-tubulin as a cytoplasmic marker, and MHC as a 

myofibrillar marker. We detected α-tubulin predominantly in the total and cytoplasmic fractions 

and MHC only in the total and myofibrillar fractions, with the strongest bands in the myofibrillar 

pool. Histone H3 was consistently in both the total and nuclear fractions but not the cytoplasmic 

pool. H3 was also detected in the myofibrillar pool, indicating that a fraction of the nuclear 

proteins was not completely released (Fig. 1A). 

 

Subcellular localization of TnT3/DsRed fusion constructs in mouse C2C12 myoblasts 

To investigate the subnuclear localization of TnT3 and its fragments and to determine the 

domain that contains the nuclear localization signal, we conjugated DsRed with intact TnT3 or 

each of its three fragments; representing the NH2-terminal variable region; the middle, 

conserved region; and the COOH-terminal conserved region (Figs. 1B, S1). All constructs were 

overexpressed in the mouse C2C12 myoblasts, and their distribution pattern was compared with 

control DsRed protein (Fig. 1C). Surprisingly, both the TnFL/DsRed and the TnCT/DsRed 

showed sharp, punctate nuclear localization, while TnCT/DsRed also showed diffuse distribution 

in the nucleoplasm. In contrast, both TnNT/DsRed and TnM/DsRed, similar to control DsRed 

protein, showed diffuse localization throughout the cytoplasm and nucleus. Note that the 

TnM/DsRed construct may have been distributed along the stress fibers in the cytosolic area. 
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Similar subcellular localization patterns for all of these constructs were observed in NIH3T3 and 

COS7 cell lines (data not shown). GFP NH2-terminal-tagged, full-length TnT3 exhibited similar 

subcellular localization in C2C12 cells (Fig. S3). These data indicate that TnT3 is mainly 

localized in the nucleus when overexpressed in cells in the absence of myofilaments, and the 

nuclear localization signal resides in the TnT3 COOH-terminal region.  

 

Nuclear TnT3 associates with dense nucleolar structures 

To further examine the subnuclear localization of TnT3, we performed immunofluorescence 

staining using an antibody against the nucleolar protein fibrillarin, a dense nucleolar marker. 

TnCT/DsRed co-localized with fibrillarin in large puncta, while TnFL/DsRed was surrounded 

mainly with fibrillarin “caps” (Fig. 2A). TnNT/DsRed, TnM, and control DsRed did not have 

any effect on the fibrillarin staining pattern (data not shown). The NH2-terminal region of TnT3 

seems to affect TnCT’s subnuclear localization or its relationship with fibrillarin.  

Since fibrillarin-depleted cells showed abnormal nuclear morphology (Amin et al. 2007), 

we used reported parameters to analyze the effects of TnT constructs on nuclear morphology and 

found that TnFL/DsRed and TnCT/DsRed, which both show close spatial association with 

fibrillarin, had the strongest effects on changes from normal (round or ellipse with smooth edge) 

to abnormal (indented, curved with uneven edge) when transiently overexpressed in C2C12 cells 

(Fig. 2B).  

 

TnT3 is associated with RNA polymerase I and II and their related transcription activity 

The nucleoli are the major nuclear structures where RNA polymerase I synthesizes ribosomal 

RNA (Sirri et al. 2008). We further stained C2C12 cells transfected with TnT3 constructs with 
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either RNA polymerase I (Pol I) antibody (PRA194(C-1)) or RNA polymerase II (Pol II) 

antibody (8WG16). Pol I staining co-localized with both TnFL/DsRed and TnCT/DsRed in the 

nucleolar area, but, interestingly, only TnFL/DsRed recruited Pol II, which normally localizes in 

the nucleoplasm, to the nucleolar area. As a control, TnNT/DsRed did not affect either Pol I or 

Pol II subnuclear localization (Fig. 3).  

To study the role of TnT3 in RNA processing, we performed transcription inhibition 

experiments in C2C12 cells transfected with TnFL/DsRed or TnCT/DsRed. A low ActD 

concentration (0.05 µg/ml), which specifically inhibits Pol I, resulted in TnFL/DsRed 

redistribution into the nucleoplasm, while nucleoplasmic TnCT/DsRed disappeared, leaving only 

nucleolar puncta (Fig. 4A). The Pol II-specific inhibitor DRB (25 µg/ml) showed effects mainly 

on TnCT/DsRed redistribution (Fig. 4B). When both Pol I and Pol II were inhibited with a higher 

ActD concentration (20 µg/ml), fibrillarin puncta disappeared almost completely and 

redistributed into the nucleoplasm. As a result, both TnFL/DsRed and TnCT/DsRed were also 

redistributed into the nucleoplasm (Fig. 4C). This transcription inhibition experiment and Pol I 

and/or Pol II co-localization with TnT3 constructs suggest a role for TnT3 in RNA biogenesis. 

 

Subcellular localization of TnT3/DsRed fusion proteins in mouse FDB fibers 

To examine whether TnT3/DsRed fusion constructs show subcellular distribution patterns 

similar to those observed in the C2C12 cells in skeletal muscle fiber in vivo, we performed in 

vivo electroporation experiments in mouse FDB muscle. As early as 3 days after electroporation, 

we observed expression of all constructs. When dissected whole FDB muscles were observed at 

low magnification (4x objective), the TnNT/DsRed and control DsRed showed a similar diffuse 

distribution throughout the muscle, while the TnFL/DsRed, TnM/DsRed, and TnCT/DsRed 
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showed mainly a punctate distribution in addition to some large patches and diffuse background. 

The TnFL/DsRed and particularly the TnCT/DsRed construct showed much finer puncta, 

reflecting possible nuclear localization (Fig. 5A).  

We then dissected single FDB muscle fibers to observe this subnuclear localization in 

more detail. Isolated fibers were stained with Hoechst 33342 to label DNA, which allowed us to 

follow the nuclear localization of various TnT3/DsRed constructs (Fig. 5B). At high 

magnification (40x objective), TnFL/DsRed and TnCT/DsRed localized in some myonuclei. 

Notably, TnFL/DsRed localized mainly between the strongest DNA-stained puncta 

(heterochromatin), while TnCT/DsRed mainly co-localized with the DNA stain. Also, 

TnFL/DsRed showed a striated pattern throughout the fiber, where fluorescence was dimmer 

than in the nucleus. In contrast, TnCT/DsRed localized only in the myonuclei (Figs. 5B and S4). 

TnNT/DsRed was also expressed throughout the fiber, including the myonuclei, yet the 

myonuclear DNA staining pattern was not affected. TnM/DsRed mainly localized in the 

cytoplasm and showed a punctate striation pattern, reflecting its binding to the myofiber thin 

filaments. Like TnNT/DsRed, control DsRed expression was distributed throughout the fiber 

(Fig. S5). 

 

Endogenous TnT3 and its fragments change expression pattern with aging 

To examine age-related changes in endogenous TnT3 expression and nuclear localization, we 

collected the whole cell lysis as well as the nuclear fractions from young (3-month) and old (26-

28-month) FVB mouse TA muscle for immunoblotting. We found slightly decreased TnFL 

expression in the old compared to the young group (Fig. 6A, B). Consistently, TnT3 mRNA also 

decreased slightly with aging, as measured by quantitative real-time PCR (Fig. 6C). Whole cell 



424 
 

lysis and nuclear fractions from young and old mice were further analyzed by immunobloting 

with TnT3, α-tubulin, and pan-actin antibodies. As expected, α-tubulin was found mainly in the 

whole cell lysis pool, while actin was in both fractions. Interestingly, besides full-length TnT3 

(TnFL, 35 kDa), two smaller bands of 18 and 13kDA were detected in the nuclear fractions. 

These bands were specific to NH2-terminal and the COOH-terminal epitope-targeted antibodies, 

respectively, and thus likely represent endogenous NH2-terminal and COOH-terminal fragments 

of full-length TnT3 (Fig. 6D, E).  

We compared the age groups for the relative amount (normalized to actin) of TnNT, 

TnCT, and TnFL in the nuclear extracts. While TnNT did not differ, TnCT was 50% greater 

while TnFL was dramatically decreased in the old group (P < 0.05, n = 3) (Fig. 6D, F). The 

nuclear ratio between TnNT or TnCT and TnFL increased significantly in the old group (P = 

0.012 and P < 0.001, respectively. n = 3) (Fig. 6D, G).  

 

Expression of TnT3/DsRed proteins in mouse skeletal muscle in vivo affects myonuclear 

morphology and DNA staining pattern 

As TnFL/DsRed and TnCT/DsRed affect the shape of C2C12 nuclei and associate with 

condensed DNA in myonuclei differentially, we compared and quantified their effects on 

myonuclear shape and DNA staining pattern in muscle fibers electroporated in vivo. 

TnFL/DsRed-expressing fibers from young mice exhibited irregular nuclei one week after 

electroporation but showed no co-localization with the strongest DNA puncta. In contrast, 

myonuclei in TnCT/DsRed-transfected fibers were indented and fractured, and the DNA staining 

more diffuse than in untransfected neighboring myonuclei. As a control, TnNT/DsRed affected 

neither myonuclear shape nor the DNA staining pattern (Fig 7A). Based on our finding that the 
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endogenous nuclear fraction of TnFL decreased dramatically with aging, while TnCT increased, 

we compared the effect of TnCT/DsRed on the myonuclei from young and old mice. 

TnCT/DsRed-transfected fibers from old mice showed elongated, broken myonuclei, with a 

general loss of condensed DNA staining (heterochromatin) (Fig. 7B). The effect of TnCT/DsRed 

on nuclei shape and DNA pattern was greater in old fibers than young (Fig. 7C).  

 

Overexpressing TnT3/DsRed fusion proteins results in apoptosis 

To verify whether TnT3 constructs had toxic effects, we performed Annexin V and 7-AAD 

staining to detect early and late apoptotic cells (Gil et al. 2011). The flow cytometry data (Fig. 8) 

demonstrate that TnNT/DsRed did not increase early or late apoptosis in the DsRed-positive 

cells compared to DsRed-transfected control cells. However, early and late apoptosis increased 

dramatically in cells expressing TnFL/DsRed or TnCT/DsRed. TnM/DsRed also showed a 

weaker toxic effect than TnFL/DsRed or TnCT/DsRed cells. The strong cell toxicity of both 

TnFL/DsRed and TnCT/DsRed was also confirmed using the same flow cytometry assay to test 

the NIH3T3 fibroblast cultures (Fig. S6). 

 

 

DISCUSSION 

 

TnT is well known to mediate the interaction between Tn complex and Tm, which is essential for 

the contraction of calcium-activated striated muscle (Perry 1998). This regulatory function takes 

place in the myoplasm, where TnT binds Tm. Recent studies support alternative roles for TnI. 

During Drosophila development, TnI and Tm were found in the nucleus and to regulate 

chromosomal integrity (Sahota et al. 2009). Additionally, fast skeletal muscle TnI may also 
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localize in the mammalian cell nucleus and work as a co-activator of the nuclear receptor-

estrogen receptor-related alpha (Li et al. 2008).  

Here, we report the novel finding that TnT – specifically, fast skeletal muscle TnT3 –

localizes in the nucleus of myofibers as an intact or fragmented protein. The relationship with 

nucleolar structures and RNA polymerases implies a role for TnT3 in RNA transcription 

regulation. Their cytotoxic effects, their relative abundance in young and old skeletal muscle 

myonuclei, and differences between intact TnT3 and the COOH-terminal fragment in subnuclear 

localization all support the idea that TnT3 plays a surprising and critical role in aging skeletal 

muscle, and justify further studies.  

 

Evidence for TnT3 nuclear localization 

TnFL/DsRed showed a striated distribution in the sarcoplasm and/or the nucleus of mouse FDB 

myofibers. The competition between expressed and endogenous TnT3 may explain the weak 

striated pattern. In addition, several lines of evidence support nuclear localization of TnT3. First, 

in the western blot assay of muscle nuclear protein fractions, two specific antibodies, targeting 

either the TnT3 NH2- or COOH-terminal epitope, detected endogenous TnT3. These antibodies 

detected two TnT3 fragments with different molecular weights that supposedly contain the 

domain carrying either the NH2-terminal or COOH-terminal epitope, respectively. Second, 

overexpressing full-length TnT3 or fragments with COOH-terminally tagged DsRed showed 

distinct subcellular localization. Not only did the overexpressed TnT3 localize in the nuclei of 

undifferentiated C2C12 myoblasts or other non-muscle cells (NIH3T3 fibroblasts) but also in 

myonuclei in vivo. The similar subcellular localization observed with GFP NH2-terminally 

tagged to TnT3 in C2C12 cells (Fig. S3), deters the possibility that TnT3 nuclear localization is 
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an artifact resulting from the expression of the fusion protein or the tag itself. In addition, 

truncation analysis indicates that the nuclear localization signal resides in the COOH-terminal 

region. Third, fibrillarin immunofluorescence staining showed slight differences between the 

subnuclear localization of full-length TnT3 or its COOH-terminal fragment and that of the 

nucleolus, consistent with reports that the NH2-terminal region may affect the COOH-terminal 

region’s function (Wei and Jin 2011) or protein conformation. The fusion TnT3 protein had 

much higher level in nucleus than that incorporated into the myofibrils, therefore, the structural 

manipulation might have altered the functional behavior of TnT3. This observation may 

implicate that misfolded or damaged TnT3 would have increased tendency to translocate to the 

nucleus. Although we have not tested the hypothesis that the COOH-terminal region meditates 

TnT3 nuclear translocation through interaction with TnI and Tm, they have been reported in the 

nucleus (Li et al. 2008; Sahota et al. 2009). Conversely, TnT may regulate TnI and Tm nuclear 

translocation. Considering the high degree of conservation in this region across species (Jin et al. 

2008), future work should determine the nuclear localization signal for other TnT isoforms.  

 

TnT3 subnuclear localization and myonuclear apoptosis and/or dysfunction 

Effects on cell apoptosis vary among the TnT3 regions when expressed in C2C12 myoblasts or 

NIH3T3 fibroblasts, consistent with a recent finding from the Jin group on cytotoxicity of the 

non-myofilament- associated TnT fragments, including the NH2-terminal variable region from 

human cardiac TnT and the highly conserved middle and COOH-terminal regions from the 

mouse slow TnT (Jeong et al. 2009). We generated a TnT3 fragment with a molecular weight 

similar to that detected by the TnT3 COOH-terminal epitope antibody by subcloning the last 85 

amino acids of the COOH-terminal region. Although our COOH-terminal region is 25 amino 
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acids shorter and the middle region 13 amino acids shorter than that studied by the Jin group, 

sequence comparison indicated that the middle and COOH-terminal regions we chose are highly 

conserved among TnT isoforms, possibly explaining the similar toxicity of these TnT constructs. 

Our findings confirm that middle and COOH-terminal regions are not only conserved in the 

peptide sequence but also in their function (apoptosis). Note that the DsRed conjugation enabled 

us to analyze TnT3 subnuclear localization and to elucidate the mechanism involved in 

cytotoxicity, which is probably mediated by nuclear translocation and nucleoli targeting. 

The nucleolus is a large nuclear domain with a contrasted structure directly involved in 

ribosome biosynthesis (Sirri et al. 2008). Its function is tightly linked to cell growth, 

proliferation, and other important cell events, including cell-cycle regulation, senescence, and 

stress responses (Visintin and Amon 2000; Guarente 1997; Kennedy et al. 1997; Sherr and 

Weber 2000; Olson 2004). Changes in nucleolar organization are widely thought to represent 

diagnostic markers for different pathologies (Zimber et al. 2004). A recent proteomic study 

identified hundreds of human nucleolar proteins (Andersen et al. 2005), among them, fibrillarin, 

which is known to play an important role in pre-rRNA processing during ribosomal biogenesis. 

Knocking down fibrillarin in mammalian cells has been reported to lead to abnormal nuclear 

morphology and inhibition of cell proliferation (Amin et al. 2007). TnT3/DsRed- or 

TnCT/DsRed transfection alters fibrillarin location, which may lead to abnormal nuclear shape 

and, consequently, cell toxicity. Nuclear morphology has been shown to influence fundamental 

aspects of nuclear function, including chromatin remodeling and gene transcription (Dalby et al. 

2007; Itano et al. 2003; Lammerding et al. 2004; Thomas et al. 2002). Changes in myonuclear 

morphology, including shrinkage, fracture, and fragmentation, indicate cell death. Our flow 

cytometry results in C2C12 myoblasts and NIH3T3 fibroblasts further support this link between 
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apoptosis and altered nuclear morphology. Further investigation of TnT3’s downstream partners 

will clarify the mechanism that activates the cell death pathway.  

 

TnT3 nuclear imbalance and muscle aging 

Myonuclear apoptosis and structural changes related to impaired RNA processing occur during 

muscle aging as reported for sarcopenia (Malatesta et al. 2010; Malatesta et al. 2009; Alway and 

Siu 2008; Dirks and Leeuwenburgh 2002). Although apoptotic nuclei have been documented in 

skeletal myofibers, the precise signaling mechanisms leading to nuclear loss is not fully 

understood. Sarcopenia-related apoptosis has been shown to be regulated differently in fast- and 

slow-twitch muscles; type II fast muscle is more affected and exhibits fewer satellite cells (Rice 

and Blough 2006; Verdijk et al. 2007). Our findings on TnT3 nuclear localization and 

cytotoxicity provide new insight into this preferential type II fast fiber atrophy/loss with aging. 

TnT3 is a muscle-specific fast isoform, and its expression has been related to the fast myosin 

isoforms at the single fiber level (Brotto et al. 2006). Our findings that nuclear TnT3 COOH-

terminal fragment expression increases with aging and that this fragment has several negative 

effects to the cell, offer a plausible link to sarcopenia.  

We have found that the nuclear full-length TnT3 decreases while its fragments increase 

with aging, thus increasing the ratio between TnT3 fragments; in particular the COOH-terminal 

fragments. We hypothesize that this imbalance plays a physiological role in muscle nuclei. 

Muscle electroporation was relatively inefficient in inducing myonuclear expression, so 

calculating the number of lost nuclei and whether muscle force was affected was difficult. The 

differential consequences of transfecting full-length TnT3 or the COOH-terminal region 

construct may be explained by their relationship with the nucleolus and different nucleolar 
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proteins, including fibrillarin and RNA polymerases I and II. RNA pol I subunits are enriched in 

the nucleolar FC region, and RNA pol II activity is largely absent from this area and localizes in 

the nucleoplasm (Hernandez-Verdun 2006; Boisvert et al. 2007; Sirri et al. 2008). Our study 

found TnT3/DsRed mainly surrounded by the endogenous fibrillarin (similar to Pol I), which 

formed the “nucleolar cap” structure (Fox and Lamond 2010; Shav-Tal et al. 2005) and recruited 

endogenous Pol II to the nucleolar area. In contrast, the TnCT/DsRed mainly co-localized with 

fibrillarin and Pol I, but not Pol II, in the nucleolar area, with some remaining in the nucleoplasm 

(as Pol I does), where the Pol II is mainly distributed. Transcription inhibition with ActD or DRB 

demonstrated that TnT3 and the COOH-terminal fragments are associated with RNA 

transcription activities (van Koningsbruggen et al. 2004) and interact with Pol I and Pol II 

differentially. These differences in subnuclear localization are also reflected by the DNA staining 

pattern: TnT3/DsRed clearly localizes between the condensed heterochromatin DNA stain, while 

TnCT/DsRed showed less sharp staining (Figs. 5B, 7A). Theoretically, therefore, the fragments 

function differently, considering that most subnuclear bodies, including Cajal and promyelocytic 

leukemia protein (PML) bodies and nuclear speckles, , reside in the interchromatin space 

(Lamond and Spector 2003). With the reported modifying effects of the TnT NH2-terminal 

region on middle and COOH-terminal region functions (Wei and Jin 2011), further identification 

of nuclear partners that may bind to full-length TnT3 or the COOH-terminal region will elucidate 

their functional differences.  

In conclusion, fast skeletal muscle TnT3 is localized in the nucleus and is found 

predominantly at full length in the young, while its fragments predominate in the old, which may 

lead to aging-related myonuclear death or dysfunction. In addition to its potential clinical use as 

a diagnostic marker of muscle damage, TnT may be a therapeutic target to prevent muscle aging 
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and damage. In either case, blocking TnT fragmentation and/or nuclear translocation will be 

considered in future work focusing on the regulatory mechanism of TnT3 fragmentation and the 

role of the proteases-calpains and caspases, both reported to cleave different TnTs (Dargelos et 

al. 2007; Dargelos et al. 2008; Wei and Jin 2011). Since the COOH-terminal region is highly 

conserved among isoforms and across species, further work should also compare the cardiac and 

slow muscle isoforms. 
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Figure 78 Fig. 1 Troponin T3 is localized in the muscle nucleus. 

Fig. 1 Troponin T3 is localized in the muscle nucleus. Whole cell lysis protein extract (W), 

cytosolic (C), myofibrillar (F) and nuclear (N) pools were prepared from the TA muscle. (A) A 

35kDa band showed that full-length TnT3 (TnFL) was most abundant in the myofibrillar pool 

and the whole cell lysate. A small portion was present in the nuclear pool.  Histone H3 was used 

as a nuclear marker and detected in the nuclear pool and the whole cell lysis and the myofrillar 

pool. Consistently, tubulin was mainly detected in the whole cell lysis and the cytosolic pool. (B) 

Schematic drawings of different TnT3 cDNA constructs with DsRed conjugation to the C-

terminus. (C) Immunofluorescence images of various TnT3/DsRed proteins transiently expressed 

in the C2C12 cells. TnNT/DsRed, TnM/DsRed, and control DsRed are distributed throughout the 

cell. A distribution along the stress fibers was also noticed for TnM/DsRed. In contrast, 

TnCT/DsRed and TnFL/DsRed are mainly found in the nucleus and showed a punctate 

distribution pattern. Scale bar, 20 µm. 
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Figure 79 Fig. 2 Transiently overexpressed TnFL/DsRed or TnCT/DsRed co-localized with fibrillarin and affected C2C12 nuclear 
morphology. 

Fig. 2 Transiently overexpressed TnFL/DsRed or TnCT/DsRed co-localized with fibrillarin 

and affected C2C12 nuclear morphology. TnT3/DsRed constructs were transiently expressed 

in C2C12 in growth medium for two days. Cells were then fixed, immunostained with fibrillarin 

antibody (nucleolar marker) Hoechst 33342, and examined by immunofluorescence microscopy. 

(A) Both TnFL/DsRed and TnCT/DsRed localized in the nucleolar area, yet TnFL/DsRed 

gathered fibrillarin around it and formed the nucleolar “cap” (arrows). TnCT/DsRed both co-
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localized with fibrillarin puncta and exhibited a diffuse nucleoplasmic distribution (arrow heads). 

In contrast, TnNT/DsRed showed no obvious effect on fibrillarin distribution (arrow heads). 

Data shown are representative of two independent experiments. (B) TnFL/DsRed and 

TnCT/DsRed were the only two constructs found in the nucleus, which changed from smooth 

and round or elliptic to irregular. In contrast, TnNT/DsRed showed the least effect on nuclear 

morphology, like control DsRed (arrows indicating nuclei from red fluorescence positive cells). 

Scale bars, 25 µm. The graph quantifies the nuclei with irregular morphology for TnFL/DsRed-, 

TnCT/DsRed-, TnNT/DsRed-, and DsRed-transfected cells. The number of irregular nuclei is 

greater in TnFL/DsRed- and TnCT/DsRed- than TnNT/DsRed- and control DsRed-transfected 

cells. (***, P ≤ 0.001, n = 3; ** P < 0.01, n = 3). 
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Figure 80 Fig. 3 TnFL/DsRed and TnCT/DsRed showed different relationships with RNA polymerase I and II in C2C12 cells. 

Fig. 3 TnFL/DsRed and TnCT/DsRed showed different relationships with RNA polymerase 

I and II in C2C12 cells. C2C12 cells transiently expressing TnFL/DsRed, TnCT/DsRed, or 

TnNT/DsRed were immunostained with RNA polymerase I antibody (PRA194 [C-1], Pol I) or 

RNA polymerase II antibody (8WG16, Pol II), respectively. (A) Both TnFL/DsRed and 

TnCT/DsRed staining co-localized with Pol I in the nucleolar area (arrows).Unlike TnFL/DsRed, 

which showed mainly punctate nuclear distribution, TnCT/DsRed co-localized with Pol I in 

puncta and exhibited an additional diffused nucleoplasmic distribution. In contrast, TnNT/DsRed 

did not show any effect on RNA Pol I distribution. Data are representative of two independent 
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experiments, and the numbers of cells analyzed are 94, 114, and 178 for TnFL/DsRed-, 

TnCT/DsRed-, and TnNT/DsRed-transfected cells, respectively. (B) TnFL/DsRed had a much 

stronger effect on Pol II enrichment in the nucleolar area (arrow heads). In contrast, most 

TnCT/DsRed or TnNT/DsRedS showed no Pol II in the nucleolar area (arrows). Data are 

representative of two independent experiments, and the numbers of cells analyzed are 116, 110, 

and 175 for TnFL/DsRed-, TnCT/DsRed-, and TnNT/DsRed-transfected cells, respectively. 

Scale bars, 25 µm.  
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Figure 81 Fig. 4 Transcription inhibition with actinomycin D (ActD) or DRB in TnFL/DsRed or TnCT/DsRed transiently 
transfected C2C12 cells. 

Fig. 4 Transcription inhibition with actinomycin D (ActD) or DRB in TnFL/DsRed or 

TnCT/DsRed transiently transfected C2C12 cells. (A) Incubating transfected cells in 

0.05µg/ml ActD for 3 hours did not seem to affect fibrillarin distribution, yet TnFL/DsRed was 
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dispersed into the nucleoplasm. In contrast, TnCT/DsRed remained punctate and co-localized 

with some fibrillarin puncta. Notably, the weak diffusive distribution of TnCT/DsRed in the 

nucleoplasm disappeared. (B) When only RNA Pol II was inhibited with 25 µg/ml DRB for 3 h, 

fibrillarin adopted a large punctate pattern in both TnFL/DsRed and TnCT/DsRed transfected 

cells. In contrast, TnCT/DsRed showed a diffuse nucleoplasmic distribution while TnFL/DsRed 

remained mainly punctate. (C) RNA Pol I & Pol II inhibition by 20 µg/ml ActD for 3 h, resulted 

in diffuse fibrillarin dispersion into the nucleoplasm. Consistently, both TnFL/DsRed and 

TnCT/DsRed showed mainly a diffuse nuclear distribution pattern.  Data are representative of 

two independent experiments, and at least 50 cells were analyzed per group. Scale bars, 25 µm.  
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Figure 82 Fig. 5 Subcellular localization of TnT3/DsRed proteins in mouse FDB fibers. 

Fig. 5 Subcellular localization of TnT3/DsRed proteins in mouse FDB fibers. TnT3 DsRed 

constructs and control plasmids were electroporated in vivo into the mouse FDB muscle. (A) 

Expression pattern of all constructs in whole isolated muscle. Control DsRed and TnNT/DsRed 

were expressed evenly throughout the muscle. In contrast, TnFL/DsRed, TnM/DsRed, and 

TnCT/DsRed showed a punctate distribution. (B) Higher magnification imaging analysis of 

individual myofibers showed that both TnFL/DsRed and TnCT/DsRed localized in some 

myonuclei. Additionally, TnFL/DsRed showed weak striated pattern. Notably, these two 
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constructs localized at different subnuclear domains as revealed by their different co-localization 

pattern with Hoechst 33342 DNA staining. TnNT/DsRed also expressed in the myonuclei, but 

the myonuclear DNA staining pattern was not affected. TnM/DsRed mainly localized in the 

cytoplasm as small puncta, while most of it was highly ordered and reflects binding to 

myofibrils. Arrows point to nuclei in red fluorescence-positive areas. Scale bars, 800 µm (A), 50 

µm (B). Fibers are representative of at least 200 fibers in each group from 2-13 experiments 

(DsRed, n = 3; TnFL/DsRed, n = 5; TnNT/DsRed, n = 6; TnM/DsRed, n = 2; TnCT/DsRed, n = 

13).  
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Figure 83 Fig. 6 Western blot analysis of TnT3 and its fragments in young (3-month) and old (26-28- month) FVB mouse 
skeletal muscle. 

Fig. 6 Western blot analysis of TnT3 and its fragments in young (3-month) and old (26-28- 

month) FVB mouse skeletal muscle. (A) TnT3 in TA whole muscle lysate, detected by a C-

terminal-targeting antibody, shows decreased TnFL in old (O) compared to young (Y) mice. (B) 

TnFL expression was normalized to actin. (C) qPCR showing a slight decrease in TnT3, 

normalized to GADPH, mRNA in old (n=5) compared to young (n=6) mice. (D) Whole cell lysis 

(W) and nuclear protein fractions (N) from young and old mice were analyzed using TnT3 NT 

and CT antibodies. (E) The specific TnT3 N- and C-terminal regions targeted by the antibodies. 

 (F) Normalized (against actin) TnNT, TnCT, and TnFL in the nuclear extracts were compared 

between young and old groups. TnCT tended to increase in the old nuclear extracts, and TnFL 

decreased dramatically (*, P < 0.05, n = 3). TnNT did not change significantly. (F) The nuclear 

ratio between TnNT or TnCT and TnFL in both age groups was compared (**, P = 0.012; ***, P 

< 0.001, n = 3).  
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Figure 84 Fig. 7 Transient expression of TnT3/DsRed proteins in mouse skeletal muscle in vivo affects myonuclear phenotype. 

Fig. 7 Transient expression of TnT3/DsRed proteins in mouse skeletal muscle in vivo affects 

myonuclear phenotype. (A) TnFL, TnCT, and TnNT nuclear expression in young FDB muscle 

fibers. Nuclei staining pattern was examined at two planes. Arrows indicate nuclei DNA staining 

in a clear, sharp punctate pattern; arrow heads indicate a blurred DNA staining pattern in the 

TnCT/DsRed-positive nucleus. (B) TnCT/DsRed expression in FDB muscle fibers from old FVB 

mice. Under the brightfield (BF) view, the TnCT/DsRed-positive nucleus showed abnormal 

shape and DNA stain (arrow heads) compared to neighboring normal untransfected nuclei 

(arrows). (C) Effects of TnCT/DsRed on nuclear shape and DNA staining pattern in young (Y, 

271 nuclei) and old (O, 156 nuclei) muscle fibers from two experiments. Scale bars, 25 µm (A), 

100 µm (B). 
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Figure 85 Fig. 8 TnCT/DsRed and TnFL/DsRed overexpression induces apoptosis in C2C12 cells. 

Fig. 8 TnCT/DsRed and TnFL/DsRed overexpression induces apoptosis in C2C12 cells. 

Cells were analyzed with a FACSCalibur flow cytometer 48 hours posttransfection. Data were 

collected on at least 100,000 freshly stained cells. Representative analyses of 7-AAD and 

Annexin V staining (B) followed pregating on DsRed (A). B. Results were plotted as 

fluorescence intensity of annexin V as a function of fluorescence intensity of 7-AAD. The 

numbers in each square represent the percentage of annexin V−/7-AAD− (viable cells, left 

bottom corner); annexin V+/7-AAD− (early apoptotic cells, right bottom corner); annexin V +/7-

AAD+ (late apoptotic cells, right top corner); and annexin V −/7-AAD+ (broken cells, left top 
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corner) in the DsRed-positive cell population. Data shown are representative of two independent 

experiments. C. The percent of total apoptotic cells was obtained by adding early (annexin V+/7-

AAD−) and late apoptotic cells (annexin V+/7-AAD+).  

 

 

 

 

Figure 86 Fig. S1 Construction of TnT3/DsRed cDNAs by PCR and subcloning. 

Fig. S1 Construction of TnT3/DsRed cDNAs by PCR and subcloning. Primers targeting 

different regions (arrows) of the mouse TnT3 cDNA were designed with HindIII or SacII 

restriction enzyme cutting sequences overhanging at the 5’ end of each primer. PCR products 

were subcloned into pDsRed2-N1 multiple cloning sites (MCS) after HindIII and SacII digestion 

to finally construct TnFL/DsRed, TnNT/DsRed, TnM/DsRed, and TnCT/DsRed, respectively. 
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Figure 87 Fig. S2 Flowchart representing sample preparation for whole cell lysis, cytosolic, myofibrillar and nuclear fractions 
from mouse TA skeletal muscle. 
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Fig. S2 Flowchart representing sample preparation for whole cell lysis, cytosolic, 

myofibrillar and nuclear fractions from mouse TA skeletal muscle. Fractions were 

subsequently analyzed by western blotting (Fig. 1A) to confirm the successful separation of 

nuclear fraction from myofibrillar fraction and the presence of endogenous nuclear TnT3. 

Trichloroacetic acid (TCA) was used to precipitate and concentrate the total protein from W, C, 

and N fractions. 

 

 

 

 

 

Figure 88 Fig. S3 Subcellular localization of N-terminally GFP-tagged TnT3 in C2C12 cells. 

Fig. S3 Subcellular localization of N-terminally GFP-tagged TnT3 in C2C12 cells. When 

transiently overexpressed in the C2C12 myoblasts, GFP/TnFL shows similar nuclear localization 

to that of TnFL/DsRed. Scale bar, 20 µm 
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Figure 89 Fig. S4 TnFL/DsRed, but not TnCT/DsRed, showed a striated distribution pattern in addition to its myonuclear 
localization when transiently overexpressed in myofibers. 

Fig. S4 TnFL/DsRed, but not TnCT/DsRed, showed a striated distribution pattern in 

addition to its myonuclear localization when transiently overexpressed in myofibers. FVB 

fibers transiently transfected with TnFL/DsRed or TnCT/DsRed were isolated and imaged under 

fluorescence microscope. By overexposure, with the nuclear DsRed saturated, only the 

TnFL/DsRed transfected fibers showed a striated fluorescent pattern. Scale bar, 50 µm 
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Figure 90 Fig. S5 DsRed overexpression in mouse FDB muscle fiber. 

Fig. S5 DsRed overexpression in mouse FDB muscle fiber. Control DsRed protein diffuses 

throughout the muscle fiber. Scale bar, 50 µm. 
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Figure 91 Fig. S6 TnCT/DsRed and TnFL/DsRed overexpression induces apoptosis in NIH3T3 fibroblasts. 

Fig. S6 TnCT/DsRed and TnFL/DsRed overexpression induces apoptosis in NIH3T3 

fibroblasts. As with C2C12, NIH3T3 cells were analyzed with a FACSCalibur flow cytometer 

48 hours posttransfection. Data were collected on at least 100,000 freshly stained cells. 

Representative analyses of 7-AAD and annexin V staining (B) followed pregating on DsRed (A). 

B. Results were plotted as fluorescence intensity of annexin V as a function of fluorescence 

intensity of 7-AAD. The numbers in each square are explained for Figure 8. C. The percent of 

total apoptotic cells was obtained by adding early and late apoptotic cells.  
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464 
 

ABSTRACT  

 

Troponin T (TnT) plays a major role in striated muscle contraction. We recently demonstrated 

that the fast skeletal muscle TnT3 isoform is localized in the muscle nucleus, and either its full-

length or COOH-terminus leads to muscle cell apoptosis. Here, we further explored the 

mechanism by which it enters the nucleus and promotes cytotoxicity. Amino acid truncation and 

substitution showed that its COOH-terminus contains a dominant nuclear/nucleolar localization 

sequence (KLKRQK) and the basic lysine and arginine residues might play an important role in 

the nuclear retention and nucleolar enrichment of KLKRQK-DsRed fusion proteins. Deleting 

this domain or substituting lysine and arginine residues (KLAAQK) resulted in a dramatic loss of 

TnT3 nuclear and nucleolar localization. In contrast, the GATAKGKVGGRWK domain-DsRed 

construct localized exclusively in the cytoplasm, indicating that a nuclear exporting sequence is 

possibly localized in this region. Additionally, we identified a classical DNA-binding Leucine 

Zipper Domain (LZD) which is conserved among TnT isoforms and species. Deletion of LZD or 

KLKRQK sequence significantly reduced cell apoptosis compared to full-length TnT3. We 

conclude that TnT3 contains both a nuclear localization signal and a DNA binding domain, 

which may mediate nuclear/nucleolar signaling and muscle cell apoptosis. 

 

Abbreviations: Troponin T (TnT); nuclear/nucleolar localization signals (NLSs/NoLSs); nuclear 

export signal (NES); Leucine Zipper Domain (LZD); Bipartite domain (BD); Monopartite 

domain (MD); full-length TnT (TnFL); TnT NH2-terminus (TnNT); TnT COOH-terminus 

(TnCT); TnT middle region (TnM). 
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INTRODUCTION 

 

Muscle fiber depolarization leads to sarcoplasmic reticulum calcium release (Tang et al. 2011; 

Wang et al. 2012), which causes conformational changes in the troponin (Tn) complex to expose  

binding sites for myosin on the actin filaments, and initiating the interaction between myosin and 

actin, causing muscle contraction (Geeves and Holmes 1999; Jimenez-Moreno et al. 2008; 

Jimenez-Moreno et al. 2010). The Tn complex is composed of three subunits: the calcium-

binding TnC; the inhibitory TnI; and the Tm-binding TnT. Thin-filament regulatory proteins Tn 

and tropomyosin (Tm) sense changes in intracellular calcium concentration (Gordon et al. 2000; 

Szczesna and Potter 2002; Tobacman 1996), and bind to the myofilaments; this classic Tn 

regulatory function takes place on thin filaments in the myoplasm. However, growing evidence 

indicates that Tn complex and Tm may also localize in the cell nucleus. For instance, actin-

binding proteins including noncardiac tropomyosin have been identified in the nuclei of cultured 

mammalian nonmuscle cells (Dingova et al. 2009); Drosophila TnI and tropomyosin enter the 

nuclei and regulate chromosomal stability (Sahota et al. 2009). Note that cardiac TnI and TnT 

are associated with the nucleus in cardiac myocytes of adult humans (Bergmann et al. 2009; 

Kajstura et al. 2010). The Tn complex was recently found in the cardiac nucleus of neonatal mice 

(Asumda and Chase 2012), indicating a possible function in nuclear signaling.  

We recently reported that the fast skeletal muscle TnT3 and its fragments are located in the 

myofiber nucleus as well as the cytoplasm, and their relative abundance changes with aging. We 

also showed that various TnT3 regions have different apoptotic effects when overexpressed in 

the mouse muscle cell line C2C12 (Zhang et al. 2011), which is consistent with reports from the 

Jin laboratory indicating that nonmyofilament-associated TnT and its fragments are somehow 
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toxic and lead to apoptosis when transiently overexpressed in C2C12 or NIH3T3 cells (Jeong et 

al. 2009). Since we reported that TnT3 cytotoxicity may be related to its nuclear/nucleolar 

localization (Zhang et al. 2011), here, we examine the mechanisms of TnT3 subcellular 

localization and cytotoxicity.  

The nuclear localization signal (NLS) of TnT and other Tn subunits has been predicted but 

not verified (Bergmann et al. 2009). A functional overlap between NLS and nucleolar 

localization signal (NoLS) has been shown (Scott et al. 2010). In this study, we sought to 

identify the peptide sequences needed to regulate TnT3 nuclear/nucleolar targeting and to define 

the TnT3 nuclear or nucleolar amino acid sequence that induces cytotoxicity. We mapped the 

NLS/NoLS at the COOH-terminus of TnT3 by sequential deletion and site-directed mutagenesis 

and, using flow cytometry, found a Leucine Zipper Domain (LZD) that mediates cell apoptosis. 

This study is the first evidence that TnT3 contains genuine NLSs/NoLSs and mediates DNA 

binding through its LZD to function as a transcription factor. 

 

 

MATERIALS AND METHODS 

 

Cell culture and transfection 

The C2C12 cell line was cultured as described (Zhang et al. 2009). Only undifferentiated C2C12 

myoblasts, which do not exhibit endogenous myofilaments, were used for transient exogenous 

protein expression. Briefly, undifferentiated C2C12 myoblasts were plated on tissue culture 

dishes or glass coverslips coated with 0.5% gelatin in growth medium (GM) consisting of 

Dulbecco’s modified Eagle Medium (DMEM, 1 g/l glucose) containing 10% FBS (Atlanta 
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Biologicals, Atlanta, GA) and 2 mM Glutamax (Invitrogen, Carlsbad, CA). To induce C2C12 

differentiation, cells about 80% confluent were switched to differentiation medium consisting of 

Dulbecco’s modified Eagle Medium (DMEM, 1 g/l glucose) containing 2% horse serum (Atlanta 

Biologicals, Atlanta, GA) and 2 mM Glutamax (Invitrogen). Lipofactamine 2000 (Invitrogen) 

was used for cell transfection. 

 

Construction of expression plasmids 

The plasmids for expressing different NH2-terminally DsRed-fused TnT3 COOH-terminal 

fragments (designated as TnCT-MD/, -BD/, -KL/, -YD/, -DQ/, and -GA/DsRed) were 

constructed according to our previous report (Zhang et al. 2011). Briefly, we constructed several 

truncation mutants for mapping TnT3 NLS/NoLS using specific PCR primers with HindIII/SacII 

or XhoI/NotI restriction enzyme digestion sites flanking the 5’ end of the forward and reverse 

primers, respectively. PCR was performed using a full-length TnT3/DsRed plasmid as a 

template. Table 1 lists primer sequences. Sequencing confirmed all constructs (DNA Sequencing 

Service, GenScript, Piscataway, NJ).The amplified product was digested by HindIII/SacII or 

XhoI/NotI, followed by ligation into DsRed2-N1 backbone, generated by HindIII/SacII digestion 

of pDsRed2-N1 vector (Clontech, PaloAlto, CA) or XhoI/NotI digestion of TnFL/DsRed vector, 

resulting in the various TnT3 COOH-terminus fragments conjugated with DsRed at the COOH 

terminus of each fragment. To construct TnFL-GFP and -DsRed double fluorescent conjugated 

fusion protein (GFP/TnFL/DsRed), GFP cDNA was cloned using designed primers (see Table 1) 

and pEYFP-N1as a PCR template. The PCR product was XhoI/HindIII, digested and ligated into 

the XhoI/HindIII digested TnFL/DsRed vector as described (Zhang et al. 2011). 
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Construction of BD/ or NLS/DsRed fusion protein expression plasmids 

To further verify if the predicted bipartite domain (BD, RRKPLNIDHLSDDKLRDK) and the 

manually identified subdomain (KLKRQK) contain NLS/NoLS, we performed PCR using 

designed primers (Table 1) to incorporate the BD or KLKRQK coding sequence into the NH2-

terminus of DsRed2-N1 expression vectors. The amplified product was treated with XhoI/NotI 

and ligated into the DsRed2-N1 backbone treated with the same restriction enzymes, resulting in 

BD/DsRed or NLS/DsRed, respectively. 

 

Construction of deletion plasmids 

BD deletion, part of the predicted LZD (LWDTLYQL) or the manually identified KLKRQK 

domain in the TnFL/DsRed plasmid, was performed using PCR and described primer sets (Table 

1). The amplified products were treated with either DpnI and directly transformed into Oneshot 

Top10 competent cells (Invitrogen) to produce TnFL-BD /DsRed (Figure 5) or with DpnI and 

then T4 polynucleotide kinase (Promega, Madison, WI) before self-ligation and transformation 

to produce TnFL-NLS/DsRed or TnFL-LZD/DsRed (Figs. 5, 10). 

 

Amino acids substitution by site-directed mutagenesis 

Alanine substitution for lysine (K) or arginine (R) residues was performed as described (Zhang et 

al. 2009). Briefly, amino acid substitution was performed by PCR using Pfu DNA polymerase 

(Stratagene, La Jolla, CA) and the designed primers listed in Table 1. The following PCR 

protocol was used: initial denaturation at 95°C for 1 minute; three-step cycling, with 18 cycles 

consisting of denaturation at 95°C for 50 seconds, annealing at 60°C for 50 seconds, and 

extension at 68°C for 7 minutes, and a final extension at 68°C for 7 minutes. PCR products were 

http://www.google.com/url?q=http://www.promega.com/products/cloning-and-dna-markers/cloning-tools-and-competent-cells/t4-polynucleotide-kinase/&sa=U&ei=bQvqT4CnHY-m8AT-75As&ved=0CBMQFjAB&usg=AFQjCNF0L-G4r3uz1gh0CU68Z3lehB3jvA
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treated with DpnI restriction enzyme (Promega) before transformation into Oneshot Top 10 

competent cells (Invitrogen). Mutations were confirmed by gene sequencing (GenScript, 

Piscataway, NJ). 

 

Microscopy and image analysis 

Cells cultured on coverslips were fixed with 4% paraformaldehyde (15 minutes at room 

temperature), and their membrane permeabilized at room temperature with 0.5% Triton X-100 in 

PBS buffer for 5 minutes. After three washes with PBS, they were incubated in blocking buffer 

(PBS with 10% normal goat serum [Sigma, St. Louis, MO]) at room temperature for 1 hour and 

labeled at room temperature with primary and secondary antibodies for 2 and 1 hour, 

respectively (Birbrair et al. 2011; Birbrair et al. 2012a; Birbrair et al. 2012b). 

For cells permeabilized prior to fixation, we followed a described protocol (Asumda and 

Chase 2012) that allowed extraction of cytoplasmic components. Briefly, cells were grown on 

glass cover slips to subconfluency, washed with cold PBS and cytoskeleton (CSK) buffer (10 

mmol/l HEPES-KOH, pH 7.4, 300 mmol/l sucrose, 100 mmol/l NaCl, 3 mmol/l MgCl2), and 

extracted on ice with 0.5% TritonX-100 in CSK buffer with protease inhibitors for 5 minutes. 

They were then fixed with 2% paraformaldehyde at room temperature for 15 minutes and 

washed extensively, first with PBS and then with 0.5% NP-40. They were washed with 0.5% 

Tween-20 plus 3% BSA prior to incubation with primary antibodies at 4˚C overnight and then 

appropriate secondary antibodies at 37˚C for 1 hour. Controls for both procedures involved 

incubation with secondary antibodies only. 

After cells were counterstained with Hoechst 33342 (Invitrogen) and mounted in DAKO 

fluorescent mounting medium (DAKO, Carpinteria, CA), widefield immunofluorescence images 



470 

 

were taken on an inverted motorized fluorescent microscope (Olympus, IX81, Tokyo, Japan) 

with an Orca-R2 Hamamatsu CCD camera (Hamamatsu, Japan). Camera driver and image 

acquisition were controlled by a MetaMorph Imaging System (Olympus). Digital image files 

were transferred to Photoshop 7.0 to assemble montages. Images represent three independent 

experiments. 

 

Annexin V staining and flow cytometry 

To examine apoptosis/necrosis after transfection with various constructs, C2C12 cells were 

cultured in GM for 48 hours and stained with FITC Annexin V (BD Bioscience, San Jose, CA), 

following the manufacturer’s protocol. Briefly, the cells were harvested by trypsinization, 

washed twice with PBS, and stained with 2.5 µg/ml FITC Annexin V in 1x binding buffer (10 

mM Hepes [pH 7.4], 140 mM NaCl, 2.5 mM CaCl2) at room temperature for 15 minutes. 

Cellular DsRed and FITC were analyzed by flow cytometry (with an Accuri C6 Flow Cytometer; 

BD Biosciences, San José, CA), which allowed us to discriminate viable (AnnexinV -) and 

apoptotic/necrotic (Annexin V +) cells. The samples were acquired immediately after staining, 

and the value in the dot-plot indicates the percent of Annexin V + cells after DsRed pregating. 

DsRed fluorescence was detected with the FL2 channel; Annexin V FITC fluorescence with the 

FL1 channel. To quantify only the transfected DsRed-positive cells for Annexin V staining, 

background fluorescence of (1) unstained nontransfected cells, (2) nontransfected cells stained 

for FITC Annexin V, and (3) transfected DsRed-positive cells was used to set up gates, 

photomultiplier tube voltages, and amperage gain for each channel. Data were collected on 

freshly stained cells and analyzed using BD Accuri™ C6 CFlowPlus software. 
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Antibodies and reagents 

Rabbit anti-TnT3 polyclonal antibody (ARP51287_T100) was purchased from Aviva Systems 

Biology (San Diego, CA), and Hoechst 33342 and Alexa 568-conjugated anti rabbit IgG from 

Invitrogen.  

 

Statistical analysis 

Experimental groups were analyzed using analysis of variance (ANOVA) followed by Student’s 

t-test. Data are expressed as means  SD. Statistical analyses were made with Prism 5.0a 

(Graphpad Software, Inc., La Jolla, CA). P < 0.05 was considered significant. 

 

 

RESULTS 

 

Endogenous TnT3 is also located in the nucleus of C2C12 cells 

We showed that endogenous TnT3 is located in the cytoplasm and nucleus of adult myofibers by 

immunoblots or expressing DsRed-tagged intact TnT3(TnFL/DsRed) or its COOH-terminus 

(TnCT/DsRed) (Zhang et al. 2011). Both constructs were closely related to the nucleolus (Zhang 

et al. 2011). Here, we detected endogenous TnT3 in the nucleus of C2C12 cells by 

immunofluorescence staining (Figure 1A). TnT3 was not detected in most undifferentiated 

myoblasts, but became noticeable at very early stages of differentiation. In addition to the 

abundant cytoplasmic pool, a small fraction of endogenous TnT3 was observed in the nucleus of 

elongated myocytes (Figure 1A). After removing most of the cytoplasmic TnT3 before cell 

fixation (see Materials and Methods), nuclear TnT3 was apparent in nuclear foci as distinctive 
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punctates (Figure 1B). Endogenous TnT proteins were not detected in NIH3T3 fibroblasts using 

the same procedure (data not shown), which rules out any unspecific staining. 

 

Mapping the nuclear/nucleolar targeting sequence of TnT3 

TnT3 was found to have several predicted nuclear targeting sequences (monopartite or bipartite) 

using PSORT II (http://psort.hgc.jp/form2.html) (Figure 2). As only DsRed-tagged, intact TnT3 

and COOH-terminus showed strong nuclear/nucleolar localization (Zhang et al. 2011), we 

focused the TnT3 NLS/NoLS mapping strategy on the COOH-terminus.  

Note that deleting 171 amino acids from the NH2-terminus (TnCT-MD), which included the 

predicted monopartite domain (MD), had no apparent effect on the nuclear/nucleolar localization 

of TnT3 COOH-terminus (Figure 3). To our surprise, further deletion of the predicted bipartite 

domain (BD) failed again to prevent TnT3 COOH-terminus nuclear localization, although 

nucleolar enrichment of the COOH terminus was largely reduced (Figure 3). This observation 

implies that TnT3’s NoLS may be located, at least partially, in its bipartite domain, while the 

NLS is most probably located downstream of the BD.  

To determine the NLS, we further analyzed the TnT3 COOH-terminus. We manually 

identified a sequence (KLKRQK), which is similar to the reported KxKxK motif that works as a 

nuclear targeting sequence (Banfic et al. 2009). We constructed two shorter TnCT/DsRed 

constructs, including (TnCT-KL/DsRed) or excluding (TnCT-YD/DsRed) the KLKRQK motif 

(Figure 4A). The TnCT-KL/DsRed construct still went exclusively into the nucleus, with an 

apparent enrichment in the nucleolar area when expressed in C2C12 myoblasts (Figure 4B). In 

contrast, the TnCT-YD/DsRed localized in both cytoplasm and nucleus (Figure 4B) and showed 

a distribution pattern similar to control DsRed (Fig. 5B), which strongly indicates that the NLS is 

http://psort.hgc.jp/form2.html
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most possibly localized in the KLKRQK region and conserved among many species (Figure 4C) 

as expected, given that TnT isoforms have highly conserved sequences in the middle region and 

the COOH terminus. 

 To further verify the identity of TnT3 NoLS and NLS, we subcloned the BD or the 

KLKRQK peptide into the DsRed2-N1 vector (BD/DsRed or NLS/DsRed). NH2-terminally 

DsRed-tagged BD or NLS fusion protein expressed in C2C12 myoblasts showed different 

subcellular localizations (Figs. 5 and 6). These findings confirm that KLKRQK but not BD is a 

strong signal for TnT3 nuclear/nucleolar targeting, supported by the TnFL/DsRed deletion of 

either the BD (TnFL-BD/DsRed) or the NLS domains (TnFL-NLS/DsRed), respectively 

(Figs. 5 and 6). 

 

The positively charged amino acids lysine (K) and arginine (R) in the NLS/NoLS are 

required for TnT3 nuclear targeting 

The positively charged basic amino acids located in the nuclear targeting sequences are 

responsible for their function (Dingwall and Laskey 1991). Therefore, we mutated K and R into 

the neutral amino acid A and found that the mutation in the NLS domain (M3) but not the BD 

region (M1, M2, M1+2) strongly impaired nuclear/nucleolar enrichment of TnFL/DsRed (Figure 

7), similar to the deletion reported for NLS or BD and shown in Figures 5 and 6.  

 

The TnT3 nuclear export signal (NES) is localized in the COOH-terminus 

Since TnCT-YD/DsRed showed less nuclear enrichment than TnCT-KL/DsRed, we tested 

whether TnT3 has a NES in its COOH-terminus by examining the truncation constructs TnCT-

DQ/DsRed and TnCT-GA/DsRed (Figure 8A). TnCT-GA/DsRed showed stronger cytoplasmic 
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localization than all other deletion constructs and the DsRed fluorescent protein alone (Figures 

5B and 8B). We found that TnT3 has a predicted nuclear exporting sequence in its COOH-

terminus (Figure S1) by using the NetNES1.1 server at www.cbs.dtu.dk/services/NetNES/. The 

overlap between TnCT-GA/DsRed and the predicted NES region (GATAKGKV) is possibly 

TnT3 NES. 

 

Mutants with various TnT3 COOH-terminus lengths showed differential cytotoxicity 

We showed that expressing TnCT/DsRed in C2C12 or NIH3T3 cells leads to apoptosis (Zhang et 

al. 2011). Similar cytotoxicity for nonmyofilament-associated TnT fragments, especially the 

COOH-terminus, has been reported (Jeong et al. 2009). To determine whether TnCT cytotoxicity 

is related to its nuclear/nucleolar localization, we performed Annexin V staining to detect 

apoptotic and necrotic cells with COOH-terminus DsRed fusion proteins of different lengths and 

DsRed alone. As expected, compared to DsRed alone, TnCT/DsRed increased apoptosis and 

necrosis, and truncating the COOH-terminus dramatically reduced cytotoxicity (Figure 9, A and 

B). Surprisingly, cells transfected with TnCT-KL/DsRed survived and proliferated as well as 

those expressing DsRed alone, which could also fuse into myotubes in differentiation medium 

(Figure 9, C-E). As expected, TnCT-GA/DsRed-expressing cells showed fusion competency 

(Figure S2). We hypothesize that a domain localized upstream of the TnT3 NLS region plays a 

major role in mediating cytotoxicity.  

 

Deleting the LZD reduced TnT3 cytotoxicity 

TnT1 and TnT2 were found to have a classical LZD (Vinson et al. 1989) in the COOH-terminus 

using PDBsum (www.ebi.ac.uk/thornton-srv/databases/pdbsum/ index.html), a program designed 

http://www.cbs.dtu.dk/services/NetNES/
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/
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to predict the 3D structure of proteins and nucleic acids. Although TnT3 does not exhibit a 

classic LZD, we noticed that the fourth leucine in the TnT3 candidate LZD is replaced with a 

phenylalanine (Phe) to produce the so-called “relaxed leucine repeat” (Figure 10A), which may 

increase Fos DNA homodimerization and enhance its DNA binding efficiency (O'Shea et al. 

1992; O'Shea et al. 1989). Note that this LZD is just upstream of the identified NLS/NoLS and 

conserved among species (Figure 10B).  

Considering that the LZD is an important motif for regulating transcription factor DNA 

binding (Vinson et al. 1989), we tested whether removing or mutating it would affect 

TnFL/DsRed’s cytotoxicity. The partially removed LZD construct, TnFL-LZD/DsRed, and the 

LZD mutant (L into A), M4, were expressed. They still localized mainly in the nucleus, but cells 

survived longer, and they were even found in the nuclei of fully differentiated C2C12 myotubes 

(Figure 10, C and D). To examine whether TnFL cytotoxicity was due to its LZD, we performed 

Annexin V staining to detect apoptosis and necrotic cells with various TnFL DsRed fusion 

proteins or DsRed alone. Compared to DsRed alone, TnFL/DsRed did increase cytotoxicity, 

while TnFL-LZD/DsRed dramatically reduced it, as with TnFL-NLS/DsRed (Figure 10, E 

and F). Taken together, these results indicate that TnT3 cytotoxicity is probably mediated by its 

nuclear localization and an LZD-mediated nuclear signaling pathway.  

To support this concept, we constructed a double fluorescent protein tagged TnFL expressing 

plasmid, with GFP fused to the NH2-terminus and DsRed fused to the COOH-terminus of TnT3 

(GFP/TnFL/DsRed) (Figure 11A). Expressing GFP/TnFL/DsRed in C2C12 myoblasts showed 

the expected nuclear/nucleolar localization of overlapped GFP and DsRed fluorescence, 

indicating that TnT3 was intact (Figure 11B). When cells were cultured in differentiation 

medium for more than 5 days, very few fluorescence-positive cells survived, and most contained 
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either GFP signal (in myoblasts or myotubes) or DsRed signal (in myoblasts) (Figure 11C). This 

finding indicates that TnT3 toxicity is reduced by fragmentation and the consequent exclusion 

from the nucleus, as shown for GFP-tagged NH2-terminal fragments, where NLS was 

supposedly removed from the COOH-terminus, or by removing the LZD, as seen in the DsRed-

tagged COOH-terminal fragments. At this stage, the TnT cleavage site is unknown and merits 

further investigated. 

 

 

DISCUSSION  

 

We demonstrated that endogenous TnT3 is present in the nuclei of mature myofibers and that 

full-length DsRed-tagged TnT3 or its COOH-terminal enters the nucleus when expressed in 

C2C12 cells (Zhang et al. 2011). However, the mechanism by which this occurs is unknown. The 

current study shows that endogenous TnT3 is present in the nucleus of C2C12 cells at an early 

stage of differentiation. Using a combined software prediction and amino acid truncation and 

substitution strategy, we establish that it contains both NLS/NoLS and NES at its COOH-

terminus. Our finding is consistent with a recent report showing that NoLSs localize 

predominantly at the ends of proteins, which are easily accessible to interacting partners (Scott et 

al. 2010). We also identify an LZD that may be involved in the cytotoxic effect of 

nonmyofilament-associated TnT3 and its fragments. TnT3 may modulate the nuclear signaling 

pathway when its LZD interacts with DNA or nucleolar RNA.  
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TnT3 exhibits a NLS/NoLS and NES  

Although the software predicted several NLS candidates along the full-length TnT3, we 

focused our search on the COOH-terminus, based on our previous experimental evidence that the 

DsRed-tagged TnT3 COOH-terminus (TnCT/DsRed) localizes exclusively in the nucleus, while 

the NH2-terminus and the middle region do not (Zhang et al. 2011). Surprisingly, removing the 

predicted monopartite (TnCT-MD/DsRed) and bipartite (TnCT-BD/DsRed) domains in the 

COOH-terminus failed to prevent TnCT nuclear localization, which strongly indicates that other 

NLSs downstream of the predicted bipartite domain exist. Further constructs retaining (TnCT-

KL/DsRed) or truncating (TnCT-YD/DsRed) the KLKRQK sequence in TnCT showed different 

cellular localizations, with TnCT-KL/DsRed localized exclusively in the nucleus, and the TnCT-

YD/DsRed throughout the cells. These findings suggest that the KLKRQK sequence is essential 

for TnT3 nuclear localization. Fusing this sequence to the DsRed NH2-terminus consistently 

enriched nuclear/nucleolar localization, while depleting it from full-length TnT3 (TnFL-

NLS/DsRed) inhibited its nuclear localization. We conclude that KLKRQK is a genuine NLS 

for TnT3. Given that both NLS/DsRed and TnCT-KL/DsRed showed nucleolar enrichment in 

addition to their nucleoplasmic localization, KLKRQK may function as a joint NLS-NoLS 

region (Scott et al. 2010). 

TnCT-GA/DsRed, with a calculated molecular weight smaller than 50 kDa, should enter the 

nucleus passively, as DsRed alone does, yet, compared to other TnT3 COOH-terminal DsRed 

fusion proteins, it is largely excluded, strongly supporting the concept that it may contain a NES, 

as the software predicts.  

TnT3 may have many NLSs/NoLSs either upstream or downstream of KLKRQK, based on 

the fact that removing MD or BD (TnCT-MD/ or TnCT-BD/DsRed) reduced nucleolar 
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enrichment. The MD and BD upstream of KLKRQK might be working as a NoLS cooperatively 

with others, particularly with the KLKRQK sequence, which works as the major NLS/NoLS. 

That BD/DsRed alone and full-length TnT3 with BD depletion (TnFL-BD/DsRed) did not 

show nucleolar enrichment support this concept. Similarly, regions downstream of KLKRQK 

may also contain NLS/NoLS since we noticed that shorter truncations (TnCT-DQ/DsRed) were 

still somewhat enriched in nucleus/nucleolus but not the TnCT-GA/DsRed that seems to contain 

a NES. We conclude that KLKRQK is the most likely TnT3 NLS/NoLS, and its basic residues 

play a major role since mutating K and R into neutral residue A in the TnFL/DsRed (M3) could 

diminish its nuclear localization. In contrast, mutations in the MD and BD regions (M1, M2) did 

not. KLKRQK is conserved among many species, including humans and primates, strongly 

supporting a role for TnT3 nuclear signaling in mammalian skeletal muscle. 

Although dimerization of some transcription factors through the LZD is found to be a 

prerequisite for their nuclear localization (Nagoshi and Yoneda 2001), partial depletion or 

mutation of leucine into alanine (M4) in this domain in the TnFL/DsRed construct (TnFL-

LZD/DsRed) did not inhibit its nuclear/nucleolar enrichment, indicating that the LZD is not 

necessary for TnT3 nuclear/nucleolar localization. That the TnT3 COOH-terminal forms an 

alpha-helical coiled-coil with TnI to mediate its nuclear localization is unlikely as our 

experiments were carried out in undifferentiated C2C12 myoblasts, differentiation stage at which 

the expression of endogenous myofilaments is not obvious. 

Some transcription factors are known to have many NLSs and NESs that may allow 

multilevel regulation. For example, ATF2 contains two NLSs and two NESs, and P53 contains 

three NLSs and two NESs (Hsu and Hu 2012; Shaulsky et al. 1990; Zhang and Xiong 2001). The 

fact that TnT3 may contain many NLSs/NoLSs and NESs and the NH2-terminus could affect 
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TnT conformation and function; TnT3 may work as a multilevel regulated transcription factor. 

Future work should further map TnT3 NES, which will elucidate the mechanisms underlying the 

regulation of TnT3 transport between the nucleus and cytoplasm. 

 

Regulation of nonmyofilament-associated TnT3 cytotoxicity  

The LZD is a well-known protein-protein interacting domain present in the B-ZIP (basic region 

leucine zipper) class of eukaryotic transcription factors (Vinson et al. 1989). Identification of an 

LZD in all three TnT isoforms is additional evidence that TnT functions as a transcription factor 

by either leucine zipper-mediated direct DNA binding or binding and regulating other LZD 

containing transcription factors.  

Replacing Leucines in LZD with other hydrophobic amino acids (Ile, Val, Phe, Met) may 

enhance transcription activity. For example, Fos LZD variants were shown to have increased 

association capacity and transcription activity (Porte et al. 1995). Substituting the fourth leucine 

in the TnT3 LZD with a Phe residue may increase TnT3’s capacity in forming heterodimers with 

other LZD-containing proteins (Pearlman et al. 1994). Considering that apoptotic transcription 

factors (Fos and Jun) form heterodimers through LZDs (O'Shea et al. 1989), this domain may 

enable TnT3’s direct or indirect participation in the apoptotic signaling pathway. In support of 

this concept, removal or LZD (TnCT-KL/, -YD/DsRed and TnFL-LZD/DsRed) or mutation of 

leucine into alanine (M4) showed greatly reduced cytotoxicity. Similarly, TnT3 fragments 

excluded from the nucleus (TnCT-GA/DsRed) or generated from endogenous cleavage of 

GFP/TnFL/DsRed also showed greatly reduced cytotoxicity. Given that all three TnT isoforms 

contain an LZD, and TnT2 and TnT3 isoforms are present in the muscle nucleus (Asumda and 
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Chase 2012; Zhang et al. 2011), TnT2 may also have a conserved function in the nuclear 

signaling pathway.  

The nucleolus is a large nuclear domain directly involved in ribosome biosynthesis (Sirri et 

al. 2008). Compelling evidence shows that in addition to ribogenesis, nucleolar proteins are 

tightly linked to cell-cycle regulation, proliferation, senescence, and apoptosis (Ma et al. 2008; 

Pederson and Tsai 2009). Considering that TnT3 and its fragments tested here showed variable 

nucleolar enrichment, we cannot rule out the possibility that this process is also involved in 

muscle cytotoxicity directly or indirectly by interacting with nuclear actins (Dopie et al. 2012). 

 

Conclusions and future directions 

Here, we conclude that TnT3 contains at least one NLS/NoLS, one NES, and an LZD, which 

enables its nuclear localization and possible function as a transcription factor. We also verified 

that not all TnT3 COOH-terminal fragments are similarly toxic, only those containing both an 

NLS and LZD. Further work will focus on the genes TnT3 regulates and the nuclear signaling 

pathway leading to muscle cell apoptosis. Transgenic mice with TnT3 KO or the LZD truncation 

may help us to understand the physiological function of endogenous nuclear TnT3. Elucidating 

these events may finally define TnT3 as a potential therapeutic target for interventions in muscle 

aging and injury/repair. Since an LZD is present in all three TnT isoforms, and the TnT middle 

and COOH-terminal region are highly conserved, the cardiac TnT2 will be another important 

isoform to investigate.  
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Figure 92 Figure 1. Endogenous nuclear TnT3 in cultured C2C12 early in differentiation. 

Figure 1. Endogenous nuclear TnT3 in cultured C2C12 early in differentiation. C2C12 cells 

were immunostained with TnT3 antibody following two procedures: (A) Fixed prior to 

permeabilization. An elongated mononucleated myocyte was positively stained with TnT3 in 

both cytoplasmic and nuclear areas. Neighboring cells were not stained. (B) Permeabilized prior 

to fixation to allow extraction of cytoplasmic components. TnT3 was detected in some nuclear 

areas as isolated foci (a, arrows) or abundant punctates (a and b); a control, using only the 

secondary antibody, shows no positive staining (c). Nuclei (blue, Hoechst 33342) and TnT3 

(red), and brightfield images are merged. Scale bars, 50 µm. 
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Figure 93 Figure 2. Prediction of TnT3 nuclear localization signal (NLS). 

Figure 2. Prediction of TnT3 nuclear localization signal (NLS). (A) Predicted monopartite 

and bipartite NLS sequence and positions. (B) Predicted NLS distribution along TnT3. 

Monopartite NLS is highlighted in yellow, and bipartite is underlined; one of each is localized in 

the TnM/DsRed and TnCT/DsRed constructs. The analysis used PSORT II. 
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Figure 94 Figure 3. Removal of the predicted monopartite and bipartite NLSs from TnCT/DsRed does not prevent its nuclear 
localization. 

Figure 3. Removal of the predicted monopartite and bipartite NLSs from TnCT/DsRed 

does not prevent its nuclear localization. (A) MD or BD-deleted TnT3 COOH-terminus fused 

to DsRed. (B) C2C12 cells expressing MD or BD deletion constructs, which both localized 

exclusively in the nucleus, but enrichment in the nucleolar area was reduced, particularly for 

TnCT-BD/DsRed. Nuclei (blue, Hoechst 33342), TnT3-DsRed fusion protein (red). Scale bar, 50 

µm. 
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Figure 95 Figure 4. KLKRQK is needed for TnCT nuclear localization and is conserved among species. 

Figure 4. KLKRQK is needed for TnCT nuclear localization and is conserved among 

species. (A) Schematic representation of DsRed-fused TnT3 COOH-terminus mutant with the 

KLKRQK sequence retained (TnCT-KL/DsRed) or removed (TnCT-YD/DsRed). (B) C2C12 

cells expressing the deletion constructs. TnCT-KL/DsRed is localized exclusively in the nucleus 

with an enriched nucleolar area. In contrast, TnCT-YD/DsRed is present throughout the cell, 

with marked reduction in nucleolar enrichment. Nuclei (blue, Hoechst 33342), TnT3-DsRed 

fusion protein (red). Scale bar, 50 µm. (C) The Tnnt3 KLKRQK sequence is conserved across 

mammalian species. 
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Figure 96 Figure 5. The predicted bipartite NLS does not play a major role in TnT3 nuclear localization. 

Figure 5. The predicted bipartite NLS does not play a major role in TnT3 nuclear 

localization. (A) Schematic representation of a DsRed-fused bipartite NLS alone (BD/DsRed) 

and bipartite NLS-deleted full-length TnT3 (TnFL-BD/DsRed). (B) DsRed alone is localized 

throughout the C2C12 cell with no signs of nucleolar enrichment. BD/DsRed shows a subcellular 

localization similar to that of DsRed alone, with weak nucleolar enrichment. TnFL-BD/DsRed 

shows an exclusive nucleolar enrichment like that described for wild-type TnFL/DsRed (Zhang 

et al. 2011). Nuclei (blue, Hoechst 33342), TnT3-DsRed fusion protein (red). Scale bar, 50 µm.  
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Figure 97 Figure 6. KLKRQK is a genuine NLS and plays a major role in TnT3 nuclear localization. 

Figure 6. KLKRQK is a genuine NLS and plays a major role in TnT3 nuclear localization. 

(A) Schematic representation of DsRed-fused KLKRQK alone (NLS/DsRed) and full-length 

TnT3 devoid of this sequence (TnFL-NLS/DsRed). (B) NLS/DsRed shows an exclusive 

nuclear localization with an enriched nucleolar area in C2C12 cells. (C) TnFL-NLS/DsRed 

shows exclusion from the C2C12 nucleus, and only a minor fraction is localized in the nucleolar 

area (arrows). Nuclei (blue, Hoechst 33342), TnT3-DsRed fusion protein (red). Scale bar, 50 µm.  
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Figure 98 Figure 7. Basic residues in the KLKRQK sequence play a critical role in TnT3 nuclear localization. 

Figure 7. Basic residues in the KLKRQK sequence play a critical role in TnT3 nuclear 

localization. (A) Schematic representation of DsRed, full-length TnT3 fusion protein with K or 

R amino acid substitution by A in the MD, BD, and NLS regions. (B) Only mutating the NLS 

region greatly reduced its nuclear localization in C2C12 cells (M3). Arrows indicate the nucleus 

while arrowheads the cytoplasm. BF, brightfield. Scale bar, 50 µm.  
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Figure 99 Figure 8. NESs and NLSs in the TnT3 COOH-terminus. 

Figure 8. NESs and NLSs in the TnT3 COOH-terminus. (A) Schematic representation of 

DsRed-fused TnT3 COOH-terminus deletion constructs. (B) TnCT-DQ/DsRed is localized 

throughout the C2C12 cell with an enriched nucleolar area, indicating a NLS/NoLS. In contrast, 

TnCT-GA/DsRed shows a dramatic exclusion from the nucleus, indicating a possible NES in the 

GATAKGKVGGRWK region, where the sequence in the red box overlaps with the predicted 

NES (Figure S1). Nuclei (blue, Hoechst 33342), TnT3-DsRed fusion protein (red). Scale bar, 50 

µm.  
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Figure 100 Figure 9. TnT3 cytotoxicity is gradually reduced by truncating the TnT3 COOH-terminus. 
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Figure 9. TnT3 cytotoxicity is gradually reduced by truncating the TnT3 COOH-terminus. 

C2C12 cells transfected with various TnCT/DsRed constructs or DsRed alone for 48 hours were 

analyzed by flow cytometry. Data were collected on at least 50,000 freshly stained cells and at 

least 1000 DsRed positive cells and analyzed for staining with the cell death marker Annexin V 

(n=3). (A) Representative analyses of Annexin V staining after DsRed pregating. SSC, side 

scatter. (B) The percent of total apoptotic and necrotic cells (Annexin V+) was compared among 

different constructs. (C) A representative fluorescence image showing that C2C12 cells 

expressing TnCT-KL/DsRed or DsRed remain healthy in extended GM cultures and survive and 

fuse into myotubes in differentiation medium. Arrows indicate nuclear line up or elongation (D). 

(E) Brightfield merged with DsRed image showing that TnCT-KL/DsRed is localized in 

myotube nuclei, while DsRed alone is expressed throughout the myotube. Scale bars, 50 µm. 
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Figure 101 Figure 10. TnT3 Leucine Zipper Domain (LZD) is related to C2C12 cytotoxicity but not required for 
nuclear/nucleolar localization. 

Figure 10. TnT3 Leucine Zipper Domain (LZD) is related to C2C12 cytotoxicity but not 

required for nuclear/nucleolar localization. (A) In silico identification of an LZD in TnT1 and 

TnT2 and sequence alignment showing that F replaces the 4
th

 L in TnT3 (arrow). (B) Alignment 

of TnT3 COOH-terminal sequences showing that LZD is conserved across mammalian species. 

(C) Schematic representation of LZD partially deleted from full-length TnT3 (TnFL-

LZD/DsRed) and constructs with leucine mutated into alanine (M4). (D) LZD mutation (a-c) or 

truncation (d-f) does not affect nuclear localization and nucleolar enrichment in C2C12 

myoblasts and myotubes. Nuclei (blue, Hoechst 33342), TnT3-DsRed fusion protein (red), 

brightfield (BF). Scale bars, 50 µm. (E) Representative analyses of Annexin V staining after 

DsRed pre-gating. C2C12 cells transfected with various TnFL/DsRed constructs or DsRed alone 

for 48 hours were analyzed by flow cytometry. Data were collected on at least 50,000 freshly 

stained cells and at least 1000 DsRed positive cells and analyzed for staining with the cell death 

marker Annexin V (n=3). SSC, side scatter.  (F) Percent of Annexin V+ in C2C12 cells 

expressing DsRed, TnFL/DsRed, TnFL-NLS/DsRed, and TnFL-LZD/DsRed.  

 

 



499 

 

 

Figure 102 Figure 11. Fragmented GFP/TnFL/DsRed showed decreased cytotoxicity. 

Figure 11. Fragmented GFP/TnFL/DsRed showed decreased cytotoxicity. (A) Schematic 

representation of GFP (NH2-terminal) and DsRed (COOH-terminal) full-length TnT3 double 

fluorescence construct (GFP/TnFL/DsRed).  C2C12 cells cultured in GM for 2 days showed 

nucleolar GFP and DsRed fluorescence overlap, indicating nucleolar localization of intact TnT3 

(B). No double fluorescence-positive cells survived culture in differentiation medium yet most 

showed either GFP (in myoblasts or myotubes) or DsRed (in myoblasts) fluorescence mainly in 

the cytoplasm (C). Scale bars, 50 µm. 
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Figure 103 Figure S1. NetNES1.1-based analysis reveals a NES candidate sequence in the TnT3 COOH-terminus. 

Figure S1. NetNES1.1-based analysis reveals a NES candidate sequence in the TnT3 

COOH-terminus. The predicted NES (IDQAQKHSKKAGATAKGKV in position 4-22) 

overlaps with GATAKGKV (red box) in TnCT-GA/DsRed (see Fig. 8A). 
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Figure 104 Figure S2. TnCT-GA/DsRed survived longer in GM and is found in mature C2C12 myotube nuclei. 

Figure S2. TnCT-GA/DsRed survived longer in GM and is found in mature C2C12 

myotube nuclei. (A) C2C12 cells transfected with the TnCT-GA/DsRed construct for 3 days in 

GM show normal morphology, and the red fluorescence is found mainly in the cytoplasm. (B) 

TnCT-GA/DsRed transfected cells formed myotubes in differentiation medium. Scale bar, 50 

µm. 
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Table 1. Primers designed for TnT3 constructs. Restriction enzyme recognition sites are 

underlined, and the sequences in red were sites for mutagenesis into alanine. 

Table 12 Table 1. Primers designed for TnT3 constructs. 

Primers for truncation of TnT3 COOH terminus 

TnCTMD-F 5’-GCTAAAGCTTGCCGCCATGCTGAACATTGACCATCTTAGC-3’ (HindIII) 

TnCTBD-F 5’-GCTAAAGCTTGCCGCCATGGCCAAGGAACTCTGGGATACC-3’ (HindIII) 

TnCTKL-F 5’-GCTACTCGAGGCCGCCATGAAGCTGAAACGTCAGAAA-3’  (XhoI)         

TnCTYD-F 5’-GCTACTCGAGGCCGCCATGTATGATATCACCACCCTC-3’  (XhoI)        

TnCTDQ-F 5’-GCTACTCGAGGCCGCCATGGACCAAGCCCAGAAGCAC-3’  (XhoI)        

TnCTGA-F 5’-GCTAAAGCTTGCCGCCATGGGTGCCACAGCCAAGG-3’  (HindIII)        

TnCT-R1 5’-GCTACCGCGGCTTCCAGCGCCCACCGAC-3’ (SacII) 

TnCT-R2 5’-GCTAGCGGCCGCTACAGGAACAGGTGGTG-3’ (NotI) 

Primers for amino acid substitution by site-directed mutagenesis 

M1-F 5’-GATTCTTGCCGAAGCAGCAGCACCTCTGAACATTG-3’                   

M1-R 5’-CAATGTTCAGAGGTGCTGCTGCTTCGGCAAGAATC-3’                   

M2-F 5’-CTTAGCGATGACGCACTGGCAGACGCAGCCGCAGAACTCTGGG-3’   

M2-R 5’-CCCAGAGTTCTGCGGCTGCGTCTGCCAGTGCGTCATCGCTAAG-3’           

M3-F 5’-GTTTGGGGAGAAGCTGGCAGCACAGAAATATGATATC-3’ 

M3-R 5’-GATATCATATTTCTGTGCTGCCAGCTTCTCCCCAAAC-3’ 

M4-F 5’-GGCC-

AAGGAAGCATGGGATACCTTGTACCAAGCAGAGACTGACAAATTCG-3’    

M4-R 5’-

CGAATTTGTCAGTCTCTGCTTGGTACAAGGTATCCCATGCTTCCTTGGCC-

3’    

Primers for construction of deletion plasmids 

TnFLBD-F 5’-AAGATTCTTGCCGAAGCCAAGGAACTCTGG-3’    

TnFLBD-R 5’-CCAGAGTTCCTTGGCTTCGGCAAGAATCTT-3’    

TnFLLZD-

F 

5’-GAGACTGACAAATTCG-3’    

TnFLLZD-

F 

5’-TTCCTTGGCCTTGTCC-3’    

TnFLNLS-

F 

5’-TATGATATCACCACCC-3’    

TnFLNLS-

F 

5’-CTCCCCAAACTCGAA-3’    

Primers for BD or NLS DsRed fusion protein-expressing plasmids 

BD-Red/F 5’-

GCTACTCGAGGCCGCCATGAGGCGCAAGCCTCTGAACATTGACCATCTT

AGCGATGACAAGCTGAGGGACAAGATGGCCTCCTCCGAGAACGT-3’ 

(XhoI)    

NLS-Red/F 5’-

GCTACTCGAGGCCGCCATGAAGCTGAAACGTCAGAAAATGGCCTCCTCC
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GAGAACGT -3’ (XhoI)    

BD/NLS-

Red/R 

5’-GCTAGCGGCCGCTACAGGAACAGGTGGTG-3’ (NotI) 

Primers for construction of GFP/TnFL/DsRed fusion protein-expressing plasmids 

TnT3GR-F 5’-GCTACTCGAGGCCGCC ATGGTGAGCAAGGGCGAGGAGC-3’ (XhoI) 

TnT3GR-R 5’-GCTAAGCTTCTTGTACAGCTCGTCCATGCCG-3’ (HindIII) 
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ABSTRACT 

 

Slow skeletal muscle Troponin T (TNNT1) pre-mRNA alternative splicing (AS) provides 

transcript diversity and increases the variety of proteins the gene encodes. Here, we identified 

three major TNNT1 splicing patterns (AS1-3), quantified their expression in the vastus lateralis 

muscle of older adults, and demonstrated that resistance training (RT) modifies their relative 

abundance; specifically, upregulating AS1 and downregulating AS2 and AS3. In addition, 

abundance of TNNT1 AS2 correlated negatively with single-muscle-fiber specific force after RT, 

while abundance of AS1 correlated negatively with Vmax.  We propose that TNNT1 AS1, AS2 

and the AS1/AS2 ratio are potential quantitative biomarkers of skeletal muscle adaptation to RT 

in older adults, and that their profile reflects enhanced single-fiber muscle force in the absence of 

significant increases in fiber cross-sectional area.  
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INTRODUCTION 

 

Skeletal muscle wasting, decreased strength, and increased frailty impair performance of daily 

living activities and lead to major medical and socioeconomic problems for the aging population. 

In rodents and humans, age-related decreases in muscle mass do not fully account for the 

decreases in strength as atrophy only partially explains muscular weakness 
1-3

. Resistance 

training may prevent the loss of strength in older adults, and its benefits are only partially 

explained by the prevention of loss of muscle mass 
4-6

. Publications from our laboratory and 

others support the concept that weakness in old age is the result of decreased muscle specific-

force (force/cross-sectional area) 
2,7-11

. Impairment of muscle’s intrinsic force-generating 

capacity with age may be partially due to alterations in excitation-contraction coupling 
1,12

 in 

which the Troponin complex, consisting of the tropomyosin-binding (TnT), inhibitory (TnI), and 

Ca
2+

-binding (TnC) subunits plays a major role in Ca
2+

-dependent regulation of muscle 

contraction 
13

.  

The fast-twitch skeletal TnT gene (TNNT3) undergoes extensive pre-mRNA AS in systems 

ranging from flies to rodents 
14

. TNNT3 pre-mRNA is encoded by 18 exons, including 5 AS 

exons near the 5’ end and a pair of mutually exclusive exons near the 3’ end, potentially 

generating 128 distinct splice forms. Changes in the relative frequency of TNNT3 AS forms 

would affect muscle contractile ability by altering the Ca
2+

 sensitivity of myofilaments as shorter 

forms shift the pCa-force relationship toward lower calcium concentrations 
15-18

. Recent evidence 

shows that normal body growth and experimentally increased body weight modify the relative 

frequency of TNNT3 AS forms. In addition to body weight, mechanical stretch stimulation on 
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C2C12 skeletal muscle cells cultured in flexible-bottomed plates modifies TNNT3 AS 
19

. 

Therefore, variations in TNNT3 AS provide a quantitative molecular marker to track how an 

animal perceives and responds to changes in mechanical body loading 
14

.  

Despite the reported modifications in TNNT3 AS in response to mechanical loading changes 

in various animal species, the effects of resistance training (RT) on TNNT3 and TNNT1 (the gene 

that encodes slow twitch skeletal muscle TnT) pre-mRNA AS in human muscle are unknown. 

We hypothesized that TNNT1 AS is modified in aging human muscle in response to chronic 

loading via 5 months of progressive RT. Since a transition from fast-twitch to slow-twitch fiber 

type has been reported in aging rodents and humans 
20,21

, and type-I fibers largely outnumbered 

type-II fibers in our biopsies from the vastus lateralis of the quadriceps, we focused our research 

on the effects of RT on slow skeletal muscle TNNT1 AS.  

 

 

Methods and Materials 

 

Study Participants 

Participants in this study included older men (n = 5) and women (n = 3) enrolled in the NIH-funded 

Improving Muscle for Functional Independence Trial (I’M FIT).  All subjects were recruited from 

the Piedmont Triad area of North Carolina according to the following inclusion/exclusion criteria: 1) 

overweight/ obese (Body Mass Index = 23-35 kg/m
2
), 2) older (age = 65-80 years), 3) non-smoking, 

4) not on hormone replacement therapy, 5) sedentary (<15 min of exercise, 2 times/week) in the past 

6 months, and 6) weight-stable (<5% weight change) for at least 6 months prior to enrollment.  All 

had normal liver, kidney, pulmonary, and thyroid function; no history of excessive alcohol intake; 
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and no major chronic illness, anemia, or orthopedic impairment. The study was approved by the 

Wake Forest Institutional Review Board for Human Research and all participants signed informed 

consent to participate in the study. 

 

Exercise Intervention 

The exercise intervention consisted of five months of progressive RT designed to elicit 

adaptations in skeletal muscle and increase strength and power. To optimize the resistance 

stimulus for maximal functional gain, the exercise prescription was based on a relative intensity 

level and progressed with each individual’s strength gain. Participants exercised 3 days/week 

under the supervision of two exercise physiologists. Participants walked or cycled slowly for 5-

10 minutes to warm-up prior to RT. The resistance exercises were performed on eight Nautilus 

resistance machines (Nautilus, Vancouver, WA), on which the load could be adjusted in small 

increments. The program was based on American College of Sports Medicine guidelines for 

intensity, number of repetitions, number of sets, and number of days per week (ACSM position 

stand, 2009 
22

). The one repetition maximum (1RM), that is, the maximal weight that could be 

lifted with correct form in a single repetition was used to prescribe intensity. Intensity was 

progressively increased during the first month towards the training goal of 3 sets of 10 

repetitions at 70% 1RM for a given exercise. The 1RM strength testing was repeated every 4 

weeks, and the training loads adjusted to achieve the 70% 1RM goal. 

 

Skeletal muscle biopsy 

Needle biopsies of the vastus lateralis were collected under local anesthesia with 1% lidocaine 

for RNA and single-muscle-fiber contraction studies.  All biopsies were performed in the early 
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morning after an overnight fast.  Subjects were asked to refrain from taking aspirin, prescription 

and over-the-counter non-steroidal anti-inflammatory drugs, or other compounds that may affect 

bleeding, platelets, or bruising for the week prior to the biopsy, and to refrain from any strenuous 

activity (including RT) for at least 36 hours prior to the biopsy.  Visible blood and connective 

tissue were removed from the muscle specimen before bundles of muscle fibers for contraction 

tests were carefully dissected and immediately placed in cold (4°C) 1x relaxing solution, where 

they were later divided into smaller bundles of approximately 30-50 fibers and tied with 10-0 

silk surgical suture to glass capillary tubes at slightly stretched lengths. These bundles were 

chemically skinned for 24 hours in 50% 2x relaxing solution and 50% glycerol at 4°C, then 

stored at −20°C for up to 4 weeks as described 
8
. The muscle portion (10-20 mg) used for RNA 

extraction was snap-frozen in liquid nitrogen under RNAse free conditions, and stored at -80°C 

until analysis.  

 

Clinical assessments 

Participant height was assessed using a stadiometer and body mass was measured on a calibrated 

electronic scale.  Body Mass Index (BMI) was calculated as body mass in kg divided by height 

in meters squared.   

 

Solutions 

The composition of the relaxing and activating solutions used for single-muscle-fiber 

experiments were described previously 
8
. 
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Experimental setup 

A single-fiber segment about ~1.7 ± 0.03 mm long was carefully isolated from a muscle bundle 

using fine forceps. Both ends were securely tied with 10-0 sutures to titanium wires, one 

connected to an isometric force transducer (Model 403, Aurora Scientific, Aurora, Ontario) and 

the other to a high-speed servomotor (Model 315C, Aurora Scientific). The 3-mm wire 

connected to the motor was used to minimize the error in fiber length due to rotation of the lever 

arm 
23

.  

The mounted fiber segment was suspended in one of several small glass-bottomed chambers 

in a stainless steel plate and activated by rapid motorized transfer from the chamber containing 

relaxing solution to the chamber containing activation solution. The experimental apparatus was 

mounted on the stage of an inverted microscope (Axiovert S100, Carl Zeiss, Inc., Oberkochen, 

Germany), enabling observation of the fiber at 450x through the transparent bottom of each 

chamber. Images were obtained using a CCD camera and a scientific graphic acquisition board.  

Fiber length (FL) and sarcomere length (SL) were measured using a calibrated eyepiece 

micrometer. SL was set to ~2.5 µm by adjusting the overall segment length, and final SL 

confirmed by measuring 10 consecutive sarcomeres at a minimum of three points along the fiber. 

Fiber cross-sectional area (CSA) was modeled as an ellipse and calculated from measurements of 

fiber width and depth using a calibrated eyepiece micrometer. Fiber width was measured at 3 

points. At every measurement point, fiber depth was measured by recording the vertical 

displacement of the microscope nosepiece while focusing on the top and bottom surfaces of the 

fiber. 
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Single-muscle-fiber physiology tests and experimental protocols 

All measurements were conducted at 15ºC; temperature was continuously monitored by a 

thermocouple inserted into the experimental chamber (model 802B, Aurora Scientific, Aurora, 

Ontario). All functional data were collected and analyzed using a personal computer and a data 

acquisition board (Model 600A Digital controller; Aurora Scientific, Aurora, Ontario). A slack 

test was used to determine unloaded shortening velocity (Vo) 
8
. In this procedure, fibers were 

transferred into activating solution (pCa 4.5), and once peak force was attained (monitored by 

real-time digital oscilloscope), subjected to a rapid slack step (≤ 20% of fiber length within 1 

ms). The procedure was repeated at different slack lengths, and the time required to redevelop 

tension was plotted against the corresponding slack distances. A straight line was fit by least-

squares linear regression, and the slope of the regression line, normalized to FL, defined Vo. 

After the slack test, we performed a series of isotonic contractions of the muscle fiber to 

determine the force/velocity relationship 
8
. Briefly, the fiber was placed in activating solution 

(pCa 4.5) and, after it reached peak force, subjected to three isotonic steps varying from 3-80% 

of Po. After the final step, the fiber was rapidly (<1ms) slacked by 20% of its length. This zeroed 

the force transducer, providing a baseline for force measurement. Step duration was less than 

~100 ms. Velocity was calculated as the slope of the position record over the same time period 

and, like force, averaged over the final half of each step. A total of 5-6 separate fiber activations 

were applied to generate 15-18 pairs of velocity and relative force measurements.  

The Hill equation 
24

 was fitted to the data using an iterative, nonlinear, curve-fitting 

procedure. The following parameters were used to describe the hyperbolic fit: Vmax (velocity 

extrapolated to a force of zero); Po (average force during the trial); and a/Po (the dimensionless 

curvature or shape of the force/velocity relationship) 
25

. We used 5 slack lengths normalized to 
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fiber length to determine Vmax. Peak power was calculated from these three parameters and 

expressed as W/liter fiber 
26

. In all contractions, Ca
2+

-activated force was measured using zero 

transducer signal as a baseline. Forces were normalized to the fiber’s CSA to obtain specific 

force.  

For quality control and assessment of fiber myosin-heavy-chain isoform see Ref. 
8
. Briefly, 

fibers were excluded from analysis if force declined more than 5% or if they broke or showed 

partial myofibrillar tearing at any observation time point in the experimental protocol. 

Experiments were excluded from analysis if compliance, defined as displaced axis-intercept of 

the slack test plot, exceeded 5% of FL and if the r
2
 of the force–velocity regression was less than 

0.98.  Biopsies were performed on 8 volunteers but two preparations failed quality control for 

specific force and three for power analysis. 

 

Myosin heavy chain (MHC) isoforms analysis in single muscle fiber and bundle of fibers 

For fiber typing, at the end of each recording, the single-muscle-fiber segment was saved in 20 

µl of sodium dodecyl sulfate sample buffer (containing 62.5mM Tris pH 6.8, 2% sodium dodecyl 

sulfate, 10% glycerol, 5% betamercaptoethanol, and 0.001% bromophenol blue) for SDS-PAGE 

electrophoresis to verify muscle fiber type by silver staining 
8
. In contrast to single-fiber typing, 

bundles of fibers were sonicated with a F60 sonic dismembrator (Fisher, Waltham, MA) for 30 

seconds.   

 

RNA isolation and expression analysis 

Total RNA was extracted from human muscle tissues using the Trizol reagent (Invitrogen, 

Carlsbad, CA) according to the manufacturer’s instructions. RNA samples and the same volume 
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of H2O (negative control) were reverse-transcribed using SuperScript III Reverse Transcriptase 

(Invitrogen). TNNT1 cDNA was amplified by nested PCR, first using forward primer F1 (5’- 

AATATGAGGAGGAGCAGC -3’) and reverse primer R1 (5’-CCCTTACGGAACTTCTGG-

3’); then using fluorescein (FAM)-labeled forward primer FAM-F2 (5’-FAM- 

GGAAGAGGAGGCTGCGGA-3’) and reverse primer R2 (5’-TGATGCGGTTGTACAGCA-

3’). PCR was performed using GoTaq Green Master Mix (Promega, Madison, WI) under the 

following cycling conditions: 2 min at 94°C; 35 1 min cycles at 94°C; 1 min at 60°C; 1 min at 

72°C; ending with 7 min at 72°C.  

To quantify the splicing patterns and relative abundance of TNNT1, we used a protocol 

described recently 
14,19

. Briefly, we analyzed 1 μl of each FAM-labeled nested-PCR product by 

capillary electrophoresis (ABI Hitachi 3730XL DNA Analyzer; Applied Biosystems, Carlsbad, 

CA), which allows precise determination of PCR-fragment size and quantity in a PCR amplicon 

pool. The relative abundance of each TNNT1 amplicon in the PCR reaction was determined by 

dividing its peak height by the total of all TNNT1 amplicon peak heights (see also Fig. 1). 

Amplicon-fragment size was determined using the GS1200 LIZ internal size standard and 

Genemapper (Applied Biosystems) fragment-analysis software. To examine the exon 

composition of the TNNT1 splicing patterns, amplicons were extracted from an agarose gel using 

a Gel and PCR Clean-up System (Promega), cloned using a TOPO-TA cloning kit (Invitrogen), 

and sequenced (Genscript, Piscataway, NJ). As the presence or absence of exon 5 together with 

the short or long exon 12 can generate four potential mRNAs, we prefer using pattern instead of 

the more classical denomination form, following previous publications 
15,27,28

 when we refer to 

our data. 
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Statistical Analysis 

Data analysis was performed with SigmaPlot 11.0 (Systat Software, San José, CA) or Prism 5.0 

(Graphpad, La Jolla, CA). All data are presented as means ± SEM. The alpha level was set at P = 

0.05. Linear regression analysis was used to identify the relationship between TNNT1 AS and 

specific functional variables, and the Pearson Product Moment Correlation to measure the 

strength of the association between pairs of variables.  

 

 

RESULTS 

 

RT increases abundance of TNNT1 AS1, but decreases abundance of AS2 and AS3, splicing 

patterns (Figures 1&2) 

We detected three major TNNT1 splicing patterns expressed in the human vastus lateralis 

muscle. Figure 1A shows the exon structure of each AS pattern amplified by RT-PCR and nested 

PCR screening of total RNA. Sequencing of cDNA clones confirmed that the shortest mRNA 

splice pattern (AS1) lacks exon 5, while AS2 has a short, and AS3, a long exon 12. Note that the 

5-month RT intervention modified the relative abundance of all three TNNT1 splicing patterns; 

electropherograms show that the abundance of AS1 increases, while the abundance of AS2 and 

AS3 decreases (Fig. 1B and Fig 2A). Lower abundance splicing patterns were not analyzed 

further. The AS2 is the most abundant pattern in this sample of sedentary older adults.  

Abundance levels of AS1 and AS2 were negatively correlated both before and after the 

RT intervention, with a higher correlation seen after RT (Fig. 2B). We reanalyzed our data after 

excluding the point at 40% AS1 in Fig. 2B which seems to strongly influence the association 

http://jeb.biologists.org/content/214/9/1523.long#F1
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before RT. With this data point removed, correlations between abundance of AS1 and AS2 

before and after the RT intervention were r = -0.217; r
2 

= 0.047; P = 0.639, and r = -0.993; r
2 

= 

0.912; P = 0.0022, respectively. There was no relationship between abundance of AS1 and AS3 

patterns (Pre, r = -0.696; r
2
 = 0.108, P = 0.082; Post, r = -0.092; r

2
 = 0.03, P = 0.845).  

 

Relationships between TNNT1 AS patterns and participants’ age, body mass, and BMI 

(Figures 3-4) 

To examine the association between age and TNNT1 AS patterns, we plotted the relative 

abundance of each splice pattern against the participants’ age, which ranged from 66 to 80 years. 

None of the three TNNT1 splice patterns showed any significant correlation with age at baseline 

(Fig. 3A) or after RT (Fig. 3B). Likewise, there was no relationship between abundance of any of 

the three TNNT1 AS patterns and body mass or BMI before RT (Fig. 4C, E).  After the 5-month 

RT intervention, body mass and BMI were not changed (Fig. 4A, B), however, a positive 

correlation was observed between TNNT1 AS1 and body mass, while a negative correlation was 

found between abundance of TNNT1 AS2 and body mass (Fig. 4D). No correlation between 

TNNT1 AS1 or AS2 and BMI was observed before and after RT. 

 

 

Changes in single-muscle-fiber force, power, and Vmax with RT and relationship with 

TNNT1AS patterns (Figure 5 and 6) 

Single-muscle-fiber specific force and power, recorded on a subset of 6 and 5 participants, 

respectively, improved significantly with RT (Fig. 5A, B). We next tested the relationship 

between single-muscle-fiber specific force and power in slow fibers and abundance of TNNT1 
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AS patterns.  Before RT, there were no relationships between TNNT1 AS patterns and single-

muscle-fiber force or power (Fig. 5D, F).  On the other hand, single-fiber force shows a negative 

correlation with abundance of AS2 after RT (Fig. 5E). The relationship between single-fiber 

power and TNNT1 AS1 or AS2 did not reach our conventional level of statistical significance 

after RT (Fig. 5G). Vmax (pre: 0.698±0.017; post: 0.806±0.092) and a/Po (pre: 0.037± 0.008; 

post: 0.032±0.001) did not differ significantly with RT. Vmax negatively correlated with TNNT1 

AS1 while a trend to positively correlate with TNNT1 AS2 was apparent after RT (Fig. 6). 

Additionally, negative correlations between Vmax and body mass, and power and BMI were 

observed after RT (Table 1).  Interestingly, RT did not induce significant changes in fiber type 

composition in bundles of fibers from the subjects in which we examined single fiber contractile 

properties (Pre RT: type-1= 44 ± 3.1, type-2= 56 ± 3.1.  Post RT: type-1=43 ± 4.7, type -

2=57±4.6; p > 0.05). 

 

Increased force and power precede any detectable increase in single-muscle-fiber cross-

sectional area in vitro (Figure 5) 

As the gain in muscle force with RT is larger than gains in muscle mass in older adults 
4-6

, we 

examined whether improvements in single-muscle-fiber force and power are associated with 

increased CSA after RT. No significant mean changes in single-muscle-fiber CSA were detected 

with RT (Fig. 5C). Also, no correlation between any of the three TNNT1 AS patterns and CSA 

was observed (data not shown). 

 

 



518 

 

TNNT1 AS1/AS2 ratio is a sensitive marker of change in single-muscle-fiber force with RT 

(Figure 7) 

As the abundance of TNNT1 AS1 and AS2 patterns correlate with muscle function, we also 

examined whether changes in single-muscle-fiber force and power with RT are related to the 

ratio of these AS patterns. A significant positive correlation between the percent change in 

single-muscle-fiber force (Fig. 7A) and AS1/AS2 ratio was observed.  The correlation between 

percent change in single-muscle-fiber power or Vmax and AS1/AS2 ratio did not reach statistical 

significance (Fig. 7B, C).   

 

 

DISCUSSION 

 

This work demonstrates that three major TNNT1 splice patterns are expressed in skeletal muscle 

from older adults and that RT modifies their relative abundance, with TNNT1 AS1 up-regulated 

and TNNT1 AS2, AS3 down-regulated. Strikingly, TNNT1 AS2 negatively correlates with single-

muscle-fiber specific force after RT. For the first time, we showed that the AS1/AS2 ratio 

positively correlates with the percent change in single-muscle-fiber force in response to RT. Our 

data suggest that TNNT1 AS2 relative abundance and the AS1/AS2 ratio can be promising 

biomarkers of skeletal muscle adaptation to overload (RT and/or body weight).  

TNNT1 AS patterns, a quantitative biomarker of muscle response to RT  

Skeletal muscle undergoes dramatic changes in adapting to functional demands and stress 
29

. For 

instance, expression of slow-versus-fast TnT isoforms is highly sensitive to muscle unloading in 
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simulated weightlessness 
30

. Nearly 95% of human multi-exon genes involve AS, which is a 

crucial mechanism of gene regulation and proteomic diversity 
31,32

. Altered relative abundance in 

mRNA isoforms in TNNT3 AS was reported in a rodent model of overweight and obesity, 

indicating that RNA AS is critical for muscle adaptation 
14

. Our current study further supports 

that RT alters the TNNT1 AS profile in older adults. It would be important to assess TNNT1 AS 

profile in young lean adults and determine whether age and/or body fat influences TNNT1 AS. 

Aging is characterized by decreased lean muscle mass and increased body fat 
33

, both of 

which affect TNNT3 AS in rodents 
14

. As a transition from fast to slow fiber type has been 

reported and confirmed in aging humans and rodents 
21,34

, we examined the relationship between 

TNNT1 AS and age, body mass, and BMI in study participants before they engaged in the RT 

regimen. We did not observe any significant relationship with these factors, but these initially 

sedentary adults had substantially modified TNNT1 AS patterns after five months of RT, 

suggesting that RT may affect TNNT1 AS. One potential mechanism for this response could be 

through muscle mechanical stretch, as reported for mouse muscle C2C12 cells 
19

. The correlation 

between Vmax and AS1 (negative) or AS2 (trend to positive) indicates a change in contractile 

kinetics, which may be as important as enhanced specific force in response to RT.  

TnT1 pre-mRNA AS is strongly correlated with muscle fiber contractile properties 
30,35

. 

Alternative splicing of exon 5 generates low-molecular-weight (LMW) and high-molecular-

weight (HMW) isoforms of human slow TnT, and the LMW isoform generates more specific 

force than the HMW isoform 
36

. This result consistently supports our finding that TNNT1 AS2 is 

negatively correlated with muscle force.  Additionally, that RT increased the relative abundance 

of TNNT1 AS1 and decreased the abundance of TNNT1 AS2 strongly supports the notion that 

TNNT1 AS2 and AS1/AS2 ratio are related to the beneficial effects of RT on muscle function.   
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TNNT1 AS, aging, and obesity 

Obesity exacerbates age-associated decline in skeletal muscle strength and power, leading to 

physical disability and loss of independence 
8,37,38

. A recent study in older men and women 

associated obesity with lower muscle quality 
39

. However, decreased muscle mass in aging 

rodents and humans do not fully account for the diminished strength; atrophy only partially 

explains muscle weakness 
1,2

. 

Decreased muscle force and power is determined, at least in part, by fast TNNT3 AS 
14

, a 

Ca
2+

-sensitive switch that turns muscle contraction on and off 
15,17,18,40

. TnT mediates the 

interaction between the troponin complex and tropomyosin, which is essential for Ca
2+

-activated 

striated muscle contraction. The thin filament regulatory complex (troponin–tropomyosin) acts 

as a switch in response to changes in intracellular Ca
2+

 concentration 
41

. Manipulating TnT genes 

and/or TnT protein isoforms in rodents 
16,18,42-45

 and single amino-acid replacement mutations in 

humans 
46

 affects muscle Ca
2+

 sensitivity and maximal force development. Further, 

fibers containing fast troponin show higher cooperativity of Ca
2+

 activation than 

slow troponin fibers, which have higher Ca
2+

 sensitivity 
16

. Since mechanical stretch regulates 

the abundance of fast skeletal muscle TNNT3 splice forms 
14,19

, we propose that the changes in 

TNNT1 AS reported above may adjust single-muscle-fiber specific force in response to chronic 

RT, probably through activation of the PI3K/Akt signaling pathway 
19

.    

Molecular signaling pathways that mediate the effects of mechanical load on muscle TNNT 

AS are poorly understood. When skeletal muscles are overloaded via RT, there is signaling 

through the Akt/mTOR pathway 
47

, which may lead to changes in TNNT AS. The fast skeletal 

muscle TNNT3 AS controls the amplitude of muscle force by controlling Ca
2+

 sensitivity 
48

. 

Also, Akt and mTOR phosphorylation 
47,49,50

 and its splicing response 
51

 are impaired in obese 
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rodents 
52

. The chronic inflammatory state associated with obesity is mediated by adipose tissue 

macrophage infiltration 
53

, which impairs splice-factor expression 
54

 and attenuates Akt 
55

 and 

mTOR signaling 
56

.  Although the sample examined was overweight or obese and their baseline 

TNNT1 AS poorly correlated with muscle function, this relationship significantly improved after 

exercise, which indicates that most of older adults retain the capacity to respond to a five month 

RT intervention. 

    This paper provides the first evidence associating TNNT1 AS with muscle fiber force in older 

adults.  Although single muscle fiber power increased significantly with RT, it did not show 

significant correlation with TNNT1 AS1-3.  Body weight and RT may also play key roles in 

regulating TNNT1 AS, probably by a pathway similar to that reported for TNNT3 AS 
14,19

. As 

obesity interferes with normal TNNT3 AS regulation in the rat 
14

 and inhibits expression of 

certain splicing factors in humans 
57

, whole body function (body mass and obesity) may regulate 

TNNT1 AS by altering splicing factor function. 

We did not detect any significant relationship among age and TNNT1 AS, which may be 

explained by the small number of participants examined. In addition, while the effect of aging 

and development on TNNT AS has been examined by cross-sectional studies in young, middle-

aged and old rodents 
18,48,58

, we could only examine two time-points, five months apart. To 

clarify the effects of aging and obesity on slow TNNT AS, younger and leaner subjects must be 

compared in future studies.  

 

Limitations of this study  

Analyzing TNNT1 AS patterns but not their proteins is a limitation because encoding RNAs may 

not reflect the relative abundance of their corresponding proteins. Exploring the diversity of 
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TnT1 proteins instead of TNNT1 pre-mRNA AS may provide a more direct link with muscle 

fiber physiology, however, it should be noticed that as a first approach, human TNNT1 pre-

mRNA AS must be characterized and the most abundant and reproducible splice variants 

determined. Our research also allowed us to accurately measure the size of the splice variants, 

which is possible but less reliable at the protein level by immunoblot. The small differences in 

TnT1 variants molecular weight, the lack of reliable size markers to define them, the lack of 

specific antibodies for each AS, and the possibility that a band includes more than one variant, 

with erroneous impact on its relative abundance, prevented us from performing this analysis at 

the protein level as our initial approach. The identification of TnT1 AS at the protein level is of 

our interest but will require technical developments. It is also worth noting that the three AS 

patterns studied involve two exons and could potentially have four different combinations in a 

given protein product, which may differ functionally. A more prolonged longitudinal study on a 

larger cohort may provide the power to better understand physical function, body composition, 

and TNNT1AS profile. Alternatively, a cross-sectional study of a broader age range might 

elucidate these variables. Analysis of TNNT3 and TNNT1 AS may clarify their relative 

contributions to RT-induced muscle fiber function improvement. We have not explored the 

mechanisms by which RT alters TNNT1 AS, which is required for targeting future interventions. 

 

Clinical implications and future directions 

RT affects the TNNT1 splicing patterns associated with single-muscle-fiber force. TNNT3 shows 

an acidic-to-basic charge transition and sequence shortening with development due to the 

exclusion of exon 4 (shortened N-terminus), which correlates with increased muscle-fiber Ca
2+

 

sensitivity 
15,59

. Similarly, shorter TNNT1 may increase Ca
2+

 sensitivity to the myofilaments in 
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slow-twitch fibers, but this hypothesis requires confirmation. Furthermore, RT may modify 

TNNT1 AS splicing in a relatively shorter time than fiber CSA, which indicates that RT-evoked 

increased specific force does not primarily depend on accruing protein. 

The diversity of mRNA transcripts creates new opportunities for pharmacological 

interventions. For example, splice-site-directed oligonucleotides that correct aberrant splicing are 

already being used in a clinical trial of a therapy for Duchenne muscular dystrophy 
60

. Future 

work should focus on identifying the splicing factors involved in RT-evoked TNNT AS 

modifications; muscleblind-like proteins or SFRS10, should be among the first examined 
57,61

. 

Future studies should also compare the effects of calorie restriction and regular diet on TNNT1 

AS since the Akt/mTOR pathway is also involved in a nutrient- sensing pathway 
62

. 

 

Conclusions 

We demonstrated that the TNNT1 AS2 pattern is negatively while the AS1/AS2 ratio is 

positively correlated with single-muscle-fiber specific force. This finding identifies TNNT1 AS 

patterns as quantitative biomarkers of human muscle function and suggests that RT can influence 

TNNT AS patterns that may improve muscle function.  
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Figure 105 Figure 1. Characterization and quantification of TNNT1 alternative splicing in the vastus lateralis muscle before 
and after RT. 

Figure 1. Characterization and quantification of TNNT1 alternative splicing in the vastus 

lateralis muscle before and after RT. (A) Three major human TNNT1 pre-mRNAs are 

comprised of 14 exons (boxes 1-14) with a translation-initiation codon localized in exon 2 (green 

boxes) and a stop codon in exon 14 (red boxes). Exon 5 is excluded from the short TNNT1 AS1, 

and exon 12 is longer in TNNT1AS3 than in the other two splice forms. All three were detected 

by RT-PCR and cDNA sequencing. Two pairs of forward (F1 and FAM-F2) and reverse (R1 and 

R2) PCR primers were designed to perform nested PCR with increased sensitivity and 

specificity. (B) Representative electropherogram. Fluorescently labeled DNA-fragment peaks 

showing the diversity of TNNT1 splice forms, denoted by position in the horizontal axis 

(expressed in bp). Relative abundance is indicated by the peak height (blue) of each form in the 

vastus lateralis muscle of the same subject before (Pre) and after (Post) RT. Internal size 

standards are represented by orange traces. 
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Figure 106 Figure 2. Effects of RT on TNNT1 splice forms. 

Figure 2. Effects of RT on TNNT1 splice forms. (A) Relative abundance of TNNT1 splice 

forms before (Pre) and after (Post) RT. Significant changes were observed in all three: AS1 

increased, and AS2 and AS3 decreased. **, P< 0.001. (B) Correlation analysis indicates a strong 

inverse correlation between AS1 and AS2 before and after RT (Pre RT, r = -0.774; Post RT, r = -

0.935). 
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Figure 107 Figure 3. TNNT1 splice form profile and subjects’ age. 

Figure 3. TNNT1 splice form profile and subjects’ age. TNNT1 AS2 is more abundant; AS1, 

less abundant; and AS3 is intermediate. No correlation between age and any of the three splice 

forms was observed pre RT (A) (r = -0.360, 0.083 and 0.172 for AS1, AS2 and AS3, 

respectively) or post RT (B) (r = 0.016, 0.019 and -0.094 for AS1, AS2 and AS3, respectively). 

AS1: red, AS2: green, AS3: black. 
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Figure 108 Figure 4. Relationships of TNNT1 splice forms with body mass measures. 

Figure 4. Relationships of TNNT1 splice forms with body mass measures. Body mass (A) 

and BMI (B) did not change significantly with RT. TNNT1 AS1 correlated positively, and 

TNNT1 AS2 correlated negatively, with body mass (Pre, RT, r = 0.422, -0.121 and -0.167; Post, 

RT, r = 0.916, -0.870 and -0.0175 for AS1, AS2, and AS3, respectively) (C, D), and BMI (Pre, 

RT, r = -0.146, 0.462 and -0.568; Post, RT, r = 0.651, -0.587, and –0.102 for AS1, AS2 and AS3, 

respectively after RT) (E, F). AS1: red, AS2: green, AS3: black. 
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Figure 109 Figure 5. Changes in type-I single-muscle-fiber specific force, power, and Cross-Sectional Area (CSA), with RT, and 
relationships with TNNT1 AS forms. 

Figure 5. Changes in type-I single-muscle-fiber specific force, power, and Cross-Sectional 

Area (CSA), with RT, and relationships with TNNT1 AS forms. Both single-muscle-fiber 

specific force (n = 6) (A) and power (n = 5) (B), but not CSA (C), increased with RT.  Single-

muscle-slow fiber force (Pre, RT, r = -0.240, 0.0754 and 0.291; Post, RT, r = 0.695, -0.851, and -

0.172 for AS1, AS2 and AS3, respectively) (D, E) and power (Pre, RT, r = -0.819, 0.520, and -

0.107; Post, RT, r = 0.481, -0.556, and -0.306 for AS1, AS2 and AS3, respectively) (F, G) 
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correlation with abundance of TNNT1 AS 1-2 after RT (E, G).  AS1: red, AS2: green, AS3: 

black. 

 

 

 

 

 

Figure 110 Figure 6. Relationships between TNNT1 AS and single-muscle-fiber Vmax. 

Figure 6. Relationships between TNNT1 AS and single-muscle-fiber Vmax. (A) Single-

muscle-fiber Vmax did not correlate with TNNT1 AS at baseline (r = -0.0821, 0.0124 and 0.0804 

for AS1, AS2 and AS3, respectively). (B) In contrast, single-muscle-slow fiber correlated 

negatively with TNNT1 AS1 and a trend to positively correlate with TNNT1 AS2 was observed 

after RT (r = -0.845, 0.765 and 0.683 for AS1, AS2 and AS3, respectively). AS1: red, AS2: 

green, AS3: black. 
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Figure 111 Figure 7. TNNT1 AS1/AS2 ratio correlation with fiber force and power. 

Figure 7. TNNT1 AS1/AS2 ratio correlation with fiber force and power. (A) Single-muscle-

fiber specific force [% (post-pre)/pre] positively correlates with AS1/AS2 ratio after RT (r = 

0.801). (B) Single-muscle-fiber power shows a trend toward a positive correlation with AS1/AS2 

ratio after RT (r = 0.510). (C) Single-muscle-fiber Vmax shows a trend toward a negative 

correlation with AS1/AS2 ratio after RT (r = -0.713) 
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