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Disruption of either the Nfkb1 or the Bcl3 
gene inhibits skeletal muscle atrophy

R. Bridge Hunter and Susan C. Kandarian

Department of Health Sciences, Boston University, Boston, Massachusetts, USA.

The intracellular signals that mediate skeletal muscle protein loss and functional deficits due to muscular dis-
use are just beginning to be elucidated. Previously we showed that the activity of an NF-κB–dependent reporter 
gene was markedly increased in unloaded muscles, and p50 and Bcl-3 proteins were implicated in this induc-
tion. In the present study, mice with a knockout of the p105/p50 (Nfkb1) gene are shown to be resistant to the 
decrease in soleus fiber cross-sectional area that results from 10 days of hindlimb unloading. Furthermore, 
the marked unloading-induced activation of the NF-κB reporter gene in soleus muscles from WT mice was 
completely abolished in soleus muscles from Nfkb1 knockout mice. Knockout of the B cell lymphoma 3 (Bcl3) 
gene also showed an inhibition of fiber atrophy and an abolition of NF-κB reporter activity. With unloading, 
fast fibers from WT mice atrophied to a greater extent than slow fibers. Resistance to atrophy in both strains 
of knockout mice was demonstrated clearly in fast fibers, while slow fibers from only the  Bcl3–/– mice showed 
atrophy inhibition. The slow-to-fast shift in myosin isoform expression due to unloading was also abolished in 
both Nfkb1 and Bcl3 knockout mice. Like the soleus muscles, plantaris muscles from Nfkb1–/– and Bcl3–/– mice 
also showed inhibition of atrophy with unloading. Thus both the Nfkb1 and the Bcl3 genes are necessary for 
unloading-induced atrophy and the associated phenotype transition.

Introduction
Reduced muscular activity due to bed rest, limb immobilization, 
sedentary lifestyles, or space flight is a widespread phenomenon 
that leads to significant muscle atrophy, weakness, fatigue, and 
insulin resistance (reviewed in ref. 1). While it has been known for 
some time that the loss in muscle protein due to disuse results from 
decreases in protein synthesis and increases in protein degradation 
rates (2), we are just beginning to learn about the upstream triggers 
and signaling pathways that regulate the changes in these target 
systems that determine protein content. While myostatin (3, 4) and 
glucocorticoids (5) have been studied for a role in atrophy, and both 
can induce atrophy in normal muscle, neither is required for disuse 
atrophy in vivo (5, 6). Recent work suggests that inhibition of the 
Akt growth pathway in muscle may be involved in the progression 
of disuse atrophy. Proteins of the Akt cascade of kinases involved in 
growth control are dephosphorylated with unloading (7–9). This is 
consistent with the decrease in protein synthesis rate.

Work from our laboratory has implicated additional regula-
tory molecules in unloading-induced muscle atrophy: the NF-κB 
and inhibitory κB (IκB) family of transcriptional regulators (10). 
We showed marked transactivation of injected NF-κB report-
er plasmids in soleus muscles from non–weight-bearing (i.e., 
hindlimb-unloaded) rats. Gel-shift and immunoblot data using 
nuclear extracts of these muscles showed that likely NF-κB/IκB 
candidates for involvement in disuse atrophy were p50 and Bcl-3, 
but not p65. The canonical NF-κB pathway involves nuclear trans-
port of a p65-p50 heterodimer as is seen with muscle atrophy due 
to cachexia (11, 12). Cytokines such as TNF-α are potent activators 
of the canonical NF-κB heterodimer, and this activation is associ-

ated with muscle protein loss (13, 14). However, in previous work, 
we did not find evidence for the involvement of TNF-α or inflam-
matory molecules with disuse, and this may explain the finding of 
a different, noncanonical NF-κB pathway in disuse atrophy (10).

Vertebrate NF-κB represents a family of 5 transcription factors 
(p65/RelA, c-Rel, RelB, p50, and p52) that contain a Rel homology 
domain, which confers the dimerization and DNA-binding prop-
erties. Active dimers of NF-κB can be formed by various combina-
tions of family members (reviewed in refs. 15, 16). The IκB fam-
ily members contain a conserved domain of 6–7 ankyrin repeats, 
which bind the Rel domain of NF-κB and prevent nuclear translo-
cation. Activation of NF-κB occurs when IκBs are phosphorylated 
by the IκB kinase complex, leading to ubiquitination and degrada-
tion of IκB and nuclear translocation of the NF-κB dimer. Known 
IκBs include p105 and p100 (precursors to p50 and p52, respec-
tively), IκBα, IκBβ, IκBγ, and IκBε (17).

Another IκB family member, Bcl-3, is a protooncogene that is 
transcriptionally upregulated in some cases of chronic lymphocyte 
leukemia because of its location next to the breakpoint junction of 
a t(14;19) translocation. In various cancers, Bcl-3–p50 complexes 
have been shown to bind to NF-κB cis-elements  and are thought to 
activate transcription (18–21). Generally, p50 and p52 homodimers, 
which lack transactivation domains, function as transcriptional 
repressors (22). However, upon binding with Bcl-3, these com-
plexes can activate transcription through the Bcl-3 transactivation 
domain (23, 24). Thus, Bcl-3 is an unusual member of the IκB fam-
ily, because it can function as a transcriptional coactivator.

As a direct extension of our previous work, here we tested 
whether the p105/p50 (Nfkb1) gene or the B cell lymphoma 3 
(Bcl3) gene was required for unloading-induced NF-κB activation 
and muscle atrophy. To do this, we used knockout mice for each 
gene and determined NF-κB reporter activity, muscle fiber size, 
and general myosin phenotype after 10 days of hindlimb unload-
ing. Compared with fiber atrophy of soleus muscles from WT 
mice, fiber atrophy of soleus muscles from both types of knock-
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heavy chain; FOXO, forkhead box O; IκB, inhibitory κB.
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out mice was abolished, while atrophy of the plantaris muscle 
was inhibited by 67% in these same mice. In the soleus, the seven-
fold unloading-induced increase in WT NF-κB reporter activity 
was eliminated in both strains of knockout mice. In knockout 
mice there also was a complete inhibition of the typical slow-to-
fast shift in myosin isoform expression seen in WT mice. Overall, 
these data suggest that muscular inactivity triggers the activa-
tion of Bcl-3 and p50, which in turn may activate genes that are 
necessary for the induction of muscle atrophy.

Results
Descriptive characteristics of p105/p50–/– (Nfkb1–/–) and Bcl3–/– mice. The 
mice lacking either the Nfkb1 or the Bcl3 gene were healthy, and 
there were no mobility or behavioral deficits. Body weights, muscle 
weights, and fiber number (counted in cross section) were similar 
in WT and knockout mice (not shown). Immunoblotting of soleus 
whole-muscle lysates showed no expression of p105/p50 or of Bcl-3 
in extracts from the Nfkb1–/– or Bcl3–/– mice, respectively (Figure 1).

NF-κB reporter activity in control and unloaded muscle from WT ver-
sus knockout mice. Recent work has shown that unloading of rat 
skeletal muscle leads to a marked increase in NF-κB–dependent 
transcription, and p50 and Bcl-3 proteins were implicated in this 
activation (10). To investigate a potential role of p50 and Bcl-3  
in this NF-κB–dependent transactivation during disuse atro-
phy, we studied mice with a knockout of Nfkb1 (which encodes 
the p105 and p50 protein) or Bcl3. To determine whether the  
NF-κB–dependent reporter gene was activated in mice with 
unloading, the reporter plasmid was injected into soleus muscles, 
which were then assayed for luciferase. In WT mice, a sevenfold 
increase in luciferase activity was found after 10 days of unload-
ing (Figure 2), similar to the activation observed in rats (10). 
However, there was no activation of the reporter in the Nfkb1–/– 
or Bcl3–/– mice after 10 days of unloading, which indicates that 
Bcl-3 and p50 are each required for NF-κB–dependent reporter 
gene activation with muscle unloading.

Muscle morphology and fiber size in control and unloaded muscle from 
WT versus knockout mice. The cross-sectional morphology of mus-
cles was assessed using H&E stain, and these sections showed no 
evidence of degeneration, regeneration, or mononuclear infiltra-
tion in control or unloaded WT or knockout mice (Figure 3, A–F). 
Since p50 and Bcl-3 were required for activation of the NF-κB 
reporter with unloading, we sought to determine whether they 
were required for the decrease in fiber size. Fiber cross-sectional 
area was used as a best measure of muscle atrophy to avoid poten-
tial confounding effects of extracellular space changes and so that 
the distribution of fiber sizes in the muscles could be assessed. 
Soleus muscle sections from WT, Nfkb1–/–, and Bcl3–/– mice were 

stained for anti-laminin (Figure 3, G–L), and these sections were 
used to measure the fiber cross-sectional area. For experiments 
with mice, between 300 and 500 fibers were measured per muscle. 
The mean fiber size of the WT unloaded soleus muscles (623 ± 37  
μm2) showed a 29% decrease (Figure 4A) compared with that of 
weight-bearing control muscles (874 ± 39 μm2). In the Nfkb1–/–  
mice the soleus fiber atrophy was inhibited (control, 815 ± 43 μm2; 
unloaded, 742 ± 31 μm2). There was a similar inhibition of fiber 
atrophy in the Bcl3–/– mice after unloading (control, 974 ± 23 μm2; 
unloaded, 869 ± 62 μm2). There were no statistically significant 
differences in control mean fiber area between WT and Nfkb1–/– 
mice or between WT and Bcl3–/– mice.

Plotting the fiber areas as frequency distributions revealed a clear 
increase in the percentage of small fibers (i.e., a leftward shift) in the 
unloaded muscle of WT mice (Figure 4B). When the Nfkb1 gene was 
knocked out, the shift to smaller fibers was inhibited (Figure 4C). 
The lack of Bcl3 also inhibited the typical leftward shift of the fiber-
size distribution (Figure 4D). The shape of the frequency distribu-
tion in the Bcl3–/– mice was slightly different from that in either the 
WT or the Nfkb1–/– mice. This mild effect on fiber-size distribution 
may be due to the absence of Bcl-3 protein during muscle devel-
opment. Also, in some of the smaller-fiber-size categories in both 
knockout mice, there appear to be more fibers from unloaded than 
from control mice. This is likely a reflection of the 8% (in Nfkb1–/– 
mice) and 11% (in Bcl3–/– mice) difference in mean fiber area with 
unloading, which did not reach statistical significance.

To determine whether the inhibition of atrophy occurred in anoth-
er muscle besides the mixed (50% slow and 50% fast) soleus muscle, 
the fast plantaris muscle was also measured for changes in fiber size. 
Even though the mouse plantaris contains predominantly fast myo-
sin (95% fast), it atrophied to an extent similar to that of the mouse 
soleus with unloading, as has also been shown by others (25–27).  
Plantaris muscle sections from WT, Nfkb1–/–, and Bcl3–/– mice exhib-
ited normal morphology based on the H&E stain (Figure 5, A–F). 
Sections stained for anti-laminin (immunofluorescence) were used 
to measure fiber cross-sectional area (Figure 5, G–L). The mean fiber 
size of the WT unloaded plantaris muscles (789 ± 53 μm2) was 27% 
smaller (Figure 6A) than that of weight-bearing control muscles 

Figure 1
Protein expression of p105, p50, and Bcl-3 from WT, Nfkb1 knock-
out (–/–), and Bcl3 knockout (–/–) mouse soleus muscle lysates by 
immunoblotting. There was no protein expression of Bcl-3 or of p105/
p50 in extracts from the Bcl3–/– or Nfkb1–/– mice, respectively.

Figure 2
NF-κB reporter activity in control and unloaded muscle from WT versus 
knockout mice. WT mice showed a sevenfold activation of the NF-κB–
dependent reporter in unloaded (n = 25) compared with weight-bearing 
control muscles (n = 24). The NF-κB–dependent activation seen in WT 
mice was eliminated in the Nfkb1 (control, n = 20; unloaded, n = 20) and 
Bcl3 (control, n = 6; unloaded, n = 6) knockout mice. *Mean value differs 
significantly from control (P < 0.05). RLU, relative luciferase units.
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(1,087 ± 59 μm2). However, mean fiber area of Nfkb1–/– mice only 
atrophied 9% due to unloading; this represents a 67% attenuation of 
atrophy (control, 958 ± 63 μm2; unloaded, 853 ± 40 μm2). Mean fiber 
area in the Bcl3–/– mice only atrophied 10% because of unloading; 
this represents a 63% inhibition of atrophy (control, 954 ± 42 μm2; 
unloaded, 845 ± 62 μm2). To further describe the changes in fiber 
areas, frequency distributions were plotted. Fibers from unloaded 
WT mice showed a shift to a larger percentage of smaller fibers 
compared with fibers from the weight-bearing controls (Figure 6B). 
However, both the Nfkb1–/– (Figure 6C) and the Bcl3–/– (Figure 6D) 

mice showed a much smaller difference in fiber-size distribution due 
to unloading compared with WT mice. The difference in the shapes 
of the frequency distributions between the soleus and the plantaris 
muscle is due to the differences in motor unit composition (28).

Myosin isoform expression in control and unloaded muscles from WT versus 
knockout mice. During muscle unloading it has long been noted that 
slow-twitch rodent muscles such as the soleus express more fast myo-
sin isoforms and have faster shortening velocities than control mus-
cles (reviewed in ref. 1). Since knockout of the Nfkb1 and Bcl3 genes 
largely inhibited atrophy, we also determined whether the absence of 

Figure 3
Soleus muscle cross sections in control and 
unloaded WT, Nfkb1–/–, and Bcl3–/– mice. (A–F) 
Morphology of representative sections using H&E 
stain. (G–L) Representative cross sections from 
anti-laminin–stained soleus muscles. The anti-
laminin–stained sections were used for measure-
ment of mean fiber area. Scale bars: 50 μm.

Figure 4
Fiber size in control and unloaded soleus muscles from WT versus knockout mice. (A) Mean percentage reduction in soleus fiber cross-sectional 
area in WT (control, n = 17 muscles; unloaded, n = 15 muscles), Nfkb1–/– (control, n = 10 muscles; unloaded, n = 10 muscles), and Bcl3–/– mice 
(control, n = 6 muscles; unloaded, n = 6 muscles) after 10 days of unloading. Mean fiber cross-sectional area decreased by 29% in WT mice and 
was not significantly different in control versus unloaded muscles of Nfkb1–/– or Bcl3–/– mice. (B–D) Frequency distribution of fiber cross-sectional 
area in control and unloaded WT (B), Nfkb1–/– (C), and Bcl3–/– mice (D). *Mean value differs significantly from control (P < 0.05).
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these genes would obviate the characteristic increase in fast myosin 
expression due to unloading. Muscle sections were immunostained 
using an antibody recognizing the fast myosin heavy chains (fMHCs) 
IIa and IIb (Figure 7, A–F). Unloaded WT mice exhibited a typical 
phenotypic shift to a faster muscle (Figure 7G). Expression of fMHC 
significantly increased by 12% in control compared with unloaded 
muscles. These results are consistent with recent reports of mice that 
underwent hindlimb unloading for 10 days (29) as well as other simi-
lar studies (reviewed in ref. 30). However, knockout of the Nfkb1 gene 
completely abolished the shift to a faster muscle (Figure 7G). Simi-
larly, in the Bcl3–/– mice, the shift to a faster phenotype with unload-

ing was blocked. The phenotype of both knockout strains is slightly 
different from that of WT. Soleus muscles from Nfkb1 knockout 
mice showed a 12% greater percentage of fibers expressing fMHC, 
while muscles from Bcl3–/– mice expressed a 16% lower percentage 
of fMHC. However, independent of initial myosin isoform composi-
tion, the shift to a faster phenotype was abolished.

Atrophy of type I versus type II fibers in control and unloaded soleus mus-
cles from WT versus knockout mice. The atrophy of the soleus muscle 
during hindlimb unloading is due to a decrease in fiber size with 
no change in fiber number (31). The decrease in cross-sectional 
area of type II (fast) fibers in the unloaded mouse soleus muscle is 

Figure 5
Plantaris muscle cross sections in control and 
unloaded WT, Nfkb1–/–, and Bcl3–/– mice. (A–F) 
Morphology of representative sections using 
H&E stain. (G–L) Representative cross sections 
from anti-laminin–stained plantaris muscles. The 
laminin sections were used for measurement of 
mean fiber area. Scale bars: 50 μm.

Figure 6
Fiber size in control and unloaded plantaris muscles from WT versus knockout mice. (A) Mean percentage reduction in plantaris fiber cross-sec-
tional area in WT (control, n = 9 muscles; unloaded, n = 9 muscles), Nfkb1–/– (control, n = 5 muscles; unloaded, n = 6 muscles), and Bcl3–/– mice 
(control, n = 5 muscles; unloaded, n = 6 muscles) after 10 days of unloading. Mean fiber cross-sectional area decreased by 27%, 11%, and 11% 
in WT, Nfkb1–/–, and Bcl3–/– mice, respectively, after 10 days of unloading. (B–D) Frequency distribution of fiber cross-sectional area in control 
and unloaded WT (B), Nfkb1–/– (C), and Bcl3–/– mice (D). *Mean value differs significantly from control (P < 0.05).
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equal to, and in some cases greater than, the atrophy seen in type I  
(slow) fibers within the first 2 weeks of the non–weight-bearing 
condition (reviewed in ref. 2). To determine whether there was a dif-
ference in atrophy in type I versus type II fibers due to unloading, 
we measured fiber type–specific cross-sectional area in WT mice. 
Fibers expressing fast myosin atrophied to a greater extent (33%) 
than slow fibers (17%) (Figure 8). To determine whether the inhibi-
tion of atrophy in the knockout mice was due to a lack of atrophy 
in slow and/or fast fibers, we assessed type I and type II fiber area 
in soleus muscles from Nfkb1–/– and Bcl3–/– mice. In Nfkb1–/– mice, 
fast fibers atrophied only 10% and slow fibers atrophied 15%. Thus 
the inhibition of atrophy was marked in fast fibers, while atrophy 
occurred to a normal extent in slow fibers. In the Bcl3–/– mice, there 
was a 12% decrease in fiber size in fast fibers and a lack of atrophy 
in slow fibers. The inhibition of atrophy in these mice was due to 
reduced atrophy in both fast and slow fibers.

While mouse soleus muscles have near-equal numbers of fast 
and slow fibers, fibers from plantaris muscles express predomi-
nantly (95%) fast myosin (data not shown). Thus the plantaris 
muscle atrophy seen with hindlimb unloading (27%) in WT mice 
(Figure 6A) can be attributed almost entirely to fast fibers. Thus 
the lack of atrophy in the plantaris muscles from Nfkb1 and Bcl3 
knockout mice is due largely to the lack of atrophy of fast fibers.

Discussion
This study establishes the requirement of 2 gene products for skel-
etal muscle atrophy due to disuse. Knockout of either of 2 mem-
bers of the NF-κB/IκB family of transcriptional regulators, the 
Nfkb1 gene and the Bcl3 gene, not only abolished NF-κB–depen-
dent reporter activity but also inhibited the decreased fiber size 
due to disuse. The absence of either the Nfkb1 or the Bcl3 gene 
also abolished the shift from a mixed to a faster phenotype that 
is typically seen with unloading of WT animals. In WT mice, the 
fast fibers atrophied significantly more than the slow fibers. In 
Nfkb1–/– mice, the inhibition of atrophy was due to a lack of atro-
phy in the fast fibers, while in Bcl3–/– mice, there was an inhibition 
of atrophy in both the fast and the slow fibers.

The majority of work that has been performed on NF-κB has 
involved the canonical p65-p50 heterodimer; however, our data 
support the requirement of Bcl-3 and p50 in muscle-disuse atrophy, 
because of the inhibition of NF-κB activity and muscle fiber atro-
phy in mice with a knockout of either gene. Importantly, our previ-
ous work showed increased nuclear κB–binding complexes contain-
ing Bcl-3 and p50, but not p65, in nuclear extracts from unloaded 
rat muscle (10). While p50 lacks a transactivation domain and 
homodimers can act as transcriptional repressors (22), Bcl-3–p50 
complexes can activate transcription (24). Physiological examples 

Figure 7
(A–F) Representative cross sections from 
anti-fMHC–stained soleus muscles from 
WT control (n = 10 muscles; A), WT unload-
ed (n = 10; B), Nfkb1–/– control (n = 7; C), 
Nfkb1–/– unloaded (n = 7; D), Bcl3–/– control 
(n = 6; E), and Bcl3–/– unloaded mice (n = 6; 
F). (G) Percentage of fibers in cross section 
that contain fMHC (i.e., IIb and IIa). Unload-
ing significantly increased the percentage of 
fibers expressing fMHC in WT mice but not 
in Nfkb1–/– and Bcl3–/– mice. *Mean value 
differs significantly from control (P < 0.05).

Figure 8
Fiber type–specific atrophy in control and unloaded soleus muscles 
from WT versus knockout mice. Mean percentage reduction in soleus 
cross-sectional area of slow and fast muscle fibers in WT (control, n = 7  
muscles; unloaded, n = 10 muscles), Nfkb1–/– (control, n = 7 muscles; 
unloaded, n = 6 muscles), and Bcl3–/– mice (control, n = 6 muscles; 
unloaded, n = 6 muscles) after 10 days of unloading. Muscle fibers were 
classified as slow or fast on the basis of immunohistochemical staining 
with an anti-fMHC antibody. Fiber-size measurements were made from 
sections like those seen in Figure 7, A–F. *Unloaded mean value differs 
significantly from weight-bearing control (P < 0.05). †Knockout mean 
value differs significantly from WT (P < 0.05).
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involving Bcl-3–p50 complexes have also been identified. Nasopha-
ryngeal carcinoma is associated with Bcl-3–p50 complexes bound 
to the epithelial growth factor receptor promoter (18). Squamous 
cell carcinomas are associated with increased Bcl-3 expression and 
Bcl-3–p50 binding to κB sites. In addition, overexpression of Bcl-3 
in thymocytes (19) or in various B cell lines (20) leads to increased 
formation of nuclear Bcl-3–p50 complexes.

Several possible pathways lead to the formation of Bcl-3–p50 
complexes in the nucleus. Increased Bcl-3 expression alone can 
lead to increased formation of Bcl-3–p50 complexes in thymocytes 
(19) and in B cell lines (20), without the processing of p105. Thus, 
it is possible that increased expression of Bcl-3 in unloaded mus-
cle is driving the formation of Bcl-3–p50 complexes and that these 
are involved in the transactivation of specific κB site–dependent 
genes. It is also possible that unloading induces the processing 
of p105. Inducible proteolysis of p105 by TNF, IL-1β, or phorbol 
ester increases the formation of Bcl-3–p50 complexes, but p105 
is completely processed; this implies the dimerization of newly 
released p50 proteins and either subsequent or concurrent 
sequestration by Bcl-3 (32). However, the upstream triggers for 
the involvement of Bcl-3 and p50 in the process of muscle-disuse 
atrophy have yet to be determined.

While the target genes of NF-κB in muscle atrophy have not been 
elucidated, some downstream effects of NF-κB activation include 
the induction of genes involved in the ubiquitin-proteasome path-
way. UbcH2/E220k, a ubiquitin-conjugating gene involved in the 
ubiquitin-proteasome pathway, has been shown to be a target of 
NF-κB in TNF-α–treated muscle cells (33). Our microarray data 
from control and unloaded rat muscle showed the upregulation 
of many genes involved in ubiquitin-proteasome–mediated degra-
dation (34), and several of these genes have multiple NF-κB sites 
in their regulatory regions, including the E3 (i.e., the ubiquitin-
protein ligase) MAFbx/atrogin-1. While atrogin-1 was also acti-
vated in a cell culture condition where myotubes were fed only 
PBS for 6 hours, it did not show increased NF-κB binding in a gel-
shift assay (35). This suggests that PBS-fed (“starved”) cells do not 
model the in vivo atrophy process that results from unloading. 
Nevertheless, genes involved in ubiquitination and proteasomal 
degradation may be NF-κB targets during disuse atrophy, but this 
has yet to be determined experimentally.

Significant attention has been paid to the requirement of the 
ubiquitin-proteasome pathway for muscle atrophy (36). Much 
of this work focuses on the role of the ubiquitin ligases, in part 
because they have the greatest tissue and substrate specificity 
(37). Two groups simultaneously identified the muscle-specific 
F-box–containing ubiquitin-protein ligase MAFbx/atrogin-1 and 
found it to be markedly upregulated with atrophy due to disuse 
(38) and in cachexia (39). When MAFbx knockout mice are sub-
jected to muscle denervation, gastrocnemius atrophy is attenuated 
by 56% at 14 days (38). Another E3 found to be increased by disuse 
atrophy (unloading, immobilization, or denervation) was a RING 
finger–containing ubiquitin ligase named MuRF1 (muscle RING 
finger 1). MuRF knockout mice showed a 36% attenuation of mus-
cle atrophy after 14 days of gastrocnemius denervation (38).

Regarding other signaling pathways that may be involved in 
regulating atrophy, recent work implicates inhibition of the Akt 
growth pathway in the progression of disuse atrophy. The proteins 
of the Akt cascade of kinases involved in growth control have been 
shown to be dephosphorylated with unloading, consistent with 
the decreased protein synthesis rate. This includes Akt (7), mTOR 

(8), and p70s6 kinase (7, 9), as well as the transcription initiation 
factor Phas-I (7). Overexpression of active Akt in denervated mus-
cle prevents atrophy (7, 40), whereas inhibition of Akt produces 
mild atrophy in normal whole muscle and muscle cells (40, 41). 
When Akt is dephosphorylated, one of its targets, the forkhead 
box O (FOXO) family of transcription factors, is activated via 
dephosphorylation and then nuclear transport. This activity has 
been linked to the proteolysis associated with dexamethasone- and 
fasting-induced atrophy (35, 42). However, the requirement of 
FOXO during disuse atrophy is, at this time, only speculated (42).

A potential linkage between FOXO and NF-κB signaling in muscle 
can be found in the literature. Muscle atrophy caused by immobiliza-
tion (43) or unloading (44) is associated with oxidative stress and the 
generation of ROS. Components of the ubiquitin-proteasome system 
have been found to be transcriptional targets of ROS signaling in 
cultured myotubes (45, 46). Furthermore, ROS (via H2O2 treatment) 
induced activation of both the NF-κB (47) and the FOXO signal-
ing pathway (48) in muscle cells. In the case of NF-κB, the signal-
ing was associated with protein loss, and FOXO expression has been 
shown to decrease fiber size, via atrogin-1, in muscle (35). Therefore 
it appears possible that the increased ROS in unloading may trigger 
either the NF-κB or the FOXO signaling pathway or both, perhaps 
leading to increased proteolysis through the ubiquitin-proteasome 
pathway, but this has yet to be directly tested.

A unique characteristic of muscle atrophy due to unloading (2, 
29) and other disuse conditions (49–52) is the concomitant increase 
in fast myosin expression. This was reconfirmed in the present 
study in the WT unloaded soleus, but it was abolished in muscles of 
both Nfkb1–/– and Bcl3–/– mice. While the mechanism of the disuse-
induced increase in fast myosin expression is not understood, there 
is evidence for a role of the transcriptional coactivator PGC-1α (53) 
and the MEF2 family of transcription factors (reviewed in ref. 54) in 
the determination of muscle fiber type. Thus it is conceivable that 
knockout of either the p105/p50 or the Bcl3 gene could affect the 
genes involved in the regulation of the shift in fast myosin expres-
sion. Interestingly, Tidball and Spencer (29) also found no change 
in fast myosin expression in soleus muscles subjected to unloading 
for 10 days that were overexpressing calpastatin and that showed 
a 30% attenuation of atrophy. Thus, an alternative explanation 
for the lack of change in myosin expression with unloading where 
atrophy is also inhibited is that the regulation of atrophy and the 
change in myosin phenotype may be tightly linked.

Previously it has been shown that the decrease in cross-sectional 
area of type II (fast) fibers in the unloaded mouse soleus muscle is 
equal to, and in some cases greater than, the atrophy seen in the type I  
(slow) fibers within the first 2 weeks of the non–weight-bearing con-
dition (reviewed in ref. 2). Results from the present study show that 
the extent of atrophy of slow fibers from WT mice was half that of 
the fast fibers. The inhibition of fiber atrophy in the Nfkb1–/– mice 
was a result of the lack of atrophy of the fast fibers, while the slow 
fibers atrophied to the same extent in Nfkb1–/– and WT mice (∼16%). 
However, the inhibition of fiber atrophy in the Bcl3–/– mice was due 
to a lack of atrophy of slow fibers and a significant reduction in 
the atrophy of fast fibers (Figure 8). While mice lacking either the 
Nfkb1 or the Bcl3 gene show inhibited muscle atrophy, there may be 
differences in the way each gene regulates atrophy. Given the slight 
difference in myosin phenotype and the slight difference in slow and 
fast fiber atrophy in the 2 types of knockout mice, it would not be 
surprising if there were somewhat different regulatory mechanisms 
of muscle atrophy in the Nfkb1–/– versus the Bcl3–/– mice.
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In summary, the results of this study demonstrate that knockout 
of the Nfkb1 or the Bcl3 gene inhibits muscle atrophy, phenotype 
change, and activation of NF-κB activity due to hindlimb-unload-
ing disuse. Atrophy was inhibited in both a mixed mouse muscle 
(the soleus, 50% fast myosin) and a predominantly fast muscle (the 
plantaris, 95% fast myosin). Taken together, these results demon-
strate the requirement of NF-κB signaling in disuse muscle atro-
phy and the associated phenotype change. Further work is needed 
to elucidate the upstream triggers of this signaling and the down-
stream genes targeted by NF-κB.

Methods
Animals and hindlimb unloading. Normal 8-week-old female B6;129, Nfkb1-
deficient (Nfkb1–/–) B6;129, and Bcl-3–deficient (Bcl3–/–) B6;129 mice were 
purchased from The Jackson Laboratory. All mice were housed in the Bos-
ton University Animal Care Facilities under pathogen-free conditions. The 
mice were randomly assigned to control or hindlimb-unloaded groups. 
To induce muscle atrophy by disuse (i.e., reduced muscle tension), the 
rodent’s hindlimbs were suspended off the cage floor (by 1 mm) using 
elastic tail casts, as described previously (55), for 10 days. The use of ani-
mals in this study was approved by the Boston University Institutional 
Animal Care and Use Committee. 

Muscle preparation and analysis. At the end of the experimental treat-
ments, control and unloaded mice were anesthetized with ketamine/
xylazine (100 mg/kg), and soleus muscles from right and left hindlimbs 
were removed, quickly weighed, and either processed immediately for 
protein assays (see below) or embedded in tissue-freezing medium and 
frozen in isopentane for sectioning and subsequent morphological and 
immunohistochemical analysis.

Somatic gene transfer using intramuscular DNA injection. NF-κB-GL3 con-
tains a trimerized NF-κB site from the Igκ light chain enhancer. These 
sequences, gifts from S. Ho (UCSD, San Diego, California, USA), were 
each inserted into the IL-2 minimal promoter (56) driving expression of 
luciferase in pGL3-basic. Plasmid DNA injections into skeletal muscle 
have been previously detailed (57). Plasmid DNA was prepared using 
an EndoFree Plasmid Mega Kit (QIAGEN Inc.). The DNA was ethanol-
precipitated and then resuspended at 4°C overnight in 1× PBS. Prior to 
plasmid injection, control and unloaded animals were anesthetized with 
ketamine/xylazine (100 mg/kg). Mouse soleus muscles were injected 
with 10 μg plasmid DNA in a volume of 5 μl. Eleven days after injection, 
muscles were removed for analysis of luciferase activity. Hindlimb unload-
ing does not influence the efficiency of plasmid DNA uptake compared 
with that in weight-bearing control muscles (57). Control and unloaded 
muscles were ground with a tissue homogenizer in 100 μl of passive lysis 
buffer (Promega Corp.). Homogenates were centrifuged at 5,500 g for 20 
minutes at 4°C. Twenty microliters of the supernatant was used to deter-
mine firefly luciferase activity using a luciferase assay kit (Promega Corp.) 
and a Turner Designs Inc. luminometer (model TD-20/20). Activity values 
reflect total muscle luciferase activity.

Western blot analysis. Muscle lysates were prepared by grinding with a tis-
sue homogenizer in passive lysis buffer (Promega Corp.) and centrifuging 
at 5,500 g for 20 minutes at 4°C, and the resultant supernatant was used 
as lysate. Twenty micrograms of protein from soleus muscle lysates was 

denatured in SDS loading buffer, boiled for 3 minutes, centrifuged briefly 
to remove insoluble material, and separated on SDS-polyacrylamide gels. 
Protein was transferred onto Hybond ECL (Amersham Biosciences) nitro-
cellulose membrane. Membranes were blocked in 5% nonfat milk diluted 
in TBS-Tween for 1 hour and then incubated for 1–2 hours with the appro-
priate antibody diluted according to the manufacturer’s instructions. 
HRP-conjugated secondary antibodies and a chemiluminescent detection 
system (Amersham Biosciences) were used for visualization. The Bcl-3  
(sc-185) antibody used for immunoblotting was obtained from Santa Cruz 
Biotechnology Inc. The p105/p50 (ab7549) antibody was purchased from 
Novus Biologicals Inc. Secondary antibodies (HRP-labeled goat anti-rab-
bit) were obtained from Transduction Laboratories.

Histochemistry. Muscles frozen in isopentane were sectioned (10 μm) from 
the midbelly and fixed in 1.5% formalin. Sections were then stained with 
hematoxylin for 30 seconds and then with eosin for 60 seconds. Images were 
visualized using a light microscope (Nikon Inc.) and captured with a SPOT 
RT camera and SPOT software (Diagnostic Instruments Inc.).

Immunohistochemical analysis. Muscles frozen in isopentane were sectioned 
(10 μm) from the midbelly and fixed in 4% paraformaldehyde. For mea-
surement of fiber size, sections were then blocked in 10% BSA in PBS for 1 
hour, then incubated in anti-laminin (L9393; Sigma-Aldrich) overnight at 
room temperature. Alexa Fluor 488 (Invitrogen Corp.) fluorescent dye con-
jugated to an anti-rabbit secondary antibody was used for visualization. 
Images were visualized with a fluorescent microscope (Nikon Inc.) and 
captured with a SPOT RT camera and SPOT software (Diagnostic Instru-
ments Inc.), and fiber cross-sectional area measurements were calculated 
using the MetaMorph Imaging System (Universal Imaging Corp.).

To determine fiber type, 10-μm sections were fixed in 4% paraformal-
dehyde and rinsed, and then the endogenous IgG was blocked using a 
Mouse on Mouse (M.O.M.) kit (Vector Laboratories Inc.). Sections were 
blocked with 10% BSA and then incubated with a mouse mAb that recog-
nizes both IIa and IIb fMHCs (clone WB-MHCf; Novocastra Laboratories 
Ltd.). Alexa Fluor 488 (Invitrogen Corp.) fluorescent dye conjugated to an 
anti-mouse secondary antibody was used for visualization.

Statistics. For fiber cross-sectional area, luciferase activity, and fiber type, 
a Student’s t test for unpaired data was used to determine statistical sig-
nificance between control and unloaded groups at P < 0.05. The number of 
muscles studied for each experiment is given in the figure legends.
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