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Classical NF-�B activity functions as an inhibitor of the skel-
etal musclemyogenic program. Recent findings reveal that even
in newbornRelA/p65�/� mice,myofiber numbers are increased
over that of wild type mice, suggesting that NF-�B may be a
contributing factor in early postnatal skeletal muscle develop-
ment. Here we show that in addition to p65 deficiency, repres-
sion of NF-�B with the I�B�-SR transdominant inhibitor or
with muscle-specific deletion of IKK� resulted in similar
increases in total fiber numbers as well as an up-regulation of
myogenic gene products. Upon further characterization of early
postnatalmuscle, we observed thatNF-�B activity progressively
declines within the first few weeks of development. At birth, the
majority of this activity is compartmentalized to muscle fibers,
but by neonatal day 8 NF-�B activity from themyofibers dimin-
ishes, and instead, stromal fibroblasts become the main cellular
compartmentwithin themuscle that contains activeNF-�B.We
find that NF-�B functions in these fibroblasts to regulate induc-
ible nitric-oxide synthase expression, which we show is impor-
tant for myoblast fusion during the growth and maturation
process of skeletal muscle. Together, these data broaden our
understanding of NF-�B during development by showing that in
addition to its role as a negative regulator of myogenesis, NF-�B
also regulates nitric-oxide synthase expression within stromal
fibroblasts to stimulatemyoblast fusion andmuscle hypertrophy.

NF-�B belongs to a family of transcription factors that con-
tains five subunits: RelA/p65, c-Rel, RelB, p50, and p52 (1–3).
These members are characterized by a highly conserved 300-
amino acid N-terminal Rel domain that mediates subunit
dimerization, DNA binding, and interaction with the NF-�B
inhibitor proteins (I�Bs)2 (4, 5). RelA/p65 (referred to as p65

from here on), c-Rel, and RelB also contain C-terminal transac-
tivation domains that are necessary for the initiation of NF-�B-
dependent transcription (4, 5). The p50 and p52 subunits are
processed forms of the I�Bproteins p105 andp100, respectively
(1–3), and because these mature proteins lack an activation
domain, they undergo dimerization with p65, c-Rel, or RelB to
form transcriptionally active complexes (2, 6).
Classical NF-�B activity is initiated in response to extracel-

lular signals such as inflammatory cytokines, which trigger the
activation of the I�B kinase (IKK) complex composed of two
catalytic subunits, IKK� and IKK�, and a regulatory subunit,
IKK� or NEMO (2, 7). The activated IKK complex, via IKK�,
phosphorylates I�B bound to NF-�B, which leads to I�B ubiq-
uitination and subsequent proteasomal degradation. Released
NF-�B, most commonly found as a p65/p50 heterodimer, is
then free to translocate to the nucleus, where it binds and reg-
ulates the expression of its target genes (8, 9).
NF-�B regulates a number of cellular processes including

immune response, cell survival, and proliferation. Additionally,
NF-�B is also considered an important player in tissue differ-
entiation including skin (10), bone (11), and skeletal muscle
(12). With respect to muscle, this differentiation program is
regulated in large part by Pax3 and Pax7 transcription factors,
whose expression undergo down-regulation within proliferat-
ingmuscle progenitor cells to allow the initiation ofmyogenesis
(13, 14). This is followed by the activation and induction of
skeletal muscle-specific transcription factors, MyoD, Myf-5,
myogenin, and MRF4, which govern key myogenic processes
such as cell cycle exit, myoblast fusion, and contractile function
(15–17).
Although the role of NF-�B in skeletal muscle differentiation

is still evolving, recent genetic findings implicate this signaling
pathway as an inhibitor of myogenesis. Early studies showed
that myogenesis in cultured cell lines was associated with
declining activity of the classical NF-�B subunits (18), and
TNF� was capable of suppressingMyoD expression and inhib-
iting myogenesis through the activation of p65 (19, 20). NF-�B
was also found to repress muscle differentiation through the
induction of YY1, which in association with Polycomb proteins
silences myofibrillar genes as well as the pro-myogenic
microRNA,miR-29 (21–23). Recent genetic analysis performed
in primary muscle cells and injured adult skeletal muscles from
p65 and IKK� mutant mice further supports the role of NF-�B
as an inhibitor of myogenesis (24–26).
Consistent with the findings above, analysis of muscles from

newborn p65�/� mice (which were maintained on a TNF��/�
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background to circumvent p65 null lethality and from here on
referred to only as p65�/� mice) (27) revealed a significant
increase in the total number of myofibers (25). This phenotype
suggested that the inhibitory myogenic activity of NF-�B is
present in the early phases of postnatal muscle development. In
the process of attempting to better characterize NF-�B during
this stage of muscle maturation, we observed NF-�B activation
in the stromal compartment specific to fibroblasts. In the fol-
lowing study we describe the ability of these stromal fibroblasts to
regulate inducible nitric-oxide synthase (iNOS) expression in an
NF-�B-dependentmanner, which functions to promotemyoblast
fusion and in turn ensures proper skeletal muscle growth.

EXPERIMENTAL PROCEDURES

Materials—Cell Tracker Orange (5-(and-6)-(4-chlorometh-
ylbenzoylamino)tetramethylrhodamine (CMTMR)), cytomeg-
alovirus-iNOS, Moloney murine leukemia virus, reverse tran-
scriptase, Trizol reagent, Fungizone, Dulbecco’s modified
Eagle’s medium, F-10 media, penicillin/streptomycin, and pro-
tease inhibitors were obtained from Invitrogen. DAPI mount-
ing gel was acquired from Electron Microscopy Sciences (Hat-
field, PA). Collagenase type I and insulin were purchased from
Sigma. Falcon Filters were acquired from BD Biosciences. Col-
lagenase type II was obtained from Worthington Biochemical
(Lakewood, NJ). Control and iNOS-targeted siRNA was ob-
tained from Dharmacon (Lafayette, CO). Collagenase P was
purchased from Roche Applied Science. Mammalian protein
extraction reagent (MPER) was acquired from Thermo Scien-
tific (Rockford, IL). Homogenizing buffer for skeletal muscle
homogenization was prepared with the following composition:
1%TritonX, 150mMNaCl, 50mMTris-HCl, 1mMEDTA, 1mM

phenylmethylsulfonyl fluoride, 5 �l/ml protease inhibitors
(Sigma). Primers for PCR reactions were obtained from DNA
Primer Solutions and are listed in supplemental Table 1.
Antibodies—Antibodies against I�B�, p100, p50, MyoD,

vimentin, and glyceraldehyde-3-phosphate dehydrogenase were
obtained fromSanta Cruz Biotechnology (Santa Cruz, CA); ER-
TR7 and fibroblast-activating proteinwere fromAbCam (Cam-
bridge, MA); �-tubulin, laminin, and myosin heavy chain
(MyHC) were from Sigma; Pax7 was from The Developmental
Studies Hybridoma Bank (Iowa City, IA); iNOS was from BD
Biosciences; phosphorylated-I�B�, phosphorylated p65 (p-
p65; Ser-536), and phosphorylated I�B� (p-I�B�; Ser-32) were
from Cell Signaling (Boston, MA); p65 was from Rockland
Immunochemical Inc. (Gilbertsville, PA); dystrophin was from
Novocastra Laboratories Ltd. (Newcastle, UK); CD31 was from
BD Pharmingen; CD68 was from AbD Serotec (Raleigh, NC);
GFP and Alexa Fluor secondary antibodies were from Invitro-
gen (Carlsbad, CA).
Mice—Animals were housed in the animal facility at The

Ohio State University Comprehensive Cancer Center under
sterile conditionswith temperature andhumidity kept constant
and fed a standard diet. Treatment of the mice was in accord-
ance with institutional guidelines of the Animal Care and Usage
Committee. p65�/�, p65�/�;TNF-��/�, IKK�f/f, NF-�B�/EGFP,
and collagen type 1a YFP mice were generated as previously
described (27–31). iNOS�/� and wild type CD2 and C57BL/6

mice were purchased from The Jackson Laboratory (Bar Har-
bor, ME).
Cell Culture—C2C12 myoblasts, mouse embryonic fibro-

blasts (MEFs), and primary myoblasts were cultured as previ-
ously described (25). Primary fibroblasts were isolated accord-
ing to the myoblast purification pre-plating steps as described
by Rando and Blau (32). Primary fibroblasts were cultured in
complete Dulbecco’s modified Eagle’s medium (20% fetal
bovine serum, 2% penicillin/streptomycin).
Transient Transfections and Virus Infection—For knock-

down studies, MEFs were transfected with control or iNOS
siRNA from Dharmacon (in low-serum Opti-MEM using
Lipo2000 reagent from Invitrogen), according to the manufac-
turer’s recommendations. For overexpression experiments,
MEFs were transfected with control or iNOS cytomegalovirus
expression plasmids in serum free Dulbecco’s modified Eagle’s
medium using Superfect reagent from Qiagen (Valencia, CA).
Adenovirus-GFP (Ad-GFP) and adenovirus-I�B� super-re-
pressor (Ad-I�B�-SR) viruses were obtained from the Univer-
sity of North Carolina Vector Core facility (Chapel Hill, NC).
For in vivo infection, 3-day-old neonates were injected in the
left hind limb with 1 � 1011 virus particles. Injected mice were
euthanized at 8 days of age, and histological analysis of the
soleus muscle was performed.
Immunohistochemical Staining—Frozen tissue sectionswere

prepared as previously described (25) and immunostained with
the following antibodies and dilutions: GFP (1:500), dystrophin
(1:300), Pax7 (1:100), MyoD (1:50), vimentin (1:200), ER-TR7
(1:200), laminin (1:500), MyHC (1:500), CD31 (1:500), CD68
(1:500), and phosphorylated p65 (1:500). For indirect immuno-
fluorescence analysis, Alexa Fluor rhodamine and fluorescein
isothiocyanate-conjugated secondary antibodies (1:250) were
used. For immunohistochemical staining, a biotinylated sec-
ondary antibody was used, and reactions were developed using
avidin-biotin complexed with peroxidase.
Histological Analysis—For 8-day-old neonates, whole hind

limbs were sectioned at 10 �mwith a cryostat (Leica 1900) and
stained with hematoxylin and eosin. Specimens were collected
after 1000 �m was removed from the proximal end of the
hind limb. The total number of muscle fibers within the soleus
was determined by sectioning an additional 1600 �m of tissue
into the hind limb and averaging the total number of fibers
every 200 �m. For sublaminar nuclei determination, tibialis ante-
rior (TA)muscles from4-week-oldmicewere sectioned at 10�m.
Specimens were collected after 500 �m was removed from the
proximal end of the TA. Sections were then immunostained with
laminin and DAPI. Nuclei per fiber counts were then quantitated
by determining the number of sublaminar nuclei from 10 ran-
domly chosen fields from 3 littermate pairs of mice.
Electrophoretic Mobility Shift Assays—Nuclear extracts were

prepared from skeletal muscles, and electrophoretic mobility
shift assays were performed as previously described (33). For
supershift assays, nuclear extracts were preincubated for 10
min with 1.5 �g of antibody before the addition of 32P-labeled
oligonucleotide probe.
Immunoblotting—Whole cell lysates were prepared from

neonatal skeletal muscle, cultured cells, and FACS-sorted GFP�

and GFP� cells using previously described methods (24).
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Mononuclear Cell Preparation—Hind and fore limbs from
8-day-old NF-�B�/EGFP and collagen type 1a YFP mice were
digested with 4 ml of 5 mg/ml collagenase type II in a 35-mm
polystyrene dish at 37 °C. Digesting limbs were triturated every
10 min with a 5-ml pipette for half an hour. At the end of the
digestion 4 ml of digested solution and 6 ml of complete Dul-
becco’s modified Eagle’s medium (2% fetal bovine serum, 1% 1
M HEPES) were transferred to a 15-ml falcon tube to stop the
enzymatic reaction. The digested solutionwas passed through a
70-�m falcon filter and centrifuged for 10 min at 1500 rpm at
4 °C. The supernatant was removed, and the pellet was resus-
pended in 5 ml of ice-cold phosphate-buffered saline contain-
ing 0.5% bovine serum albumin. The resuspended sample was
then overlaid with 7 ml of heat-inactivated horse serum and
centrifuged for 10 min at 220 � g at 4 °C with no brakes. The
supernatant was once again removed, and the pellet was resus-
pended in 5 ml of ice-cold phosphate-buffered saline contain-
ing 0.5% bovine serum albumin and centrifuged for 10 min at
1500 rpm at 4 °C. Cell pellets were then resuspended in 1 ml of
ice-cold phosphate-buffered saline containing 0.5% bovine
serum albumin. Fluorescence-activated cell sorting (FACS)
(BD Aria, BD Biosciences) was utilized to isolate GFP� and
GFP� cellular populations.
Single Myofiber Isolation and Staining—Individual muscle

fibers were isolated as previously described (34). In short,
gastrocnemius muscles were procured from 4-week-old
mice and digested in a 35-mm polystyrene dish in 0.2% col-
lagenase type I at 37 °C. Every 15 min the 35-mm polystyrene
dishes were shaken by hand until individual muscle fibers were
loosened from the muscle bulk. Individual fibers were isolated
by triturating the muscle bulk and subsequently transferred to
Matrigel-coated polystyrene dishes. Myofibers were then incu-
bated at 37 °C for 30 min and centrifuged for 20 min at 3000
rpm. Myofibers were fixed in 4% paraformaldehyde followed

by paraformaldehyde quenching in
100 mM glycine (0.75 g glycine, 2 ml
of 10% Triton X-100, and 1 ml 10%
sodium azide in 100 ml of H2O).
Single fibers were then blocked,
mounted with a DAPI-containing
antifade reagent, and placed under
a coverslip. Fiber quantitation was
performed by scoring the total
number of nuclei residing within a
single fiber from 20 individual fibers
imaged by fluorescent and phase
microscopy.
Co-cultureAnalysis—Isolatedpri-

mary fibroblasts were stained with
20�MCell Tracker Orange CMTMR
for 30 min at 37 °C. Stained pri-
mary fibroblasts alongwith unstained
C2C12 myoblasts were then tryp-
sinized and counted using a hemo-
cytometer. 1 � 104 primary fibro-
blasts were co-culturedwith 1� 105
C2C12 myoblasts in fibroblast cul-
ture media for 24 h in 35-mm poly-

styrene dishes. After 24 h, co-cultured cells were switched to
differentiation media for 3 days after which they were fixed in
4% paraformaldehyde for 30 min and stained with MyHC and
DAPI. Quantitation of myoblast fusion was performed by
determining the average number of nuclei per C2C12myotube
from 10 randomly selected fields performed from two indepen-
dent experiments.
Statistical Analysis—All quantitative data are represented as

the means � S.E. Analysis was performed between different
groups using a two-tailed t test. Statistical significance was set
at p � 0.05.

RESULTS

NF-�B Regulates Myogenesis during Early Postnatal De-
velopment—Given that deletion of NF-�B signaling was found
to impact myogenesis in adult mice (24–26, 35) and that this
phenotype could be replicated in newborn animals (25), we
sought tomore closely examine the role of NF-�B in early post-
natal muscle growth. Similar to previous findings (25), we
observed that muscles from p65�/� neonatal mice at 8 days of
age (P8) exhibited a significant increase in total myofiber num-
ber (Fig. 1, A and B). Likewise, p65�/� muscles during early
postnatal development expressed higher levels of early and late
myogenic markers (Fig. 1C). However, no such changes were
found in the expression of established mediators of muscle
development such as myostatin or Notch-1 (36–38) (supple-
mental Fig. 1, A and B), suggesting that these effects were spe-
cific to NF-�B. To test the validity of our findings, hind limb
muscles of P3 wild type mice were infected with adenovirus
expressing the I�B�-SR (Ad-I�B�-SR) inhibitor of NF-�B.
Compared with injected Ad-GFP controls, muscles expressing
the I�B�-SR transgene (supplemental Fig. 2A) promoted a sim-
ilar increase in total fiber number and expression of myogenic
gene products as seen in p65�/� neonatalmice (Fig. 1,B andC).

FIGURE 1. Classical NF-�B signaling functions as a myogenic inhibitor during postnatal muscle develop-
ment. A, cross-sections of P8 hind limbs from p65�/�;TNF�/� (p65�/�) and p65�/�;TNF�/� (p65�/�) mice were
stained with hematoxylin and eosin (H&E). Scale bar � 10 �m. B, soleus muscle fiber counts were performed on
hind limb cross-sections of P8 p65�/� and p65�/�, Ad-GFP and Ad-I�B�-SR, and IKK�f/f and IKK�f/f MCK-CRE
mice (n � 3) as described under “Experimental Procedures.” C, mRNA was isolated from the skeletal muscles of
p65�/� and p65�/�, Ad-GFP and Ad-I�B�-SR, and IKK�f/f and IKK�f/f MCK-CRE mice, and expression of myogenic
markers, MyoD, Myf5, MyHC, and troponin (TNT) were visualized by semiquantitative PCR. GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase.
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This effect was specific to NF-�B as I�B�-SR-expressing mus-
cles displayed lower levels of NF-�B transcriptional activity
(supplemental Fig. 2B) as measured by NF-�B reporter mice
(3x�B-Luc-Tg) (29). Myofiber counts were also performed in
muscles from young mice conditionally lacking IKK� (24–26).
Results showed that IKK�f/f MCK-CRE muscles contained a
similar increase in fibers and higher expression of myogenic
markers as compared with controls (Fig. 1, B and C). Taken
together, these data corroborate findings from adult muscles

demonstrating that NF-�B func-
tions as a potent regulator of skele-
tal myogenesis even in the early
phases of postnatal muscle growth.
NF-�B Signaling Is Active during

Early Postnatal Muscle Develop-
ment—In line with the functional
relevance of NF-�B during early
postnatal muscle development, we
observed that NF-�B activity in
whole muscles undergoes dramatic
changes within the first 3 weeks of
life. By electrophoretic mobility
shift assay analysis, NF-�B DNA
binding activity was found to be rel-
atively high in newborn mice (P5),
and this activity remained elevated
for nearly 2 weeks before rapidly
declining (Fig. 2A). Supershift anal-
ysis identified p65 and p50 as the
predominant subunits contributing
to NF-�B binding activity (Fig. 2B).
A similar regulatory pattern was
observed in muscles from 3x�B-
Luc-Tg mice, demonstrating that
NF-�B transcriptional activity is ini-

tially high but then decreases during this same 2-week develop-
mental window (Fig. 2C). Western and immunohistochemical
analysis further revealed that this decrease in NF-�B activity
was associated with the loss of p-I�B� and p-p65 expression
(Fig. 2, D and E). Because I�B� and p65 (Ser-536) are both
phosphorylated by IKK� (39–42), these results suggest that the
regulation of NF-�B in postnatal muscle development occurs
through the classical pathway.
NF-�B Is Activated in Stromal Fibroblasts of Postnatal Skel-

etal Muscle—To better understand how NF-�B regulates mus-
cle development during this early stage of postnatal growth, we
sought to identify the cellular compartments responsible for
this activity. For this analysis, we utilized EGFP reporter mice
under the control of anNF-�B-drivenpromoter (NF-�B�/EGFP)
(29). Hind limb muscle cross-sections from P0 and P8 mice
were examined for EGFP expression and co-stained with dys-
trophin to identify myofiber boundaries. Interestingly, at birth
and shortly afterward, the majority of NF-�B activity was local-
ized tomuscle fibers, but by P8 this activity switched frommyo-
fibers to cells in the interstitial space (Fig. 3A).
To determinewhetherNF-�Bactivitywithin the interstitium

derived from progenitor muscle cells or migrating myoblasts,
we imaged EGFP-expressing cells and performed immuno-
staining with defined myogenic cellular markers. Results
showed that in P8 muscles EGFP failed to co-localize with
Pax7� muscle progenitor cells (Fig. 3B) or with MyoD�-ex-
pressing myoblasts (Fig. 3C). To verify that this regulation was
not due to potential artifacts of the EGFP reporter system, P8
wild type muscle cross-sections were immunostained with
p-p65 and either Pax7 or MyoD. Similar to the reporter signal,
p-p65 activity did not cross-react with Pax7� or MyoD� cells
(supplemental Fig. 3, A and B), suggesting that muscle progen-

FIGURE 2. Classical NF-�B signaling activity is reduced during early postnatal skeletal muscle develop-
ment. A, electrophoretic mobility shift assay analysis was performed on nuclear extracts isolated from the
skeletal muscles of P5-P21 wild type mice. Equal loading of nuclear extracts was compared with a nonspecific
band on the same gel (N.S.). B, electrophoretic mobility shift assay super shift analysis was performed on P5
nuclear extracts from A with antibodies raised against the p65 and p50 subunits. Ab, antibody. C, whole cell
extracts were isolated from the skeletal muscles of P5 and P15 NF-�B reporter mice (3x�B-Luc-Tg mice) mice
and subjected to luciferase assay analysis. D and E, whole cell lysates were prepared from wild type P5-P21
skeletal muscle in homogenizing buffer followed by Western blot analysis for p-I�B� and p-p65 (D) as well as
immunohistochemical staining for p-p65 on wild type P5-P11 hind limb cross-sections (E). Eosin was used as a
counterstain as shown in E. Scale bar � 20 �m.

FIGURE 3. NF-�B activity switches cellular compartments during post-
natal skeletal muscle development. A, immunofluorescent staining for
dystrophin (Dys; red) was performed on hind limb cross-sections of P0 and
P8 NF-�B�/EGFP (EGFP; green) mice. Areas shown as dashed boxes represent
fields magnified at 2�. Scale bars � 20 and 10 �m, respectively. B and C, P8
NF-�B�/EGFP (EGFP; green) hind limb muscle cross-sections were immuno-
stained with Pax7 (red, B) or MyoD (red, C). Dotted outlines denote the relative
position of myofibers that were identified by the overexposure of fluorescent
and phase contrast imaging. Scale bar � 5 �m. D, mononuclear cells were
prepared from P8 NF-�B�/EGFP mice. EGFP� and EGFP� cells were isolated by
FACS sorting and further probed by semiquantitative PCR for EGFP, MyoD,
and Pax7. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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itors andmyoblasts are not the source of NF-�B activity during
this stage of muscle maturation. To confirm our findings,
mononuclear cells were prepared from the skeletal muscles of
P8 NF-�B�/EGFP mice, and both EGFP� and EGFP� cellular
populations were subsequently separated by FACS sorting
(supplemental Fig. 3C). In line with immunostaining results,
MyoD and Pax7 expression was restricted to the EGFP� popu-
lation, whose purity was further substantiated by probing for
EGFP (Fig. 3D).
To identify the cellular origin of NF-�B activity in neonatal

muscles, we screened formarkers of various cell types known to
reside in the muscle interstitial space, such as endothelial
(CD31), myeloid (CD68), and mesenchymal (vimentin). Of
these, only vimentin co-localized with EGFP (Fig. 4A and data
not shown). Because vimentin cross-reacts with fibroblasts
(43), we stained P8 muscles with ER-TR7, a reticular fibroblast
marker. Our findings revealed that ER-TR7 did in fact co-local-
ize with EGFP (Fig. 4B), suggesting that NF-�B activity derives
from stromal fibroblasts in developing postnatal skeletal mus-
cle. To confirm this notion, we screened for NF-�B activity in
muscles from reporter mice containing YFP under the control
of the collagen type 1a promoter, which is activated in fibro-
blasts (31). Preparation ofmononuclear cells from thesemice at
P8 and subsequent FACS sorting validated that NF-�B activity,
as measured by p-p65 protein, was indeed present in collagen
1a driving YFP� cells (Fig. 4C). In addition, the fibroblast acti-
vating protein marker was also restricted to the YFP� cells,
demonstrating the purity of the YFP reporter system. Together,
these data reveal the novel finding that NF-�B is active in skel-
etal muscle stromal fibroblasts during early postnatal muscle
development.
NF-�BRegulates iNOSExpressionwithin Stromal Fibroblasts

of Young Postnatal Muscle—To determine the significance of
NF-�B activity within stromal fibroblasts during this stage of
development, we assessed potential signaling mediators that
might emanate from fibroblasts and could be under the control
of NF-�B. On our list we considered fibroblast growth factor-1
and -6 and TGF-� because these genes all contained reported
or predicted NF-�B consensus sites in their promoters and, in
addition, are known inhibitors ofmyoblast differentiation (44–
46). We also chose to examine inducible iNOS because this
gene is an established transcriptional target of NF-�B, which
regulates myoblast fusion through the generation of nitric

oxide (NO) (47–50). Of these, only iNOS was significantly
down-regulated in p65�/� muscles compared with wild type
(Fig. 5A). This regulation appeared specific to iNOS as loss of
p65 did not have a general effect on other established NF-�B-
dependent genes, such as A20, Ccl2, I�B�, or MIP-2 (Fig. 5B).

In an effort to determine whether iNOSwas located within
the stromal fibroblast population identified to contain active
NF-�B, we examined iNOS expression in P8 FACS-sorted cells
isolated from NF-�B�/EGFP mice. PCR analysis detected a
strong iNOS signal in the EGFP� cellular population (Fig. 5C).
To further address this point, primary myoblast and fibroblast
cultures were prepared from P8 p65�/� and p65�/� muscles
using routine pre-plating techniques that are employed during
standard myoblast isolation (32). The purity of these individual
cultures was confirmed by cell type-specific immunostaining
and morphological analysis (data not shown). Results showed
that iNOS was not expressed in proliferating myoblasts,

FIGURE 4. NF-�B is activated in the stromal fibroblasts of postnatal skel-
etal muscle. A and B, immunofluorescent staining was performed on P8
NF-�B�/EGFP (EGFP; green) hind limb muscle cross-sections with the mesen-
chymal marker vimentin (red; A) and the fibroblast-specific marker ER-TR7
(red; B). Similar to Fig. 3, the dotted outlines indicate the relative position of
myofibers. Scale bar � 5 �m. C, YFP� and YFP� mononuclear cells were iso-
lated from P8 collagen type 1a YFP transgenic mice and FACS sorted. Whole
cell lysates were prepared from these individual cellular populations and
Western blots were performed probing for p-p65 and fibroblast-activating
protein (FAP). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

FIGURE 5. NF-�B regulates iNOS expression in stromal fibroblasts during
postnatal muscle development. A and B, mRNA was isolated from the skel-
etal muscles of P8 p65�/� and p65�/� mice and the expression of iNOS, fibro-
blast growth factor-1 and -6, and TGF-� (A) as well as other (B) established
NF-�B-regulated genes was examined by semiquantitative PCR. C, EGFP� and
EGFP� mononuclear cells were sorted from NF-�B�/EGFP mice and probed for
iNOS expression by semiquantitative PCR. D and E, primary myoblasts and
fibroblasts were isolated from p65�/�and p65�/� mice and iNOS expression
was determined by semiquantitative PCR. GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase.
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whereas its expressionwas readily detectable inp65�/�, but not
p65�/� fibroblasts (Fig. 5, D and E). These data demonstrate
that NF-�B activity in stromal fibroblasts functions to regulate

iNOS expression during a defined developmental window of
postnatal skeletal muscle development.
iNOS Regulation by NF-�B Is Important for Myoblast Fusion

in Postnatal Muscle—In keeping with published reports sug-
gesting that NO functions to regulate myoblast fusion in cul-
ture (48, 49), we examined whether there was a fusion defect
associated with p65-deficient muscles. Scoring for sublaminar
myonuclei in TAmuscles from 4-week-old p65�/� and p65�/�

mice revealed a pronounced 43% decrease in the average num-
ber of nuclei per fiber in the absence of p65 (Fig. 6, A and B).
Likewise, a 48% reduction in nuclei wasmeasured from individ-
ual muscle fibers isolated from gastrocnemius muscles of aged-
matched p65�/� and p65�/� mice (Fig. 6,C andD), suggesting
that global deletion of p65 contributes to a fusion defect asso-
ciated with skeletal muscle maturation.
To determine whether NF-�B activity derived from fibro-

blasts could regulate myoblast fusion in maturing muscles,
purified p65�/� and p65�/� fibroblasts were isolated from P8
muscles, stained with a cell tracker dye (CMTMR orange), and
co-cultured at a ratio of 1:10 with C2C12 myoblasts. When
co-cultures were switched to differentiation conditions to
induce C2C12 myogenesis, we measured a marked 26% reduc-
tion in myotube nucleation from cultures containing p65�/�

fibroblasts compared with wild type cells (Fig. 7, A and B).
Further analysis revealed that co-cultures containing p65�/�

fibroblasts exhibited a 51% decrease in the number of C2C12
myotubes containing 4 or more nuclei per fiber (data not shown).

Incontrast toprevious findingswhere
we demonstrated that the absence of
p65 in primarymyoblasts or silencing
of p65 by siRNA inC2C12myoblasts
caused myotube formation to be
enhanced (25), here in this co-cul-
ture system the total number of
myotubes remained the same (sup-
plemental Fig. 4), arguing that fibro-
blast-derived NF-�B activity is
responsible for regulating myoblast
fusion but is not involved in control-
ling myogenesis.
Based on these results, we fur-

ther investigated whether iNOS
expression within the fibroblast
cellular compartment was a key
component in this fusion process by
transfecting wild type MEFs with
control or iNOS siRNA. RNA and
protein analysis confirmed that
iNOS was efficiently silenced (sup-
plemental Fig. 5, A and B). siRNA-
targeted MEFs were then co-cul-
tured with C2C12 myoblasts and
stimulated to undergo differentia-
tion. Results showed that iNOS
silencing led to a significant reduc-
tion in the average number of nuclei
per fiber as compared with control
siRNA conditions (Fig. 7C). Con-

FIGURE 6. Loss of p65 leads to a decrease in myofiber nucleation. A and B,
TA muscles from 4-week-old p65�/� and p65�/� mice (n � 3) were sectioned
and stained with laminin and DAPI. Histological analysis was subsequently
performed to quantitate sublaminar nuclei per fiber numbers. Scale bar � 10
�m. C and D, single fibers were isolated from the gastrocnemius muscles of
4-week-old p65�/� and p65�/� mice and then stained with DAPI to analyze
the total number of nuclei per fiber by fluorescent and phase contrast micros-
copy. Scale bar � 20 �m. Quantitation for B and D was performed as described
under “Experimental Procedures.”

FIGURE 7. iNOS expression regulates myoblast fusion. A and B, p65�/� and p65�/� fibroblasts (FB; red) were
stained with 20 �M Cell Tracker Orange CMTMR and co-cultured for 24 h with C2C12 myoblasts. After 24 h of
co-culturing, cells were switched to differentiation media, and myogenesis proceeded for 3 days after which
cells were fixed and stained with MyHC (green) and DAPI (blue). Nuclei per myotube numbers were determined
as described under “Experimental Procedures.” Scale bar � 40 �m. C and D, a similar analysis as described
above was performed using wild type MEFs transfected with control or iNOS siRNA oligomers (C) or with
control or iNOS cytomegalovirus expression plasmids (D). E, a similar analysis as described in A was performed
using p65�/� MEFs transfected with control or iNOS cytomegalovirus expression plasmids.
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versely, exogenous expression of iNOS in wild type (supple-
mental Fig. 5, C and D) or p65�/� MEFs, whose endogenous
expression levels of iNOS are mostly absent (supplemental Fig.
5, E and F), enhanced myotube nucleation in this co-culture
system (Fig. 7, D and E). These data suggest that iNOS expres-
sion emanating from the fibroblast compartment regulates
myogenesis by modulating myoblast fusion.
Finally, to confirm the relevance of iNOS function with

regard to myoblast fusion during postnatal muscle growth, we
purified muscle fibroblasts from P8 iNOS�/� and iNOS�/�

mice and performed a similar C2C12 co-culture analysis as
described above. Consistentwith our findings,we observed that
the average number of nuclei per myotube was decreased by
26% in iNOS�/� co-cultures (Fig. 8A). We also observed a 50%
reduction in the number of myotubes containing 4 or more
nuclei in iNOS�/� versus iNOS�/� co-cultures (data not
shown). We next quantitated sublaminar myonuclei from the
muscles of 4-week-old iNOS�/� and iNOS�/� mice. In agree-
ment with in vitro co-culture results, a significant reduction in
the average number of sublaminar nuclei was observed in
iNOS-deficient muscles (Fig. 8B). Likewise, nuclei numbers
were also lower when scoring was performed on individual
muscle fibers from iNOS�/� compared with iNOS�/� mice
(Fig. 8C). However, unlike the deletion or inhibition of NF-�B
shown in Fig. 1, global loss of iNOS expression did not cause an
increase in myofiber number (supplemental Fig. 6), strongly
arguing that iNOS function in postnatal muscle growth is
restricted to modulating myoblast fusion. These data further
support the notion that this function of iNOS inmuscle stromal
fibroblasts is firmly under NF-�B control.

DISCUSSION

Recent findings have illustrated the ability of NF-�B to func-
tion as an inhibitor of skeletal myogenesis (19, 24, 25). The
purpose of this study was to characterize the role of NF-�B
during early postnatal muscle development. During this inves-
tigation we determined that NF-�B activity is relatively high
during the first 2 weeks of postnatal development, and inhibi-
tion of this activity resulted in both an increase in total muscle

fibers as well as an enhancement in the expression of early and
late myogenic genes. These data underscore the ability of
NF-�B to function as a potent regulator of skeletal muscle
development during this early stage of postnatal growth. To
determine how NF-�B is involved in this developmental pro-
cess, we examined which cells within the maturing muscle con-
tain active NF-�B. This led us to uncover some novel findings
with respect to the cellular compartmentalization ofNF-�Band
its associated functions.
Results obtained from EGFP reporter mice revealed that the

high levels of NF-�B present in skeletal muscle at birth and
throughout the first days of neonatal development derived from
myofibers. Our genetic analysis showing that conditional dele-
tion of IKK� in myofibers leads to an increase in total fiber
number indicates that myofiber-specific activation of NF-�B at
birth and shortly afterward serves to ensure that myogenesis is
efficiently repressed. Presumably, this myogenic inhibitory
activity is necessary to allow myoblasts to migrate and fuse to
the surrounding fibers rather than initiate another round of
myogenic differentiation, which may be disadvantageous for
skeletal muscle hypertrophy. How NF-�B signaling in myofi-
bers functions to repress myogenesis is not known but may be
related to a secreted factor under NF-�B transcriptional con-
trol. Interestingly, in dystrophic myofibers of mdx mice that
contain constitutively activeNF-�B, deletion of IKK� also leads
to increases in new fiber formation (24). One factor associated
with this regulation is TNF�, an inflammatory cytokine that
acts as a potent inhibitor of myogenesis (19, 20). In an indepen-
dent on-going study, we have found that TNF� is capable of
suppressing the synthesis of theNotch-1 receptor, which under
normal conditions is recognized as a critical regulator of satel-
lite cell activation in response to muscle injury (37).3 NF-�B-
dependent production of TNF� from dystrophic myofibers
that function to block Notch signaling in satellite cells might,
therefore, be a mechanism by which NF-�B limits the regener-
ative capacity of skeletal muscle lacking dystrophin. With
respect to our current findings, we considered the possibility
that NF-�B activation in neonatal myofibers might repress
myogenesis by a similarmechanism involving TNF�. However,
to this point we have been unable to find differences in total
fiber number when comparing muscle sections from TNF��/�

and TNF��/� newborn mice.4 Although it remains possible
that the absence of a muscle phenotype in the TNF��/� neo-
nates is due to a compensating factor, at least at this level of
investigation, our results suggest that the manner in which
NF-�B functions to repress muscle differentiation in neonatal
micemay be distinct from themechanismutilized to limitmyo-
genesis in states of chronic muscle injury.
An additional revealing finding from our study was the

switch in NF-�B activity that occurred from myofibers at birth
to stromal fibroblasts shortly after the first week of postnatal
development. Further characterization of these fibroblasts
showed that they provide a rich source of iNOS expression
under the control of NF-�B. Past studies have shown that stim-
ulated expression of iNOS modulates the production of NO by

3 S. Acharayya and D. C. Guttridge, unpublished observations.
4 J. M. Dahlman and D. C. Guttridge, unpublished observations.

FIGURE 8. Loss of iNOS expression inhibits myoblast fusion. A, primary
iNOS�/� and iNOS�/� fibroblasts were stained with 20 �M Cell Tracker Orange
CMTMR and co-cultured for 24 h with C2C12 myoblasts. Differentiation was
allowed to proceed for 3 days after which cells were fixed and stained with
MyHC and DAPI and subsequently scored for nuclei per myotube. B, TA mus-
cles from 4-week-old iNOS�/� and iNOS�/� mice (n � 3) were sectioned and
stained with laminin and DAPI. Sublaminar nuclei per fiber counts were deter-
mined by fluorescent microscopy. C, single fibers isolated from the gastrocne-
mius muscles of 4-week-old iNOS�/� and iNOS�/� mice were stained with
DAPI and analyzed by fluorescent and phase contrast microscopy to quanti-
tate nuclei per fiber. Quantitation for A–C was performed as described under
“Experimental Procedures.”
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converting L-arginine to citrulline (51, 52), which in turn con-
tributes to myoblast fusion in vitro (48, 49, 53). In addition,
treatment of differentiating primary muscle progenitor cells
with exogenous NO yields an increase in fusion capacity when
NO is administered within the first 24 h of differentiation (54).
It has been demonstrated in vitro that differentiating primary
myoblasts up-regulate iNOS expression to facilitate fusion and
terminal differentiation (53). However, unknown to this point
are the cells that contribute in vivo to NO production for myo-
blast fusion. Our findings highlight for the first time the impor-
tance of stromal fibroblasts in developing postnatal skeletal
muscle by showing that such cells provide a source ofNOunder
the regulation of NF-�B, which presumably is critical for coor-
dinating myoblast fusion during the hypertrophic phase of
maturing skeletal muscle.
Classical NF-�� activity was recently identified by genetic

means to act as an inhibitor of myogenesis either in vitro or in
adult mousemuscles in response to acute or chronic injury (24,
25). In contrast, alternative NF-�B signaling is regulated by
IKK� homodimers and promotes p100 to p52 processing. The
pathway itself is thought to be dispensable for myogenesis but
required for mitochondrial biogenesis during differentiation
and the formation of energetically competent myofibers (25).
Our findings support that high NF-�B activity present in mus-
cles of newborn mice derives from the classical pathway. Like-
wise, the activities associatedwith stromal fibroblasts and iNOS
synthesis are dependent on p65, one of the classical subunits of
NF-�B. Whether alternative signaling is also involved during
this maturation stage of postnatal muscle development is not
known. However, immunoblotting for p100 revealed a clear
increase in p52 expression 2 weeks after birth (supplemental Fig.
7). This is in contrast to classical NF-�B signaling whose activity
declined over a similar two-week period. Intriguingly, this same
inverse relationship between classical and alternative signaling
occurs during differentiation ofC2C12myoblasts (25). The signif-
icance of this increase in alternative signaling observed during
postnatal muscle growth remains to be explored.
Collectively, our findings illustrate important roles of NF-�B

in different cell types during early skeletalmuscle development.
Although NF-�B has been found to associate with myofibers
and muscle residing macrophages (24), this is the first report
describing its localization to muscle fibroblasts. In neonatal
conditions, we find that fibroblast-specific activation of NF-�B
stimulates iNOS expression and promotes myoblast fusion and
muscle hypertrophy. This activity is distinct fromNF-�B activ-
ity derived from myofibers, which acts instead to repress myo-
genesis. Future work will decipher whether such compartmen-
talized functions of NF-�B are recapitulated in adult skeletal
muscle undergoing growth and regeneration.
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