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Abstract
Nebulin is a giant filamentous protein that is coextensive with the actin filaments of the skeletal muscle sarcomere. Nebulin
mutations are themain cause of nemalinemyopathy (NEM), with typical adult patients having low expression of nebulin, yet the
roles of nebulin in adult muscle remain poorly understood. To establish nebulin’s functional roles in adult muscle, we studied a
novel conditional nebulin KO (Neb cKO)mousemodel in which nebulin deletion was driven by the muscle creatine kinase (MCK)
promotor. Neb cKO mice are born with high nebulin levels in their skeletal muscles, but within weeks after birth nebulin
expression rapidly falls to barely detectable levels Surprisingly, a large fraction of themice survive to adulthoodwith low nebulin
levels (<5%of control), containnemaline rods andundergo fiber-type switching toward oxidative types. Nebulin deficiency causes
a large deficit in specific force, andmechanistic studies provide evidence that a reduced fraction of force-generating cross-bridges
and shortened thin filaments contribute to the force deficit. Muscles rich in glycolytic fibers upregulate proteolysis pathways
(MuRF-1, Fbxo30/MUSA1, Gadd45a) and undergo hypotrophy with smaller cross-sectional areas (CSAs), worsening their force
deficit. Muscles rich in oxidative fibers do not have smaller weights and can even have hypertrophy, offsetting their specific-force
deficit. These studies reveal nebulin as critically important for force development and trophicity in adult muscle. The Neb cKO
phenocopies important aspects of NEM (muscle weakness, oxidative fiber-type predominance, variable trophicity effects,
nemaline rods) and will be highly useful to test therapeutic approaches to ameliorate muscle weakness.

Introduction
Nebulin is a large sarcomeric protein in skeletal muscle, located
along the length of the thinfilament,with its C-terminus anchored

in the Z-disk and its N-terminus positioned near the thin fila-
ment pointed end (1–4). The NEB gene has 183 exons that are pre-
dicted to encode a protein ofmaximally ∼900 kDa (5). (Note that a
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list of abbreviations is provided at the end of article.) Themajority
of nebulin is composed of ∼35-residue domains that bind actin
with high affinity, are organized into super-repeats that match
the repeat of F-actin (6,7), and thatmight determine theminimal
length of the thin filament (1,8). The pivotal role of nebulin in
skeletal muscle function is illustrated by the many NEB muta-
tions that account for ∼50% of nemaline myopathy (NEM), the
most common of the non-dystrophic congenital myopathies
(9,10), and characterized by muscle weakness and muscle atro-
phy (11). Several studies on skeletal muscles of patients with
nebulin-based NEM have revealed low levels of nebulin (12–14),
but how universal this finding is and, importantly, the detailed
mechanisms by which reduced nebulin levels cause NEM remain
to be established.

A conventional mouse model (Neb KO) (15,16) and a model in
which NEB exon 55 is deleted (NebΔex55) (17) exist, but mice die
within days after birth due to complex developmental delays
and the rapid onset of marked abnormalities associated with
NEM. The typical NEM patients with NEB mutations survive to
adulthood, express low (but detectable) levels of nebulin and dis-
play a considerablymilder phenotype comparedwith the Neb KO
and NebΔex55 mouse models (12). Thus, early postnatal death of
existing models severely limits their usefulness for understand-
ing the roles of nebulin in adult muscle and how nebulin defi-
ciency gives rise to typical forms of NEM. To study the effect of
nebulin deficiency in adult muscle, wemade a conditional nebu-
lin KOmousemodel (Neb cKO). Mice survive to adult age and akin
to NEM patients, skeletal muscles in adult Neb cKO mice had
much reduced levels of nebulin and contained nemaline rod bod-
ies. Importantly, relative to control (Ctrl) mice, the Neb cKOmice
had severe muscle weakness (reduction in specific force). Struc-
tural and functional studies revealed that its mechanistic basis
includes sarcomere defects. Additionally, hypotrophy inmuscles
rich in glycolytic fibers reduced their CSA and this added to their
force deficit. The implications of these novel findings for the roles
of nebulin in normal muscle function as well as in the patho-
physiology of nebulin-based NEM are discussed.

Results
Generation of NEB cKO mice that survive to adulthood
with low nebulin levels

A conditional mousemodel wasmade in which the translational
start codon of the Neb gene was floxed and its deletion directed
by a MCK-Cre transgene (see Materials and Methods for details).
Neb cKO mice appear normal at birth but about half die within
3 months (median survival 83 days), with most of the remaining
mice surviving into adulthood (Fig. 1A). Adult Neb cKOmice have
relative to Ctrl mice a ∼40% lower body weight (BW) (Fig. 1B, Sup-
plementary Material, Table S1). Western blot studies revealed a
severe reduction in nebulin levels (Fig. 1C). At the earliest charac-
terized age of 3 weeks, the average nebulin level was 48% of Ctrl
levels, at 5 weeks 4.8% and at 6 months 2.2% (Fig. 1C, inset). Hav-
ing mice that survive into adulthood with very low levels of neb-
ulin provides unique opportunities to study the roles of nebulin
in adult muscles and improve our understanding of NEM.

Effects of nebulin deficiency on muscle trophicity

Multiple muscle types were studied using 3-week-, 5-week- and
6-month-old Neb cKO and Ctrl mice. Supplementary Material,
Table S1 shows absolute muscle weights as well as BW and
tibia length (TL) normalized weights, because TL normalization

lessens effects of body size differences among genotypes and
age groups, TL normalized data are emphasized below. Analysis
revealed that differentmuscles respond differently to nebulin de-
ficiency. The gastrocnemius (Gast) and quadriceps (Quad) had, at
all tested ages, weights that were 60–70% smaller than those of
the Ctrl muscles (Fig. 2). The tibialis cranialis (TC) and extensor
digitorum longus (EDL) had weights that were much smaller at
5 weeks but less at 6 months (Fig. 2). Finally, the diaphragm
(Diaph) and soleus (Sol) had minimal weight changes except at
6 months when the Sol weight was increased by ∼50% (Fig. 2).
Thus, different muscle types respond differently to nebulin defi-
ciency, relative to Ctrl mice some muscles have weights that are
much smaller and others are hypertrophied.

Effects of nebulin deficiency on fiber-type composition

The muscles from cKO mice were redder in color, suggesting
changes in fiber type toward more myoglobin-rich type I and IIA
fibers (18).We therefore thoroughly examined the effects of nebulin
deficiency on the fiber-type composition and fiber CSA using im-
munofluorescence oncross-sectionsofmuscles aswell as amyosin
heavy chain (MHC) gel analysis on awide range ofmuscle types. For

Figure 1. Neb cKOmice survive to adulthood while expressing low nebulin levels.

(A) Left, survival curves show that the median survival time of cKO mice is ∼3
months and about half of the mice survive at least 6 months. (B) Body weight

(BW) is smaller in cKO mice. (C) Top, example of WB with anti-nebulin antibody

and MHC of corresponding Ponceau S-stained membrane in muscles types of

Neb cKO mice (5 weeks). Bottom, mean nebulin expression in cKO (relative to

MHC expression and normalized to Ctrl) as a function of age. Inset shows mean

values in Neb cKO as % of Ctrl levels. (For statistical details including group

sizes, see Materials and Methods, section ‘Statistics’. Also note that a list of

abbreviations has been provided at the end of the article.)
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the CSA analysis, muscles were cut at their mid-belly and stained
with antibodies specific to myosin type I, IIA or IIB and co-stained
with anti-laminin antibodies to trace the cell boundary and meas-
ure CSA (Fig. 3 left shows examples of Sol (top) and EDL (bottom)
muscles). In the Sol muscle, all three fiber types were smaller in
the cKO than in the Ctrl (Fig. 3A), the total number of fibers was
increased (Fig. 3B) and the fraction of fibers that were type I was
increased at the expense of type IIA and type IIB (Fig 3C and Supple-
mentary Material, Table S2). Figure 3D highlights that the Sol mus-
cle CSA is ∼2/3 type I and 1/3 IIA in Ctrl mice, and that in cKOmice
the Sol muscle is nearly exclusively type I.

In the EDL, nebulin deficiency resulted in larger type I and
type IIA fibers, but ∼80% smaller type IIB fibers (Fig. 3E). The
total number of fibers was unaltered (Fig. 3F) whereas an

increased proportion of all fibers was type I and IIA and a much
reduced fraction was type IIB (Fig. 3G). The muscle CSAwas con-
verted toward oxidative fiber types (Fig. 3H). Furthermore, type I
and IIA fibers hypertrophy and IIB fibers atrophy (Supplementary
Material, Table S2). We also determined the minimum feret dis-
tance (MinFeret) as an alternative measure of cross-sectional
fiber size. (MinFeret is relatively insensitive to section angle vari-
ation.) Supplementary Material, Table S2 shows that MinFeret
findings were similar to those obtained by measuring CSA.
Finally, to determine whether our findings extrapolate to other
muscle types, we studied the Quad. A severe reduction was pre-
sent in type IIB fiber size and number (Supplementary Material,
Fig. S2). Thus, a consistent fiber-type switch away from type IIB
fibers was found with hypertrophy of type I and IIA fiber types
and severe atrophy of remaining type IIB fibers.

MHC isoform expression was also studied using gel electro-
phoresis as a high-throughput technique. Examples of MHC ex-
pression patterns are shown in Figure 4A. MHC type I and IIB are
well separated on gels (bottom and middle bands, respectively),
whereas the top band is likely to be majority IIA that overlaps
with a small amount of IIX that exists in mouse skeletal muscle
(19).We attempted to separate IIA and IIX bands, butwere not suc-
cessful and instead refer to the top band as IIA(X). The obtained
MHC composition in Ctrl and Neb cKO samples at three ages is
shown inFigure 4B andCand inSupplementaryMaterial, Table S3.
Interestingly, only minimal MHC type changes occurred in the
Diaph but in all other muscle types both type I and IIA(X) were
increased (Fig. 4B). In the Sol muscle, MHC type I became more
prominent at the expense of type IIA(X) and in all other muscle
types both type I and IIA(X) were increased at the expense of
type IIB MHC (Fig. 4C, Supplementary Material, Table S3). Because
we noted a correlation between MHC IIB content in Ctrl muscle
and the degree of atrophy in cKO mice, we studied MHC compos-
ition and atrophy in an additional four forelimbmuscle (Biceps, B;
Triceps medialis, Tm; Triceps lateralis, TLa and Triceps longus,
Tlo). Linear regression analysis revealed a significant positive cor-
relation (Fig. 4D). Thus, a greaterMHC IIB content ofmuscle (in Ctrl
mice) predicts more severe atrophy in nebulin-deficient mice.

Figure 2. Effect of nebulin deficiency on muscle weight varies with muscle type.

(A) Muscle weights as function of age (3 and 5 weeks, 6 months) in Neb cKO

mice (results plotted relative to Ctrl). The weights of Gast and Quad muscles are

much smaller at all ages. Weights of TC and EDL muscles are smallest at 5

weeks and less at 3 weeks and 6 months. The Diaph and Sol are unchanged

except at 6 months when the Sol muscle is hypertrophied. (B) Examples of Sol,

EDL and Quad muscles (top to bottom) in 6-month-old mice. Bar: 5 mm. Note

smaller Quad and EDL muscles but larger Sol muscle in Neb cKO mice, and the

redder muscle color of muscles of Neb cKO mice.

Figure 3. Nebulin deficiency alters fiber-type composition and CSA. Mid-belly muscle cross-sections (6 months) were stained with MHC isotype I, IIA or IIB. Examples are

shown at the left with Sol at top and EDL at bottom. (A–D) Sol data. (A) Fiber-type CSA; (B) total number of fibers per Sol muscle; (C) fiber-type composition; (D) CSA of Sol

muscle taken up by the different fiber types. (E–H) EDL data. (E) fiber-type CSA; (F) total number of fibers per EDL muscle; (G) fiber-type composition; and (H) muscle CSA.
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Gene expression analysis

Amicroarrayanalysiswasperformedonmuscles from5-week-old
mice (an early age at which nebulin levels are near zero). We stud-
ied theQuad (amuscle type that has amuch smallerweight in cKO
than in Ctrl) and the Sol (which has a normal weight at this age).
Differential gene expression for the cKO versus Ctrl revealed up-
regulation of 568 genes in the Quad and 434 genes in the Sol (over-
lap 19.4%) and downregulation of 295 genes in the Quad and 241
genes in the Sol (overlap 15.3%), see Supplementary Material,
Table S4A–E. Notably, no genes were found that were up in the
Sol and down in the Quad and neither vice versa. A list of top
hits is shown in Supplementary Material, Table S4F with results
in common with the conventional Neb KO (16) highlighted in
bold. Upregulation of Ankrd1 (CARP), Dsp (desmoplakin) and Sln
(sarcolipin) is common among the cKO Quad and Sol muscles

and the Neb KO, indicating that these changes are closely linked
to nebulin deficiency. We also listed the expression levels of neb-
ulin-bindingproteins (SupplementaryMaterial, Table S4G) and ex-
cept for changes that reflect fiber-type switches, few significant
changes occur with the exception of the recently discovered neb-
ulin-binding protein KLHL40 (20) that is greatly increased in the
Sol. Among the genes that are up in the Sol but not in the Quad,
there is significant over-representation of ribosomal proteins
(P-value = 1.05 × 10−21), suggesting increased protein synthesis in
the Sol. Candidates that are up in the Quad but not the Sol include
Fbxo30/MUSA1 [ubiquitin ligase downstreamof BMP signaling that
is necessary formuscle atrophy (21)] andGadd45a (seeDiscussion).
Although microarray analysis did not reveal differences in tran-
script levels for the E3 ubiquitin ligases atrogin-1 and MuRF-1,
two atrogenes that are upregulated in multiple atrophy models
(22), at the protein level atrogin-1 was equally expressed, but
MuRF-1was significantly upregulated in the cKOwith a significant
increase in the Quad (Supplementary Material, Fig. S3).

Structural changes in NEB cKO mice

Electronmicroscopy (EM) studies revealed overall normal looking
sarcomeres in Neb cKO muscles. However, compared with Ctrl
sarcomeres, Z-disks of cKO sarcomere were often irregular and
wavy (Fig. 5A–F). EM showed in Ctrl muscle well-defined H-
zones (that demarcate the pointed ends of the thin filaments)
(Fig. 5E). In cKO sarcomeres, H-zones were absent and A-band
density gradually decreased toward theM-band (Fig. 5F), suggest-
ing that nebulin deficiency results in thin filaments that are of
variable length. Additionally the micrographs revealed local
areas with nemaline rods, a hallmark of NEM (Fig. 5G and H).
These dense structures, packed with Z-disk and thin filament
proteins, might affect force production. We measured the area
of individual rod bodies and found that the rod bodies are smaller
in EDL than in Sol cKO (Fig. 5I left). However, due to a difference in
the number of rod bodies (∼15 per 100 μm2

fiber in EDL and∼5 per
100 μm2 in Sol), no difference in the total area that is composed of
rod bodies was found; in both Sol and EDL muscle rod bodies
made up ∼3% of the fiber area (Fig. 5I, right).

Effects of nebulin deficiency on muscle force

We tested the functional performance of Neb cKO mice using
whole animal experiments by providing mice (6 months old) ac-
cess to a free-runningwheel andmeasuring the average 24 h run-
ning duration, speed and distance (see Materials and Methods).
Neb cKO mice did exercise, but, compared with Ctrl mice, with
a much reduced duration (1.2 versus 5.4 h), speed (0.4 versus
1.1 km/h) and distance ran (0.5 versus 6.6 km), see Figure 6A.
This reduced exercise performance suggests compromised mus-
cle function. In vitro studies were therefore performed on intact
EDL and Sol muscle, selected for their suitability for this type of
work and their glycolytic (type IIB) and oxidative (type I and IIA)
fiber-type predominance, respectively. Muscles were dissected
from 5-week- and 6-month-old mice; muscles were electrically
stimulated and the produced force measured (examples in
Fig. 6B). The Sol of NEB cKO mice produced normal maximal
tetanic forces compared with controls, whereas in EDL muscle
tetanic force levelswere 80–90% reduced (Fig. 6B andC).Wedeter-
mined the CSA of the studied muscles and used this to calculate
specific force (force divided byarea). Specific force levelswere sig-
nificantly reduced at both ages and in bothmuscle types (Fig. 6D)
indicating that nebulin deficiency reduces the force-generating
capacity of skeletal muscle.

Figure 4. Nebulin deficiency shifts myosin expression from glycolytic (IIB) to

oxidative (I/IIA) types. (A) Example of typical electrophoretic pattern of whole

muscle lysate from 6-month-old WT and Neb cKO mice. (Left lane is a MHC

type standard, Std.) (B) MHC type composition as function of age. For simplicity

sake, MHC composition of Ctrl is only shown for 5-week-old mice. (C) Change in

MHC composition as function of age. In all muscle types, nebulin deficiency

increases MHC type I (left top), decreases type IIB (left bottom) and increases

MHC IIA(X), except for the Sol where IIA(X) goes down. (D) MHC IIB content in

control muscle correlates with muscle weight in nebulin-deficient muscle (5

weeks). (See B for muscle abbreviations. Additionally: Biceps, B; Triceps

medialis, Tm; Triceps lateralis, Tla; and Triceps longus,Tlo).
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Mechanism for force reduction

Thin filament length
Because nebulin is thought to play a role in thin filament length
specification, and thin filament length affects force production,
we studied how nebulin deficiency in adult mice affects thin fila-
ment length. Longitudinal sections of Sol and EDL muscle were

actin-stained with fluorescently labeled phalloidin, and thin fila-
ment length was measured using deconvolution microscopy
(Fig. 7A shows examples). In both muscle types, nebulin defi-
ciency results in a significant reduction in thin filament length
(Fig. 7B, Table 1). To study how this affects force generation, we
measured specific force as a function of sarcomere length in
skinned fiber bundles activated with saturating calcium. The

Figure 5.Ultrastructural studies of EDL and Solmuscle of Ctrl andNeb cKOmice (6months). (A) Ctrl EDL and (C) Ctrl Solmuscles shownormal sarcomere structure. (B) cKO
EDL and (D) cKO Sol sarcomeres have an overall normal structure, except that Z-disks tend to bewavy. (E) Densitometry of Ctrl EDL sarcomere and (F) cKO EDL sarcomere.

Analyzed regions indicated by the box reveal a clear H-zone in Ctrl (see also arrow heads) but not in Neb cKO. (G–I) Rod body analysis. (G and H) Selected areas rich in rod

bodies (dark elongated structures). (I) The area per rod body (left) was less in EDL than in Sol cKO muscles but the combined rod body area (expressed as fraction of fiber

area) was not different (Calibration bars: 1.0 µm.).
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maximal specific force at optimal sarcomere length was much
reduced in both Sol and EDL (Table 1). Due to run-down in EDL
fiberswhen repeatedly activated, we studied the force-sarcomere
length relation in only Sol and found this relation to have a des-
cending limb that was left-shifted in the cKO by 0.1 μm per half
sarcomere (Fig. 7C and Table 1). This supports the notion that
nebulin deficiency reduces thin filament length, and that this
contributes to the force depression in cKO muscle.

Cross-bridge cycling kinetics
It has been reported that nebulin regulates cross-bridge cycling
kinetics and thereby the population of cross-bridges that devel-
ops force (23). We studied whether this mechanism plays a role
in the muscle weakness of Neb cKO mice by measuring active
tension, stiffness, ktr, and tension cost and using the two-state
cross-bridgemodel to interpret our findings (explained inMateri-
als and Methods ‘ktr and tension cost analysis’). Experiments

Figure 6.Nebulin deficiency depresses running performance and lowers specific force of isolatedmuscles. (A) Neb cKOmice (6months) are active on a free-runningwheel

but running duration, speed and distance are greatly reduced relative to age-matched Ctrl mice. (B) Examples of maximal tetanic force traces superimposed for the two

genotypes (6months) in Sol (left) and EDLmuscle (right). (C) Mean tetanic force is unaltered in Sol (left) but severely reduced in EDL (right). (D) Maximal specific force (force

divided by CSA) is reduced in Sol as well as EDL.

Figure 7. Nebulin deficiency reduces thin filament length. (A) Longitudinal sections of EDL and Sol muscles fluorescently labelled with phalloidin to stain actin filaments

(top), Tmod (middle) to label the pointed end of actin filaments and α-actinin (bottom) to label the Z-disks. Calibration bar: 5 µm. (B) Measurements obtained from

phalloidin-labeled sarcomeres show that thin filament length is significantly reduced in both muscle types. (C) The force-sarcomere length relation (Sol muscle) has a

descending limb that is shifted to the left. (Note that the force is normalized to the maximal force at optimal length; for absolute force values, see Table 1.)
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were performed on single fibers from the Sol focusing on type I
fibers, because they are relatively large (for themouse) and a rea-
sonable number type I fibers can be found in both Ctrl and cKO
Sol muscle (type IIB are rare in cKO mice and IIA are small).
MHC gels were used on fibers after the experiments were com-
pleted (Fig. 8A left) and only results from type I fibers were ana-
lyzed. Tension, stiffness and ktr were measured as explained in

Figure 8B and C. We found that force and stiffness were similarly
reduced in theNeb cKOfibers (Fig. 8B), but that ktr was significant-
ly decreased (Fig. 8C). Tension costwasmeasured infiber bundles
from Sol muscle (due to the small size of mouse fibers, ATPase
measurements in single fibers were unreliable, especially when
using cKO fibers). As expected MHC gels revealed that Ctrl bun-
dles contained both type I and IIA MHC while cKO bundles were

Table 1. Thin filament length and force–SL measurements in Ctrl and Neb cKO mice

Soleus EDL

Deconvolution microscopy Control (n = 8) cKO (n = 8) t-test Change Control (n = 9) cKO (n = 6) t-test Change

Sarcomere length, μm 2.9 ± 0.01 (120) 2.9 ± 0.02 (84) 0 2.9 ± 0.01 (138) 2.9 ± 0.03 (34) 0
Range, μm (2.61–3.09) (2.72–3.37) NA (2.65–3.15) (2.69–3.18) NA

Thin filament length (phalloidin), μm 1.14 ± 0.01 0.97 ± 0.02 *** −15% 1.04 ± 0.01 0.97 ± 0.03 ** −7%
Range, μm (0.92–1.29) (0.59–1.34) NA (0.74–1.23) (0.69–1.28) NA

Force–SL measurements Control cKO t-test Change, WT-KO Control cKO t-test WT-KO

Maximal specific force, mN/mm2 94.6 ± 10.4 (n = 7) 54.8±5.5 (10) * 39.8 151.6 ± 11.9 (7) 19.1 ± 3.9 (5) *** 132.4
SL at half max force, μm 3.42 ± 0.04 (n = 8) 3.22 ± 0.04 (6) * 0.20 μm 3.40 ± 0.02 (6) ND ND
Predicted thin filament length 1.27 ± 0.02 μm 1.17 ± 0.03 μm * 0.1 μm 1.26 ± 0.01 μm ND ND

*P < 0.05; **P < 0.01; ***P < 0.001. Change: [(KO-WT)/WT] *100.

Figure 8.Nebulin deficiency alters cross-bridge cycling kinetics in MHC-I fibers. (A) MHC gels. Left examples of single fibers used for force, stiffness and Ktr experiments (B
andC) and right examples of fiber bundles used for tension cost experiments (D). (B) Left: explanation of protocol tomeasure tension and stiffness. Single fiberswere set to

a sarcomere length of 2.4 μmandwere activatedwith a saturating amount of calcium (pCa 4.3) andmaximal specific forcewasmeasured, a 500 Hz sinusoid (peak-to-peak

amplitude 0.1%) of 0.5 s duration was used to measure fiber stiffness (bottom middle) and to calculate the force-stiffness ratio (bottom right). Force and stiffness were

equally reduced in Neb cKO fibers and consequently the force/stiffness ratio was unaltered. (C) Left: explanation of protocol to measure ktr. At steady-state maximal

activation, a slack equivalent to 10% of the muscle length was rapidly induced resulting in unloaded shortening that was allowed to last for 15 ms followed by rapidly

(∼0.5 ms) restretching the muscle fiber to its original length, after which tension redevelops. Results from a Ctrl and cKO fiber are shown superimposed. The rate

constant of monoexponential tension redevelopment was determined by fitting the rise of tension (see Materials and Methods). ktr was significantly reduced in Neb

cKO fibers. (D) Left, explanation of protocol to measure tension cost. Fiber bundles were activated at a range of pCa levels, and tension and ATP usage were

simultaneously measured. Obtained values were plotted against each other [to determine tension cost (slope of ATPase rate versus tension)]. Tension cost is higher in

cKO fiber bundles. (For additional experimental details, see Materials and Methods.)
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nearly pureMHC I (Fig. 8A, right). Despite their much higher MHC
I content [which in itself is expected to lower tension cost (24)],
tension cost was significantly increased in the cKO fiber
bundles (Fig. 8D).

Discussion
To gain insights in typical NEM, we studied a Neb cKO mouse
model that we made. The model survives to adulthood with neb-
ulin expression levels that are very low (<5% of control values).
Analysis of Neb cKO mice revealed nemaline rods and abnormal-
ities of fiber type, fiber number, and fiber size. Large reductions in
specific forcewere found in the cKOmicewith amechanistic basis
that includes shortening of the thin filaments and alterations in
cross-bridge cycling kinetics. The force reduction is in glycolytic
muscles augmented by hypotrophy that results in amuch smaller
muscle CSA. Below we discuss these findings in detail.

Survival of Neb cKO model

The Neb cKOmodel is the first model in which mice reach adult-
hood while expressing low levels of nebulin, mimicking thereby
the typical form of nebulin-based NEM. For the first weeks after
birth, nebulin levels are still relatively high (∼50% of control va-
lues in the Neb cKO mouse), which is likely due to the kinetics
with which the MCK promotor is activated, the time required
for recombination to occur, and existing wild-type nebulin tran-
script and protein to be degraded. The time course of nebulin re-
duction is not identical for allmuscles; for example in 3-week-old
Neb cKO mice the Sol contains nebulin at 62% of control values,
whereas in the Quad this value is 26% (Fig. 1C). This difference
might be due to theMCKpromotor activity that varies in different
muscle types (25). Additional mechanisms might be at play as
well. For example, the nebulin-binding protein KLHL40 is upregu-
lated 3.4-fold in Sol (Supplementary Material, Table S4G). KLHL40
stabilizes nebulin by inhibiting its degradation (20), and upregu-
lation of KLHL40 in the Sol muscle of cKO mice might thereby
slow down the loss of nebulin. Regardless of the underlying me-
chanisms, it is likely that the intermediate nebulin levels that
exist in all examined muscles for several weeks after birth
(Fig. 1C) is a key to the initial survival of the cKO model.

Fiber-type switching and trophicity

Nebulin deficiency caused a pronounced fiber-type switch away
from the glycolytic type IIB toward oxidative type IIA and type I
fibers (Figs 3 and 4). The increase in the oxidative character of
the examined muscles was largely completed within 5 weeks
with a more gradual increase thereafter (Fig. 4C). An increase in
the number of oxidative fibers has also been shown in the Sol
muscle of the Acta1(H40y) mouse model of NEM (26), albeit that
its 27% increase is smaller than the increase in the numberof oxi-
dative fibers in the Sol of the Neb cKO model (∼80% increase); a
change in fiber-type composition appears to be absent in Sol
muscle of the TnIslow-αTmslow(Met9Arg) NEM model, although a
modest switch toward oxidative fiberswas present in EDLmuscle
(27). Our findings in the Neb cKO model are similar to those in
NEM patients where a predominance of type I fibers has been re-
ported (11,28,29) with a progressive deficiency in type II fibers as
patients age (29). The molecular mechanisms that underlie the
fiber-type switch in the Neb cKO model are not known and our
gene expression analysis did not reveal changes in genes that
are thought to be important in fiber-type switching [e.g. calci-
neurin/NFAT, MEF2, HDAC (18)]. Switching toward oxidative

fiber types is functionally beneficial as these fibers generate
ATP more efficiently than glycolytic fibers (18). Additionally,
force will be produced more efficiently as well [tension cost is
approximately two-fold less for IIA than IIB and approximately
two less for type I than IIA (24)]. Both effects (more efficient ATP
production and lower tension cost) are likely important in sur-
vival of Neb cKO mice as they will offset the greatly increased
tension cost that results from altered cross-bridge cycling
kinetics (see below).

Nebulin deficiency elicited a trophic response that varied
greatly in different muscles (Fig. 2). For example, in 5-week-old
Neb cKO mice (an early age at which nebulin levels have fallen
to <5%), some muscle weights of cKO mice were much smaller
than in Ctrl mice (e.g. Quad, Gast) and others were largely un-
changed (Diaph and Sol). This finding may be analogous to
NEM patients where different muscle groups are affected more
than others (9) with the typical form of nebulin-based NEM char-
acterized by an initially predominately proximal pattern ofweak-
ness and distal involvement usually occurring later (9). A general
aspect of NEMpatients is theweakness of respiratorymuscle that
tends to be greater than that of other muscle groups (9). It should
be noted that although theweights and fiber-type composition of
the Diaph of Neb cKO mice are largely unchanged, an ongoing
pilot study showed that specific force of intact Diaph muscle in
6-month-old mice is reduced by 55%. Thus, it is likely that re-
spiratory weakness is shared between the Neb cKO mouse
model and NEM patients. Interestingly, our present study
revealed that the MHC IIB content of Ctrl muscles predicts the
muscle weight in Neb cKO mice relative to Ctrl mice; muscle
types with the most type IIB fibers weigh the least (Fig. 4D). The
explanation for this correlation includes the smaller size of
oxidative fibers that type IIB fibers in Neb cKO switch to (∼50%
CSA reduction), and, importantly, the atrophic type IIB fibers
that remain in Neb cKO that have a CSA that is reduced by ∼80%.

The mechanism by which IIB fibers undergo atrophy is likely
to include proteolysis as the ubiquitin ligase MuRF-1 and Fbxo30/
MUSA1 [an ubiquitin ligase that is necessary for muscle atrophy
(21)] were upregulated in theQuad. Increasedprotein degradation
is also suggested by the upregulation of Gadd45a, the only factor
commonly increased in several atrophy models and when trans-
genically upregulated to be sufficient to activate proatrophypath-
ways (autophagy and proteolysis) and reduce protein synthesis
(30). In contrast, ribosomal proteins are upregulated in the Sol
but not in the Quad, suggesting increased protein synthesis in
this muscle type. Although the Sol is not hypertrophied at the
age when the transcriptome was studied (5 weeks), as mice get
older the Sol does hypertrophy (Fig. 2) and the changes in tran-
scription might lead that process. Interestingly, a population of
hypertrophic fibers was also found in NEM patients, and in par-
ticular in ambulant patients (29). The hypertrophy that we
found is likely to play a role in symptomatic stabilization in Neb
cKO mice as it allows total force values to be similar to Ctrl in
some Neb cKO muscles despite dramatic reductions in specific
force levels (Fig. 6C and D, Sol). The ability of some muscle
types to prevent atrophy or even hypertrophy is likely to be
important for the survival of adult Neb cKO mice.

Structural basis of specific force reduction in Neb cKO
mice

Specific maximal tetanic force was greatly reduced in the Neb
cKO model (Fig. 6D). It is unlikely that this large force reduction
is due to a depressed maximal myofilament activation level
(e.g. less calcium released from the SR) or fiber-type switching,
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as large deficits in specific force were observed in skinned
fiber bundles (Table 1) and when evaluating only type 1 fibers
(Fig 8B). Ultrastructural studies showed thatmyofibrillar integrity
ofmusclewaswell-preserved overall (Fig. 5) andno gross disarray
was found that could readily explain the large force deficit. How-
ever, nemaline rod bodies were present—either continuous with
the Z-disk or as structures independent of the myofibril (Fig. 5G
and H). Rod bodies are a hallmark of nemaline myopathies and
may cause a reduction in force as they occupy CSA but are non-
contractile. The total fiber area that is occupied by rod bodies is
small in both EDL and Sol cKO muscle (∼3%, Fig. 5I, right) and it
seems unlikely, therefore, that the presence of rod bodies results
in a major force deficit. This is supported by several studies in
NEM patients in which the prevalence of rod bodies also did
not correlate well with the severity of disease (28,29,31,32).

A likely source for the force deficit is the reduction in thin fila-
ment lengthdetected inbothSolandEDLmuscles (Fig. 7B,Table 1).
Shorter thin filaments are also present in the Neb KO andNebΔex55

models (15–17), but, surprisingly, thin filament length is normal in
the KLHL40KOmouse inwhich nebulin expression is also reduced
(20). A possible explanation is that nebulin is reduced byonly∼50%
in the KLHL40model (20), and this might be adequate tomaintain
thin filament length. EM also showed that H-zones are absent in
the Neb cKO and instead A-band protein density gradually de-
creases toward the M-band (Fig. 5F), indicating that thin filaments
are variable in length. The non-uniform, thin filament length is
likely to result in a force imbalance across the Z-disk, explaining
the wavy Z-disks that were typically observed in Neb cKO muscle
(Fig. 5). Wavy Z-disks are expected to result in a similarly wavy lo-
cation of the pointed ends of the thin filaments, but this phenom-
enon was hard to visualize even in ultra-high magnification
transmission electron micrographs. A likely reason for this is the
non-uniform thinfilament lengthofNeb cKOfibers. Future studies
using, for example electron tomography (33) are needed to accur-
ately visualize the endsof the thinfilaments.Nebulin is thought to
stabilize a large portion of the actin filament by binding to actin
(1,8), and our findings support the notion that when this stabiliz-
ing effect is lost, thin filaments vary in length and are on average
shorter than in Ctrl muscle.

The effect of shorter thin filaments on force development will
depend on sarcomere length. On the descending limb of the
force-sarcomere length relation, force will be reduced, but on
the ascending limb force will be increased (34). A meta-analysis
of the sarcomere length range during animal locomotion has
shown that the physiological range typically includes part of
the plateau and the descending limb (35). Assuming that the
length range does not change in Neb cKO mice, it can be calcu-
lated that force will be reduced by ∼15% due to their shorter
thin filaments. Although this reduction is functionally import-
ant, it is much less than the force deficit that was measured.
Thus, another source must exist as well.

Altered cross-bridge cycling kinetics as a mechanism
of specific force reduction

The finding that force and stiffness are equally reduced in Neb
cKO mice (Fig. 8B) suggests that the force per cross-bridge is not
affected by nebulin. However, ktr is decreased in Neb cKO fibers
(Fig. 8C), a finding consistent with work on fibers from nebulin-
based NEM patients (14,36). A reduced ktr indicates that when
nebulin is absent either fapp or gapp (or both) is reduced. [In the
two-state cross-bridge model, the rate of force redevelopment
(ktr) is proportional to fapp + gapp, and tension cost is proportional
to gapp (37).] Tension cost was found to be increased in cKO mice

(Fig. 8D). One caveat is that unlike the ktr study, tension cost mea-
surements were on fiber bundles (the single cKO fibers are too
small for reliable ATPasemeasurements) and the fiber-type com-
position is mixed type I and IIA in Ctrl and nearly pure type I in
cKO fiber bundles (Fig. 8A, right). How such fiber-type switch
alone affects tension cost can be determined from previous ten-
sion cost measurements on single type I and IIA fibers from the
rat, resulting in a tension cost reduction of 35% (for details, see
Materials and Methods ‘ktr and tension cost analysis’). Assuming
that fiber-type switching per se affects tension cost similarly in the
mouse results in a tension cost of 0.92 pmol s−1 mN−1 mm−1 in
cKO fiber bundles. Because the measured cKO tension cost is 2.2
pmol s−1mN−1mm−1, we conclude that nebulin deficiency in-
creases tension cost (and thus gapp) 2.4-fold. The fraction of
cross-bridges that generates force (α) corresponds to fapp/
(fapp + gapp) (37). The decrease in ktr of Neb cKO muscle fibers
together with their increased tension cost (gapp) indicates that α
is reduced in Neb cKO fibers. From our measurements, we can
estimate α in Ctrl fibers at 0.8 and in Neb cKO fibers at 0.13 (for
details, seeMaterials andMethods ‘ktr and tension cost analysis’),
a reduction of ∼80%. Thus, our work supports that nebulin plays
an important role in regulating force development in skeletal
muscle and that an important source formuscleweakness inneb-
ulin-deficient muscle is the altered cross-bridge cycling kinetics
that lowers the number of force-generating cross-bridges.

Conclusions
Neb cKOmice survive to adulthoodwhile expressing low levels of
nebulin. Nebulin deficiency causes sarcomere defects that lower
specific force, including a reduction in force-generating cross-
bridges and shortening of thin filaments. Neb cKO mice display
nemaline rod formation, glycolytic fiber atrophy, fiber-type
switching to oxidative fiber types and in older mice hypertrophy
of oxidative muscle. It is unknown what drives certain muscles
toward hypertrophyand others in the opposite direction.We pro-
pose that the activity level is a factor. Type IIB fibers are recruited
infrequently and have a low base activity level (18), which com-
bined with the dramatically reduced specific force when nebulin
is absent might be detected by biomechanical sensing/signaling
pathways as a disuse state, triggering atrophy. Type I and IIA rich
muscles also suffer from reduced specific force, but they might
escape an atrophic fate as a result of their higher baseline activity
level (e.g. the Sol is an anti-gravity muscle and the Diaph is cyc-
lically activated at the respiration rate). Additionally, hyper-
trophy might be explained by the increased load due to
hypotrophy of synergist muscles [e.g. the hypotrophy of the
gastrocnemius is expected to increase the load on the Sol, analo-
gous to what occurs following synergist ablation surgery (38)].
Hypertrophy of oxidative muscles is expected to play a critical
role in symptomatic stabilization in Neb cKO mice, as it allows
normalization of total force despite dramatic reductions in
specific force. The novel Neb cKO mouse provides long-awaited
opportunities for developing therapeutic strategies in nebulin-
based NEM. Our work suggests a focus on ameliorating the
force deficit of the sarcomere and increasing the trophic state
of muscle (e.g. through exercise).

Materials and Methods
Animals and genotyping

To create Neb cKO mice, a targeting vector was made with loxP
sites inserted downstream of exon 3 [which contains the start
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codon for Nebulin and corresponds to exon 1 of Bang et al. (15 )]
and in the 5′ untranslated region of exon 2 upstream of the
ATG. Floxed mice were bred to a MCK-Cre strain (#6475 Jackson
Laboratory) that expresses Cre recombinase under control of
the Muscle Creatine Kinase (MCK) promotor that is expressed in
striatedmuscle (39). Genotypingwas used to determine the pres-
ence of the MCK-Cre transgene (following the protocol provided
by the Jackson Laboratory) and the floxed nebulin allele (for de-
tails, see Supplementary Material, Fig. S1). Mice homozygous
for the floxed nebulin allele were bred to mice that were hemizy-
gous forMCK-Cre andheterozygous for thefloxed allele (MCKCre+,
Neb+/flox). Offspring that was hemizygous forMCK-Cre and homo-
zygous for the floxed allele (MCKCre+,Neb flox/flox) was deficient in
nebulin and is referred to as Neb cKO. We used as control off-
spring that had at least one nebulin WT allele and that were ei-
ther MCK-Cre positive or negative. Since no differences were
found among the control genotypes [as expected because mice
that have oneWTnebulin allele contain a normal level of nebulin
(16 )], they were grouped as control (Ctrl) mice. We also studied
mice that were hemizygous for MCK-Cre and that contained one
floxed allele and the other was a conventional KO allele [exons 2
and 3 were permanently deleted (16)], and their results were in-
distinguishable from the MCK-Cre+, Neb flox/flox mice. All animal
experiments were approved by the University of Arizona Institu-
tional Animal Care and Use Committee and followed the US
National Institutes of Health ‘Using Animals in Intramural
Research’ guidelines for animal use.

Tissue collection

Mice were weighed, anesthetized with isoflurane and sacrificed
by cervical dislocation. The following muscle was dissected and
rapidly weighed and flash-frozen in liquid nitrogen. Hind limb:
ttibialis cranialis (TC, soleus (Sol, extensor digitorum longus
(EDL, Diaphragm (Diaph, gastrocnemius (Gast), quadriceps
(Quad; forelimb: Biceps (B), Triceps medialis (Tm), Triceps latera-
lis (Tla) and Triceps longus (Tlo). Tibias were removed, and tibia
length was measured using a caliper. Muscles were stored at
−80°C for later use.

Exercise testing

We used 6-month-old mice that were individually housed in a
13.9″L × 9.25″W× 7.9″H pan outfitted with a freely rotating
12.7 cm diameter wheel with a 5.7 cm wide running surface (La-
fayette Instruments, Lafayette, IN, USA). Running wheels were
connected to a computer that recorded activity in 5s intervals,
for a total of 21 days. Mean running time, speed and duration
per 24 h period were determined for the last 8 days of the testing
period (when running performance was stable), and results were
plotted in Figure 6A. The mice were provided food and water ad
libitum under a 12:12 h light/dark cycle.

Gel electrophoresis and western blotting

Flash-frozen muscle tissues were prepared as previously de-
scribed (40–42). Briefly, the tissues were flash-frozen in liquid ni-
trogen and solubilized between glass pestles cooled in liquid
nitrogen. Tissues were primed at −20°C for a minimum of
20 min, then suspended in 50% urea buffer [(in mol/L) 8 urea, 2
thiourea, 0.05 Tris–HCl, 0.075 dithiothreitol with 3% SDS and
0.03% bromophenol blue pH 6.8] and 50% glycerol with protease
inhibitors [(in mmol/L) 0.04 E64, 0.16 leupeptin and 0.2 PMSF] at
60°C for 10 min. Then the samples were centrifuged at 13 000
revolutions per minute (rpm) for 5 min, aliquoted and flash-

frozen in liquid nitrogen and stored at −80°C. Nebulin was visua-
lized on 1.0% agarose gels stained with coomassie blue, as
described previously (40,43). Myosin heavy chain isoform com-
position was visualized using 8% acrylamide gels stained with
coomassie blue (44) and Atrogin-1 and MuRF-1 with 12% SDS–
PAGE gel and run for 2 h at 100 V. For western blot experiments,
gels ran for 3 h at 15 mA/gel and proteins were transferred to
PVDF membrane using a semi-dry transfer unit (Bio-Rad, Hercu-
les, CA, USA) for 2.5 h at 150 mA. All transferred blots were
stained with Ponceau S to visualize total transferred protein.
The blots were then probed with primary antibodies at 4° over-
night [anti-Nebulin N-term (1:750 rabbit 1357L, kindly provided
by Dr Carol Gregorio]; anti-MuRF-1(1:1000 chicken IgY, kindly
provided by Dr Siegfried Labeit); anti-Atrogin-1 (1:1000 rabbit
AP2041, ECM Biosciences); GAPDH Loading Control Antibody
(1:5000 mouse #GA1R, ThermoScientific). To normalize for load-
ing differences, MHC from the Ponceau S-stained membrane
was used for nebulin western blots; GAPDH expression was
used to normalize other western blots. Secondary antibodies
conjugatedwith fluorescent dyeswith infrared excitation spectra
were used for detection. IR western blots were analyzed using
Odyssey Infrared Imaging System (Li-Cor Biosciences, NE, USA).
Ponceau S images were analyzed with One-D scan EX (Scanaly-
tics Inc., Rockville, MD, USA).

Intact muscle mechanics

Intact muscle mechanics was performed using the Aurora 1200A
ex vivo test system that has been described previously (45,46).
Briefly, muscles were attached between a combination servo-
motor-force transducer and fixed hook via silk suture in a bath
containing oxygenated Ringer solution (145 m NaCl, 2.5 m

KCl, 1.0 mMgSO4, 1.0 mCaCl2, 10.0 mHEPES, 10 m glucose,
pH 7.4, 30°C). The optimal length (L0) was determined by adjust-
ing muscle length until optimal maximal twitch force was pro-
duced (pulse duration of 200 μs with biphasic polarity). Active
force was determined from a force–frequency protocol. The Sol
muscle was stimulated at incremental stimulation frequencies
1, 10, 20, 30, 50, 70, 100 and 150 Hz waiting 30, 30, 60, 90, 120,
120, 120 and 120 s, respectively, in between each stimulation.
Measured force in mN was normalized to CSA [muscle mass
(mg)/[(L0 (mm) × 1.056)]] to obtain specific force (mN/mm2). The
EDL protocol matched that of the Sol, except for an additional
force measurement at a frequency of 200 Hz.

Fiber typing and CSA analysis

Detailed immunofluorescencemethods have been described pre-
viously (47). Briefly, Sol and EDL muscles were dissected from
control or NEB cKO mice, quick frozen and sectioned in the
mid-belly of themuscle. Sections were stained with anti-laminin
(L9393 Sigma Aldrich) to mark the cell boundary and with mono-
clonal anti-MHC I (MHC-I) (M8421 SigmaAldrich), MHC-IIA (SC-71
DSHB) or MHC-IIB (BF-F3 DSHB) antibody. Images were collected
on a Zeiss Axio ImagerM.1microscope utilizing a Zeiss Axio Cam
MRC. CSA and MinFeret diameter (smallest diameter of the myo-
fiber) were measured using the Image-J program. We also per-
formed a study on Quad muscle that was sectioned and stained
with antidystrophin and anti-MHC-IIB; analysis was via an auto-
mated fiber-type frequency and fiber-type-specific CSA assess-
ment algorithm [for details, see Ref. (48)].

Myofiber size in the quadricepsmuscle was quantified by auto-
matedmeasurement ofMinFeret diameter, as previously described
(49). Briefly, eight micron frozen sections of quadriceps muscle
weredouble-immunostainedwith rabbit antidystrophinantibodies
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(ab15277; Abcam, Cambridge, MA, USA) and mouse monoclonal
antibodies against MHC type 2b (clone BF-F3; Developmental Stud-
ies Hybridoma Bank). Immunofluorescence whole-slide scanning
wasperformed in theChildren’sHospital ofWisconsinResearch In-
stitute’s Imaging Core facility using a Olympus VS120 fluorescent
whole-slide scanner, and images were sent to the laboratory of Dr
LinYang.Minferetdiameter for type2bpositive (glycolytic) ornega-
tive (oxidative) fibers was calculated on regions of interest from
these scanned slides using previously described algorithms devel-
oped in the Yang laboratory (49).

Thin filament length measurements

Muscles were rapidly excised and placed in relaxing solution (in
m: 20 BES, 10 EGTA, 6.56 MgCl2, 5.88 NaATP, 1 DTT, 46.35 K-pro-
pionate, 15 creatine phosphate, pH 7.0 at 20°C) with 1% (w/v) Tri-
tron X-100 and protease inhibitors for overnight on a 2D rocker at
4°C. The solution was then replaced with fresh relaxing solution
(without Triton) followed by 5 h in 50% glycerol/relaxing solution
before storing at −20°C. Skinnedmuscles were placed in a sylgard
dish containing 50% glycerol solution and dissected into fiber
bundles. The ends of the bundles were attached to aluminum
T-clips and the solution replaced with fresh relaxing solution.
Bundles were stretched ∼50% of their base length. Relaxing solu-
tion was then replaced with 4% formaldehyde solution andmus-
cleswere fixed for overnight. After fixation,muscleswerewashed
with phosphate buffer saline (PBS) and embedded in Tissue-Tek
O.C.T.compound (Ted Pella Inc) and stored at −80 °C. The O.C.T.
embedded specimen was sectioned into 5 µm thick (Microm
HM 550; Thermo Scientific) and placed on gelatin-coated cover
glass. Fixed tissues were permeabilized again with 0.2% Triton
X-100 in PBS for 20 min at room temperature on a light box to
bleach out the background fluorescence. Then tissues were
blocked with 2% bovine calf serum plus 1% normal donkey
serum in PBS and incubated overnight with primary antibodies
diluted in PBS. The primary antibodies were anti-α-actinin (for
Z-disk localization, 1:5000 mouse monoclonal A7811, Sigma Al-
drich), anti-Tmod (1:600 rabbit polyclonal, courtesy of Dr Carol
Gregorio) and Alexa Fluor 488-conjugated Phalloidin (for actin
staining 1:2000, A12379, Life Technologies). The tissues were
washed with PBS for 30 min and incubated with secondary anti-
bodies at room temperature in a dark box on 2D rocker for 2–4 h.
The secondary antibodieswere polyclonal Alexa Fluor 350-conju-
gated goat anti-mouse IgG(H + L) (1:200, A21049, Invitrogen) and
Texas Red-conjugated goat anti-rabbit IgG (1:600, T2767, Life
Technologies). Coverslips were mounted onto slides with Aqua
Poly/Mount (Polysciences Inc.). Images were captured using a
Deltavision RT system (Applied Precision) with an inverted
microscope (IX70; Olympus), a ×100 objective, and a charge-
coupled device camera (CoolSNAP HQ; Photometrics) using Soft-
WoRx 3.5.1 software (Applied Precision). The images were then
deconvolved using SoftWoRx. An average of 10 areas was ob-
served for each tissue section. Thin filament lengths and sarco-
mere lengths were obtained from deconvolved images of Sol
and EDLmuscles stainedwith fluorescently conjugated phalloid-
in and anti-Tmod antibodies. Deconvolved images were reo-
pened in ImageJ (http://rsb.info.nih.gov/ij), then the 1D plot
profile was calculated. The plot profile was analyzed using
Fityk0.9.8 (http://fityk.nieto.pl). Well-defined peaks were fitted
with Gaussian curves for T-mod and α-actinin. Sarcomere length
was calculated from the distance between two adjacent α-actinin
peak centers. A custom ‘rectangle + 2 half Gaussian’ functionwas
used for analyzing phalloidin-stained images that consisted of a
rectangle that was flanked by two half Gaussian curves. To

account for actin overlapping in the Z-disk which creates a
small bump in the center of the rectangle, we developed a special
script designed for Fityk that de-activates the center points with-
in the rectangle fit. This improved the subsequent fit for the
‘rectangle + 2 half Gaussian’ function. Thin filament length was
calculated as half the width of the rectangle plus half the width
of the Gaussian fit at half maximum height. SL was calculated
from the distance between the centers of two adjacent Gaussian
fits. We analyzed a large number of images and determined thin
filament length within the SL range of 2.6–3.1 µm (Table 1).

Electron microscopy

For electron microscopy, skinned fiber bundles were used that
were stretched in relaxing solution by ∼20% of their slack length.
The fiber bundles were fixed in 3% paraformaldehyde (PF; Sigma
P-6148) and 2% glutaraldehyde and 0.03% tannic acid in 1× PBS
(0.01 , pH 7.2) at 4°C for 45 min and postfixed in 1% OsO4 in
PBS for 45 min at 4°C. The samples were then dehydrated and
embedded in araldite/embed812. Ultrathin sections (60 nm)
were cut with the diamond knife edge parallel to the muscle
fiber direction; sections were contrasted with potassium per-
manganate and lead citrate followed by transmission electron
microscopy (FEI Philips CM12). Digital images were processed
by ImageJ software and density profiles along themyofibril direc-
tion were processed by Fityk software.

Skinned muscle mechanics

Force measurement
The procedures for skinnedmuscle contractility were as described
previously (50). Soleus and EDLmuscles from control and NEB cKO
micewere skinnedovernight at∼4°C in relaxing solution (inm: 20
BES, 10 EGTA, 6.56MgCl2, 5.88NaATP, 1 DTT, 46.35 K-propionate, 15
creatine phosphate, pH 7.0 at 20°C) containing 1% (w/v) Triton X-
100 andprotease inhibitors.Muscleswere thenwashed thoroughly
with relaxing solution and stored in 50% glycerol/relaxing solution
at−20°C.Muscleswere used for experimentswithin 1week. On the
day of an experiment, single fibers were dissected for experiments
in Figure 8A–C and fiber bundles (CSA ∼0.05 mm2) for experiments
in Figure 8D. After completion of the mechanical studies (below),
fibers/bundles were fiber-typed (Fig. 8A shows examples). The fi-
bers/fiber bundlesweremounted using aluminumT clips between
a length motor (ASI 403A, Aurora Scientific Inc., Ontario, Canada),
and a force transducer element (ASI 315C-I, Aurora Scientific Inc.)
in a skinned fiber apparatus (ASI 802D, Aurora Scientific Inc.) that
was mounted on an inverted microscope (Zeiss Axio Observer
A1). Sarcomere length was set using a high-speed VSL camera
and ASI 900B software (Aurora Scientific Inc.). Muscle bundles
were stretched and activated in pCa4.5 activating solution (in
m: 40 BES, 10 CaCO3 EGTA, 6.29 MgCl2, 6.12 Na-ATP, 1 DTT, 45.3
potassium-proprionate, 15 creatine phosphate) and protease inhi-
bitors (in m: 0.01 E64, 0.04 leupeptin and 0.5 PMSF) at sarcomere
length 2.4 µm to record maximal active tension. After one cycle of
full activation (pCa 4.5) and relaxation (pCa 8.5), the resting SLwas
readjusted to 2.4 μm. Fiber width and diameter were measured at
three points along the fiber, and the CSAwas determined assum-
ing an elliptical cross-section. Specific force (or tension) was ex-
pressed as force per CSA.

Muscle fiber stiffness
Fiber bundles were maximally activated (pCa 4.3). When the
muscle fiber reached a steady-state isometric force (Fss), themus-
cle length was changed sinusoidially (amplitude 0.1%). Stiffness
associated with the number of strongly bound cross-bridges was
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estimated from the relationship between length change (ΔL) and
the peak force response, Fp.

Ktr measurements
To measure the rate of tension redevelopment (ktr), we used the
large slack/release approach, originally described by Brenner
(51,52), to disengage force-generating cross-bridges from the thin
filaments, which were isometrically activated. Fast activation of
the fiber was achieved by transferring the skinned muscle fibers
from the pre-activation solution containing a low concentration
of EGTA (0.5 m) to a pCa 4.3 activating solution. Once the steady
state was reached, a slack equivalent to 10% of the muscle length
was rapidly induced using the motor resulting in unloaded short-
ening that was allowed to last for 15 ms. The remaining bound
cross-bridges weremechanically detached by rapidly (∼0.5ms) re-
stretching the muscle fiber to its original length, after which ten-
sion redevelops. The rate constant of monoexponential tension
redevelopment (ktr) was determined by fitting the rise of tension
to the following equation: F ¼ Fssð1� e�Ktr :tÞ, where F is force at
time tand ktr the rateconstantof tension redevelopment. Figure8C
shows examples of Ctrl and Neb cKO fibers superimposed.

Force-ATPase measurement
Small strips (CSA ∼0.1 mm2) were used in a system similar to the
one described by de Tombe and Stienen (53). To measure the AT-
Pase activity, a near UV light was projected through the quartz
window of the bath (30 μl volume and temp controlled at 20°C)
and detected at 340 NEM. Maximum activation buffer (pCa 4.3)
contained (m): potassium propionate 31, Na2ATP 5.95, MgCl2
6.61, EGTA 10, CaCl2 10.11, BES 50 (pH 7.0), NaN3 5, NADH 0.9 and
phosphoenol pyruvate 10, with 4 mg ml–1 pyruvate kinase (500 U
mg–1), 0.24 mg ml–1 lactate dehydrogenase (870 U mg–1), 0.2 m

diadenosine-5′ pentaphosphate (A2P5) and 1.0 m oligomycin as
well as a cocktail of protease inhibitors. For efficient mixing, the
solution in the bath was continuously stirred by means of
motor-driven vibration of a membrane positioned at the base of
the bath. ATPase activity of the skinned fiber bundles was mea-
sured as follows: ATP regeneration from ADP is coupled to the
breakdown of phosphoenol pyruvate to pyruvate and ATP cata-
lyzed by pyruvate kinase, which is linked to the synthesis of lac-
tate catalyzed by lactate dehydrogenase. The breakdown of
NADH, which is proportional to the amount of ATP consumed, is
measured on-line by UV absorbance at 340 NEM. The ratio of
light intensity at 340 NEM (sensitive to NADH concentration),
and the light intensity at 410 NEM (reference signal), is obtained
by means of an analog divider. After each recording, the UV ab-
sorbance signal of NADH was calibrated by multiple rapid injec-
tions of 0.5 NEMol of ADP into the bathing solution, with a
motor-controlled calibration pipette. The slope of the [ATP] versus
time trace during steady-state tension development of a calcium-
induced contraction (see Fig. 8D, left for an example) was deter-
mined from a linear fit and the value divided by the fiber volume
(in mm3) to determine the fiber’s ATPase rate. ATPase rates were
corrected for the basal ATPase in relaxing solution. The ATPase
rate and tension at different pCa values were plotted against
each other (see Supplementary Material, Fig. S8D, right), and the
tension cost was determined from the slope of a linear fit to the
data. All skinned fiber experiments were performed at 20°C.

Ktr and tension cost analysis

We used the two-state cross-bridge model with apparent rate
constant fapp representing the transition from the non-force-
generating state to the force-generating state, and gapp the

transition from the force-generating state back to the non-
force-generating state (37). In this model, the rate of force
redevelopment (ktr) is proportional to fapp + gapp, and tension
cost is proportional to gapp (37). The fraction of cross-bridges
that generates force (α) corresponds to fapp/(fapp + gapp). Once gapp
of type I fibers has been estimated and ktr has been measured
(See Results), fapp can be determined as ktr− gapp, and then α can
be calculated. In ourwork (see Results), tension cost could only be
measured in fiber bundles (due to the small size and low force of
cKO single fibers). Ctrl and cKO bundles used for experiments
were found to not have the same fiber-type composition (Ctrl:
53% type I and 47% type IIA; cKO: 97% type I and 3% Type IIA).
We estimated the tension cost differences due to the fiber-type
switch per se, using previous measurements in the rat (their
CSA is much larger than in the mouse and these experiments
can be performed at the single fiber level in this species) where
tension cost of type I and type IIA fibers is 0.66 and 1.51 pmol
s−1 mN−1 mm−1, respectively (24). We can calculate from these
values the tension cost in the rat in a bundle with a fiber-type
composition 53% type I and 47% type IIA (as in the our Ctrl bun-
dles) at 1.05 pmol s−1 mN−1 mm−1 and in bundles 97% type I and
3% Type IIA (as in the cKO) at 0.69 pmol s−1 mN−1 mm−1, that is a
35% reduction. We used this 35% value to correct the measured
tension cost of our Ctrl fiber bundles. This results in a tension
cost of 0.92 pmol s−1 mN−1 mm−1, that is the tension cost of
cKO fibers if nebulin were not to affect tension. Because themea-
sured cKO tension cost is 2.2 pmol s−1mN−1mm−1 we conclude
that nebulin deficiency increases tension cost (and thus gapp)
2.2/0.92 or 2.4-fold. We estimated the absolute gapp of type I Ctrl
fibers from the 2 s−1 gapp of type IIB fibers (37) and using the
fiber-type dependence of tension cost (24). This results in
0.4 s−1 as gapp for type I Ctrl fibers. From the measured ktr, we
can calculate fapp and from this α at 0.8. For Neb cKO type I fibers,
gapp is 2.4 times that in Ctrl fibers (see above), or 0.96 s−1. This re-
sults in a Neb cKO α of 0.13. Thus, this analysis shows a reduction
in the fraction of force-generating cross-bridges from 0.8 (Ctrl) to
0.13 (cKO), or a reduction of∼80%. Although this is a best estimate
only (direct measurements are needed), the analysis does reveal
that a major source of the force deficit in the Neb cKO mouse is
likely to be altered cross-bridge cycling kinetics. Finally, in the
two-state cross-bridge model, the fraction of cross-bridges that
generates force (α) corresponds to fapp/(fapp + gapp). Once gapp of
type I fibers has been estimated and ktr has been measured
(See Results), fapp can be determined as ktr − gapp and then α can
be calculated. See Results and Discussion.

Microarray
GeneChip: Quad and Sol tissues were dissected from six male
mice (6 weeks old) of each Neb cKO and Ctrl mice and stored in
RNAlater (Invitrogen). Total RNA was isolated using the RNeasy
Fibrous Tissue Mini Kit (Qiagen). RNA quality was assessed by
NanoDrop 1000 Spectrophotometer and 2100 Bioanalyzer (Agilent);
all sampleshadRIN≥ 9.1. Sampleswerehybridizedwith theMouse
Gene 1.0ST Array (Affymetrix); processing (labeling through scan-
ning) was performed by the Genomics Core, University of Arizona,
using Affymetrix protocols, supplies and equipment; Affymetrix
software (Expression Console and Transcriptome Analysis
Console) was used, incorporating RMA processing and Analysis of
Variance with Benjamini–Hochberg False Discovery Rate (FDR)
correction for multiple testing. A conservative cutoff of adjusted
P-value <0.001 was used to identify differentially regulated genes.
Current annotation for the ProbeSetIDs was retrieved from the
Mouse Genome Informatics server (http://www.informatics.jax.
org/). Proportional Venn diagrams were made using the BioVenn
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website (http://www.cmbi.ru.nl/cdd/biovenn/) (54) (54). Over-
representation analysis used KEGGpathways at GeneCodis3
(http://genecodis.cnb.csic.es/) (55). The data have been deposited
in NCBI's Gene Expression Omnibus and are accessible through
GEO Series accession number GSE70213 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE70213).

Statistics
All data are represented as average ± SEM (standard error of the
mean). For data with numbers of mice (n) greater than or equal
to eight, an unpaired t-test with a P-value <0.05 was considered
significant. For experiments performed with data <8, a Mann–
Whitney test that does not assume normal distributions was
performed (P < 0.05 significant). For experiments with multiple
groups, we used ANOVA with Bonferroni post hoc tests cor-
rected for multiple comparisons (P < 0.05 significant). The
number of mice that were used are as follows. Figure 1 A: we
used 53 mice per group; B: 10 mice per data point; C: 6 mice
per data point; ANOVA with multiple testing correction
(Bonferroni) was used to compare results versus the Quad
muscle. Figure 2. At 3 weeks 6 mice per group; 5 weeks 30
mice for Ctrl and 27 for cKO; 6 months 32 mice per group.
Figure 3A–H. 11 muscles from 11 mice per group (each geno-
type and each muscle type). Figure 4. Data from six muscles
from six mice for each muscle type and genotypes. Figure 5.
A: 8 mice per group; B–D: 8 mice per group (each genotype
and each muscle type). Figure 6. A: 8 muscles from 8 mice for
Sol and 9 EDL Ctrl and 6 EDL cKO; C: data from 8 muscles
from 6 mice per group. Figure 7. 8 Muscles from 8 mice per
group. Figure 8. A–C: 10 fibers from 6 muscles from 6 mice
per group. D: 10 fibers from 6 muscles from 6 mice per group.
Symbols: *, **, *** and **** P < 0.05, P < 0.01, P < 0.001 and P <
0.00001, respectively, in statistical significance test versus
age-matched control (unless indicated otherwise).

Supplementary material
Supplementary material is available at HMG online.
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