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Abstract
Title: The Intercostal Muscles: Development and Applications of a Novel Primary
Muscle Fiber Culture System
Patrick Robison, Doctor of Philosophy, 2013
Dissertation Directed by: Martin F. Schneider, Ph.D., Professor, Department of
Biochemistry and Molecular Biology
The intercostal muscles are critical participants in respiration, working continuously
throughout life. These core respiratory muscles are distinct from their locomotor
counterparts in the limbs in lineage and function. In spite of this they are seldom studied,
and muscles from the limbs are often used to model skeletal muscle as a whole.
The work presented here has three main parts. The first part is focused on developing
methods to culture these understudied muscles. The resulting cultures appear healthy,
respond to electrical stimuli and efficiently express exogenous proteins.
In the second part, these methods are applied to an animal model of Chronic Obstructive
Pulmonary Disorder (COPD). These experiments show that respiratory muscles share in
the functional defects observed in other skeletal muscles in an animal model of COPD.
Specifically the intercostal and flexor digitorum brevis (FDB) muscle fibers derived from
COPD both display markedly reduced Ca2+ transient magnitude, although the kinetics of
the transient and amount of Ca2+ available for release from internal stores remain
unaltered. Some minor differences were detected in the CaV1.1-Ryanodine receptor
complex in FDB fibers but not in the intercostals, suggesting the possibility of divergent
mechanisms.

Finally, cultures of intercostal muscle fibers are used to examine the NFATc1 excitationtranscription coupling pathway. Isolated intercostal muscle fibers display a complete
inversion of this pathway under stimulation patterns identical to their locomotor
counterparts in the hindlimb. This effect is mediated by at least two activity regulated
kinases, JNK and CaMKII, which oppose the activity of Calcineurin in the canonical
NFATc1 activation pathway. We suggest that this is driven by imbalances in the
expression levels of CaMKII/JNK relative to CN and demonstrate differences in the
levels of these kinases in intercostal muscle relative to FDB and soleus muscle.
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Chapter 1 : Introduction
1.1- Isolated Intercostal Muscle Fiber Model
1.1.1- Advantages of Isolated Fibers
The regulation of muscle function is a highly complicated process. The precise
functional output of any individual fiber depends on factors which are, in practice,
incalculable. Reductionist approaches deal with this problem pragmatically, isolating
major contributors to function in order to understand each in turn. In the case of isolated
muscle fiber models, the function of the muscle fiber is isolated from variations in factors
such as nervous input(98), systemic presence of reactive chemicals(22), paracrine and
endocrine(107) signaling from other cell and tissue types and changes in mechanical
advantage in the event of gross anatomical changes. While all of these processes are
relevant and worth understanding in their own right, the ability to study the muscle fiber
itself provides insight that fully in-vivo models cannot. Excessive reductionism,
however, comes with a risk of overlooking synergistic effects within a complex system.
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For instance, study of the functional parameters of a single ion channel expressed in a
non-muscle cell type is useful for understanding the behavior of that particular channel,
but it can be difficult to predict the overall effect of changes in that channel in an
integrated context. Here again, the ability to study the muscle fiber itself provides insight
that more in-vitro models cannot, providing a practical and relevant middle ground
between fully integrative and fully reductionist approaches. Finally, isolated fibers are
advantageous for their accessibility to manipulation. It is impractical, for instance, to
clamp the membrane voltage or measure the free calcium of a muscle fiber in a live
animal. However we have found that a wealth of such techniques may be used on single
fibers with relative convenience(12, 56–58, 80). For these reasons, the development and
expansion of primary cell culture models provide useful tools to the study of muscle
biology.
1.1.2- Limitations of Isolated Fibers
Skeletal muscle in vivo forms the functional core of animal locomotion systems, but it
cannot function alone. It is integrated with the nervous, circulatory, respiratory and
digestive systems to ensure appropriate chemical environments for function. It is
integrated, through connective tissue, with the skeletal system to provide mechanical
control over the body as a whole. Perhaps most importantly, it is integrated with the
nervous system to provide control and coordination. Each of these systems sends
chemical or mechanical signals which modulate the function of the muscle. The most
dramatic limitation of primary muscle cultures is dedifferentiation; a process leading to
loss of striations, aberrant calcium signaling, spontaneous firing and the appearance of
developmental phenotypes. These effects can begin to show in fibers more than three
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days post culture (12), but can be delayed by manipulation of culture conditions such as
serum starvation or chemical elimination of satellite cells and fibroblasts.
1.1.3- Applications of a New Model
After the development and validation of a culture model based on rodent intercostal
muscles detailed in chapter two, the project diverged into two parts. In chapter three, the
critical role these muscles play in respiration, particularly in cases of labored breathing,
lead to the examination of the functional defects which are present in the intercostal
models in the case of chronic obstructive pulmonary disease (COPD). Additional
observations while validating our culture model lead to a closer examination of the
NFAT transcriptional pathway in healthy intercostal muscles and the atypical way in
which this pathway is activated in isolated intercostal muscles, the details of which are
contained in chapter four. Although observations of fiber type transformations in COPD
patients(36) make potentially interesting connections between the work contained in
chapters three and four, each stands independently as an extension of my work in chapter
two developing primary cultures of intercostal muscle fibers.
1.2- Mechanics of Ventilation
1.2.1- Inspiration
Inspiration occurs when negative pressure is mechanically applied to the lung, causing
influx of fresh air and expansion of the lung itself. This is achieved by expanding the
thoracic cavity downward at the diaphragm and outward at the ribs. Mechanical
respiration is generally involuntary with heterogeneous firing frequency and patterns
among various respiratory muscles, ranging from 7 to 18 Hz(25, 33, 90) depending on
anatomical position and respiratory phase. The diaphragm, when at rest, is a parachute-
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shaped sheet of muscle attached to the lower ribs where it forms the floor of the thoracic
cavity. During inspiration, shortening of the diaphragm fibers flattens the diaphragm,
pulling the floor of thoracic cavity down toward the lower ribs. Absent resistance, this
action would flatten and lower the rib cage due to the negative pressure it applies to the
thoracic cavity. However activation of the external and parasternal intercostal muscles
opposes this action, pulling the ribs up and out due to the mechanical advantage of the
force they exert on the rib of their insertion (lower) compared to the rib of their origin
(upper) (Fig. 1.1 C)(103). When the intercostal muscles activate during resting
inspiration, the chest wall may experience only small shifts in position contributing as
little as 5% or as much as 40%(28) to the change in volume. Although the external
intercostal muscles are active during tidal breathing(90, 101), their contributions are more
prominent and the displacement of the chest wall becomes more pronounced during
periods of labored breathing or exercise(48, 101).
1.2.2- Expiration
Expiration occurs when positive pressure is applied to the lung, reducing the volume of
the thoracic cavity and expelling air. Active expiration is achieved by the internal
intercostals pulling the ribs down and inward. Because these fibers are mutually
perpendicular with those of the external intercostal muscles, the mechanical advantage is
reversed(103). Some contribution may also be made by the external intercostals of the
lowermost ribs. While the relaxation of the diaphragm at rest is generally achieved
passively, the abdominal muscles may apply pressure to the viscera in the abdominal
cavity during labored breathing, moving them inward and upward against the diaphragm
in opposition to its inspiratory action(1).
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Figure 1.1 Anatomy of the Intercostal Muscles
The internal and external intercostal muscles form overlapping sheets (A). These sheets
work at opposing angles, spanning the space between each rib (B). The opposing angles
of the external (C, left) and internal (C, right) facilitate mechanical on the lower or upper
rib, resulting in inspiration or expiration respectively. A, B appeared originally in Grey’s
Anatomy (1858).

1.3- E-C Coupling
1.3.1- Action Potential
Excitable muscle fibers are triggered when motorneurons release acetylcholine at the
neuromuscular junction. Acetylcholine receptors in the plasma membrane of the muscle
fiber respond by opening, permitting Na+ to flow from the high concentrations of the
extracellular space down an electrochemical gradient into the cytoplasm and locally
depolarize the plasma membrane. This depolarization triggers local voltage dependent
5

sodium channels to open(44), spreading the depolarization across the membrane.
Invaginations in the plasma membrane known as transverse (t)-tubules extend the
membrane deep into the core of the muscle fiber, allowing the depolarization propagating
from the neuromuscular junction to travel inward(7) and generate a nearly simultaneous
global signal. Following depolarization, voltage dependent K+ channels open and permit
the flow of potassium from the high concentration in the cytoplasm down an
electrochemical gradient into the extracellular space, quickly resetting the fiber to the
resting state(44). The opening of these channels is slightly delayed compared to the
sodium channels, allowing the propagation of the action potential prior to the restoration
of resting voltage. The t-tubules are physically positioned adjacent to specialized regions
of the sarcoplasmic reticulum (SR) in a structure known as the triad junction (10) (Fig.
1.2).
1.3.2- L-type Calcium Channel Activation
In response to the global depolarization of the plasma membrane, voltage dependent (Ltype) Ca2+ channels (CaV1.1) open. These channels occur in small tetrad clusters
embedded in the plasma membrane, directly opposite one of the ryanodine receptor
(RyR) channels embedded in the SR membrane. These tetrad arrangements are highly
conserved among nearly all vertebrates in tightly clustered arrays on the t-tubular face of
the triad junction(9). When open, CaV1.1 tetrads permit a small Ca2+ current to enter the
fiber and undergo a conformational change. This conformational change is relayed
through the subunit on the cytoplasmic face of CaV1.1 to ryanodine receptor (RyR)
channels embedded in the sarcoplasmic reticulum.
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Action potentials propagated by voltage gated sodium channels travel along the sarcolemma and into the transverse tubule system.
Following depolarization by the sodium channels,, voltage-gated potassium channels quickly restore the membrane to resting
potential.. CaV 1.1 opens in response to depolarization, opening the RyR by mechanical coupling. Local RyR openings
synchronized by the action potential integrate into a global calcium release. The calcium released into the cytoplasm by the RyR
releases the inhibition of actin-myosin interaction by the troponin complex. SERCA reloads the SR and depletes the majority of the
cytoplasmic calcium, preparing for the next action potential.

Figure 1.2 Excitation-Contraction Coupling

1.3.3- RyR Coupling
The physical contact between CaV1.1 subunits and the cytoplasmic face of the RyR
couples the opening of the two channels together. One CaV1.1 tetrad physically couples
to a single Ryanodine receptor(10) by multiple contacts between the RyR foot region and
the α1s subunit of CaV1.1(82), relaying the voltage signal across the plasma membrane
to the internal calcium stores known as the Sarcoplasmic Reticulum (SR). Adjacent
RyRs associated with FKBP12 may be activated simultaneously(64), even when unpaired
with a CaV1.1 tetrad, if close enough to be activated by local rises in Ca2+(53, 78). When
activated by CaV1.1 in response to an action potential, the RyR opens and allows Ca2+ to
flood out of the SR and into the cytoplasm, rapidly raising the cytoplasmic calcium
concentration of the whole fiber.
1.3.4- Troponin Complex
The heterotrimeric troponin complex prevents the interaction of motor proteins with actin
filaments when the muscle fiber is at rest. The troponin trimer is stably bound to the
actin filament by the interaction between tropomyosin and the TnT subunit(30). The TnI
subunit binds the actin filament as well, inhibiting the ATPase activity of muscle
myosin(54). This inhibition is transient however, subject to the activity of the TnC
subunit(30). When the calcium released by the RyR binds to the EF-hand motifs of the
TnC subunit, the actin binding sites of the TnI subunit instead bind to the TnC subunit,
releasing the myosin ATPase inhibition(30). This calcium dependent release of
inhibition gives rise to the calcium dependence of muscle function.
1.3.5- Actin-Myosin Complex
The contractile apparatus of a muscle fiber is composed of parallel units known as
myofibrils, themselves composed of repeating units in series known as sarcomeres. The
8

sarcomere has two main structural elements. The myosin thick filaments forming the
anisotropic (A) band are composed of bundles of myosin(49) with an axis of bilateral
symmetry at the center of the sarcomere, with the myosin heads oriented so that they pull
actin filaments towards the central axis and the M line (Fig. 1.3). The actin thin filaments
forming the isotropic (I) band (49) are anchored to a complex of structural proteins at
either end of the sarcomere known as the Z-line (Fig 1.3). When active myosin filaments
pull on the actin filaments, the Z-lines at both ends of the sarcomere are pulled toward the
center, shortening the overall length of the fiber.
Force produced is partially dependent on interaction sites exposed when calcium releases
the inhibition by the troponin complex, but also on the geometry of the muscle fiber.
There is a force optimum in sarcomeres from approximately 2.0 to 2.2 µm in overall
length, corresponding to maximum overlap of the force-producing myosin heads and the
thin filaments. Below this distance, steric interference between the actin filaments
disrupts force generation, while sarcomeres with a longer spacing have incomplete actin
overlap with force producing elements(37).
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Figure 1.3 Structural Elements of the Sarcomere
The actin associated structures (I Band, Z-Disc) form stable scaffolding for the myosin
associated structures (A Band, H zone, M line) to exert opposing forces, generating
tension on the ends of the sarcomere. Modified from (96)
1.3.6- SERCA
Both the relaxation of a muscle fiber following excitation and the maintenance of a
resting state in the absence of an action potential are dependent on low cytoplasmic
calcium levels in the sub-micromolar range. In skeletal muscle this is almost entirely
accomplished through the action of the Sarco/Endoplasmic Reticulum Calcium ATPase
(SERCA)(51), which actively pumps calcium from the cytoplasm back into the SR,
reloading it for release at the next action potential.
1.4- Chronic Obstructive Pulmonary Disease
1.4.1- Characteristics
COPD is a progressive disease primarily characterized by damage to the pulmonary
tissue with complex secondary effects. Patients with the disease experience systemic
inflammation and elevated reactive oxygen species (ROS)(5, 32). Frequently they are
10

subject to altered thoracic geometry(72, 74) (the so-called barrel-chest phenotype) and
often suffer from diminished gas exchange resulting in hypoxia and hypercapnia(5).
1.4.2- Prevalence
Already the third leading cause of death worldwide, COPD is expected to remain a key
cause of death for decades to come (59, 65). Although the primary cause of COPD is
cigarette smoke, occupational or environmental exposure to particulate pollution and
respiratory infections can also serve as initiators of the disease(102). The infiltration of
pulmonary tissue by immune cells causes the progression of the disease to continue in
individuals with genetic susceptibility to the disease, sometimes only reaching clinical
levels years after the removal of environmental triggers(5, 94).
1.4.3- Effects on Skeletal Muscle
Skeletal muscles suffer a variety of functional impairments in the context of COPD. The
secondary effects of the disease such as hypercapnia, reduced vascular perfusion,
increased ROS exposure and inflammation can reduce force output or lead to atrophy(8,
22, 32, 79, 104, 108). In respiratory muscles, these effects may be exacerbated by
mechanical disadvantage to altered morphology of the thoracic cavity(72, 74).
Patients suffering from COPD experience loss of overall muscle mass and become
physically inactive(95). This correlates with overall increased mortality(100), diminishes
the quality of life and disproportionately inflates the cost of care for these patients(99).
1.5- NFATc1
1.5.1- Functional Significance
The NFATc transcription factors control transcriptional responses to cytoplasmic calcium
signals in diverse tissue types. The regulation of these transcription factors is carried out

11

by continuous phosphorylation and dephosphorylation by a wide array of kinases and the
Ca2+ dependent phosphatase Calcineurin (CN). The resulting dynamic equilibrium
makes the NFATc signaling system highly sensitive to temporal aspects of Ca2+
signaling(29). For all the regulatory complexity, the transcriptional output of NFATc
family members may be considered to result from a simple equilibrium between two
conformational states- one in which a Nuclear Localization Sequences (NLS) are
exposed, triggering nuclear import and transcriptional activation, and one in which
Nuclear Export Sequences (NES) are exposed, triggering removal from the nucleus and
transcriptional inactivity (Fig. 1.3). The members of the NFATc family act as master
transcription factors, triggering broad transcriptional programs in response to Ca2+
dependent activation of CN. In skeletal muscle they are primarily responsible for the
transformation of muscle fibers between various functional types with unique metabolic
and contractile properties. The ability of the NFATc transcription factors to distinguish
calcium signals of similar magnitude by frequency (66, 92) is critical to appropriate
adaptive responses.
Virtually every tissue in the body expresses multiple isoforms, each regulated by several
kinases and phosphatases. Although initially discovered and named for their activity
(Nuclear Factor of Activated T-cells) in immune T-cells, the ability to interpret calcium
signals into transcriptional programs has vast regulatory utility. Electrically excitable cell
types such as neurons(39), cardiomyocytes(31) and skeletal muscle fibers(57, 66, 92) use
the NFATc family to couple transcriptional adaptation to activity.
While the complex interplay of various NFATc isoforms may have significant functional
importance, the primary NFATc isoforms expressed in skeletal muscle are all splice
12

variants of the NFATc1 gene(105). These all share common DNA binding fragments of
Rel Homology Domains, NLS, serine-rich and CN binding sites and most share
completely identical NES and the protein interaction regions Rel Homology Domains
(105).

Figure 1.4 Canonical Activation of NFATc1 in Skeletal Muscle
During periods of muscle activity, elevated cytoplasmic calcium levels convert
Calmodulin into its active conformation, allowing it to bind calcineurin and promote
phosphatase activity on the regulatory region of NFATc1. This exposes nuclear
localization sequences and permits translocation and transcriptional activity. During
periods of rest, calcium levels fall and the phosphorylation at the regulatory region of
NFATc1 outpaces the activity of calcineurin, exposing a nuclear export sequence.
1.5.2- Structural Elements
The primary functional elements of NFATc family members are the Rel homology
domains, controlling DNA binding/coupling to other transcription factors; NESs,
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controlling CRM1/14-3-3 (a receptor mediated nuclear export system) binding of
NFATc1; NLSs, controlling import via the Nuclear Pore Complex; and the regulatory
phosphorylation sites controlling exposure of the NLS/NES sites and binding of CN.
NFATc1 splice variants contain three NLSs, one to two NESs and share a common
regulatory site consisting of two CN binding sites and a serine-rich region (Fig 1.4). The
serine rich region contains highly conserved ser/thr phosphorylation sites, 13 of which
are dephosphorylated by CN in activated NFATc2 and are fully conserved in
NFATc1(73) (Fig 1.5).
The serine-rich region (SRR) is the primary site of NFATc regulation and is targeted by
the kinases Caesin Kinase 1(CK1), Glycogen Synthase Kinase 3(GSK3), and Dualspecificity Tyrosine-phosphorylation Regulated Kinase (DYRK) at rest(70). Adjacent to
the SRR are two CN binding domains(105) which target the phosphatase to the
regulatory domain. This positions CN to oppose the above kinases by Ca2+ dependent
phosphatase activity in the canonical NFATc activation pathway (39, 70, 73, 92).
Dephosphorylation at this site causes the NLS to be exposed and the NES to be
concealed(73).
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Figure 1.5 The Common Functional Regions of NFATc1 Splice Variants.
The primary functional domains of NFATc1 are Rel Homology Domain (RHD) sequences
responsible for DNA and protein interactions in the nucleus. Regulation is focused on
the Serine Rich Region and flanking sequences, although conformational changes can
control nuclear localization/export sequences in other domains. Boxes represent exons.
Modified from (105).
1.5.3- Calcineurin
The Ca2+ dependent phosphatase CN is a highly conserved enzyme, orthologs being
present across eukaryotes from yeast to mammals(89). The active enzyme is a
heterodimer consisting of A and B subunits. The bulk of activity is located on the A
subunit, including phosphatase, autoinhibitory and CaM binding domains. The B subunit
includes 4 EF-hand Ca2+ binding domains and a myristoylation domain, although the
absence of this domain does not appear to affect phosphatase activity. The primary
method of regulatory control is accomplished by Ca2+/CaM binding in the A subunit,
preventing the autoinhibitory domain from occupying the active phosphatase site(42),
while the Ca2+ binding of the B subunit confers additional Ca2+ dependence(89).
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1.5.4- Inducible Kinases
While the activity of CN is generally the dominant factor in determining the NFATc
response to muscle activity, active muscle is also known to induce activity in several
protein kinases. Of particular relevance to the NFATc signaling pathway are the c-Jun
N-terminal Kinases (JNK) and Calmodulin dependent Kinases (CaMK). JNK, a
Mitogen Activated Protein Kinase (MAPK), shows strong activation following activity in
skeletal muscle(2, 3). Like many MAPKs, JNK has a wide variety of downstream
targets, including a target site in the CN binding domain of NFATc1. This activity
strongly inhibits CN-dependent activation of NFATc1(20).
CaMKII is also activated by muscle activity (86), actually sharing an activation
mechanism with CN. While CaMKII does not appear to target NFATc1 itself, there is an
apparent CaMKII target site at CN Ser197 which inhibits CN activity (60) (Fig 1.6).
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Figure 1.6 Posttranscriptional Regulatory Region of NFATc1
The phosphorylation of NFATc1 by GSK3, CK1 and DYRK is directly opposed by the action of
calcineurin. JNK and CaMKII indirectly promote the phosphorylation of these sites by impairing
the ability of calcineurin to bind and phosphorylate NFATc1 through modification of the CN
binding domain of NFATc1 or direct modification of CN itself. The NES/NLS sequences are not
direct targets of any posttranscriptional modifications, but are regulated by conformational
changes resulting from modifications of the SRR/SP repeats. Modified from (105).
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Chapter 2 : Adherent Primary Cultures of Mouse Intercostal Muscle
Fibers for Isolated Fiber Studies1

2.1 Introduction
The bodies of vertebrates include hundreds of skeletal muscles, each involved in
performing different motor tasks at specific anatomical locations. This variety in skeletal
muscles and their functions implies genotypic and phenotypic diversity among skeletal
muscle fibers. In fact, the preferential expression of different muscular protein isoforms
and therefore the existence of distinct muscle fiber phenotypes is one of the main

1

The contents of this chapter have been previously published by Patrick Robison, Erick O. Hernández-Ochoa, and Martin F.

Schneider in the Journal of Biomedicine and Biotechnology (2011).
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determinants of the muscle performance (11, 21). Not only does this diversity manifest in
multiple muscle groups but also a single muscle expresses heterogeneous populations of
slow and fast-type muscle fibers (11, 15). Excitation-contraction coupling properties, the
sensitivity of the contractile apparatus to Ca2+, mechanical power output, shortening
velocity, and rate of ATP hydrolysis are also known to vary greatly from fiber to fiber
(11, 14, 69, 75, 91). The intercostal muscles are an exemplary case of such a
heterogeneous muscle population, making them an attractive model for comparative
studies.
The mechanical functions of the intercostal muscles during ventilation are highly
complex. There are two major division criteria for intercostal fibers: anatomical and
functional. Anatomical divisions are based on location on the internal or external side of
the ribs; functional divisions are based on participation in expiratory or inspiratory
respiration (77). The external intercostals and the parasternal intercostals function in
inspiratory breathing, whereas the internal intercostals have an expiratory function (103).
Although the function of the diaphragm appears to dominate breathing at rest (101), the
intercostal muscles may contribute c.a. 40% of the volume shift by movement of the
thoracic wall (28). During intensified breathing, the contribution of the intercostals
becomes more prominent (48, 71). The lateral internal intercostals are also recruited for a
variety of nonventilatory functions including the cough reflex and speech as well as for
postural support (101).
Previous work estimates that about 60% of the intercostal fibers are slow-type and 40%
fast-type fibers (67, 68). As a result of this diversity, the same preparation can be used to
address many aspects of muscle fiber-type physiology. Also, due to their involvement in
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the mechanics of ventilation and the fact that respiratory pathology is common in several
diseases (e.g., muscular dystrophy, chronic obstructive pulmonary disease, amyotrophic
lateral sclerosis, hereditary polyneuropathies, autoimmune conditions like myasthenia
gravis, muscular paralysis, etc.), intercostal muscles represent a model of high clinical
relevance.
Indeed, in cases where diagnosis and treatment for muscular dystrophy is available,
respiratory arrest has become the critical factor in the majority of fatalities arising from
muscular dystrophy (16, 27). While the vast majority of studies evaluating the function of
the respiratory muscles have used the diaphragm muscle as model of study, information
on the intercostal muscles, in particular at cellular level, is more fragmented (77).
These muscles are also of relevance in Chronic Obstructive Pulmonary Disease (COPD),
given their critical role in manipulating the configuration of the ribs (103) and therefore
the overall morphology of the thorax. In addition to the mechanical reorganization of the
intercostal muscles that results from the inflated thorax common to COPD patients, clear
changes in the expression of myosin heavy chain isoforms have been documented (36).
Here we describe in detail the isolation and preliminary characterization of isolated
adherent intercostals muscle fibers in the common laboratory mouse based on techniques
and methods previously developed by our laboratory for use on other muscles (18, 19, 47,
50, 56, 57, 81). The loading of fluorescent Ca2+ indicators combined with
electrophysiological approaches, including electrical field stimulation of the cultured
muscle fibers using any stimulation pattern desired, and the transfection and
overexpression of fluorescent fusion proteins permit the study of spatiotemporal aspects
of excitation-contraction coupling and biological processes such as excitation-
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transcription coupling. Due to the difficulty encountered in achieving consistent adhesion
of the intercostal fibers to commercial glass-bottom culture dishes, we also include
detailed methods for the construction and preparation of glass-bottom dishes optimized
for such muscle fiber studies. These dishes have improved the reliability and yield of
attached fibers in our preparations several fold. The methods presented here can be
modified to allow culture of intercostal fibers from animal at various ages or from animal
models with specific genetic background. The protocol described here is intended more
generally to provide a flexible new primary cell culture of the as yet poorly characterized,
but clinically relevant muscular group, the intercostals.
2.2 Methods
2.2.1. Animal Use.
All animals were euthanized by CO2 exposure followed by cervical dislocation before
removal of the muscles according to protocols approved by the University of Maryland
Institutional Animal Care and Use Committee.
2.2.2. Dish Construction.
Dishes are constructed from plastic Petri dishes with glass coverslips and sealed using
parafilm. Wells are drilled with an 11/32” bit, cleaned with a razor, and washed with 70%
ethanol (Fig. 2.8(a)–(e)). Multiple wells may be cut per dish to increase plating area (Fig.
2.8(f)); drilling larger holes is not recommended as we have observed that small wells
improve adhesion of the fibers.
Parafilm folded to double thickness is cut using the coverslip as a template (Fig. 2.9). An
unused pencil eraser is useful to hold the coverslip in place, but should be covered with a
piece of scotch tape to minimize transfer of oils to the glass. Coverglass is then heated
lightly on a hotplate with the parafilm facing up until the parafilm becomes transparent
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but not liquid. Dishes are pressed firmly over coverslips to seal each well and then
parafilm is allowed to cool (Fig. 2.9(e)–(g)). Parafilm from the center of the well is cut
out with a scalpel and removed. The seal should be tested with water or media prior to
use.
Prior to use, dishes are sterilized by UV irradiation and spotted with approximately 6 μL
of cold mouse laminin (1 mg/mL). Laminin is immediately covered with 100 μL MEM
and the bottom of each well is lightly scratched with the pipette tip to ensure full
coverage (Fig. 2.9(k) and (l)). After at least 1 hour incubation, liquid is removed from the
wells and dishes are rinsed twice with MEM and covered with 1mL MEM plus 100 μL
MEM per well.
2.2.3. Dissection.
Following cervical dislocation (see animal use), 70% ethanol is used to clean the mouse
and dissection is carried out in a sterile laminar flow hood to prevent contamination of
the culture. Hindfeet are pinned at maximal posterior extension, and forepaws are pinned
at maximum lateral extension with the ventral face of the mouse up (Fig. 2.1(b)). Skin is
cut, posterior to anterior, from the lower abdomen to the throat (Fig. 2.1(c)), and a lateral
incision is made with a scalpel at the posterior end of the cut to pin back the skin (Fig.
2.1(d)). Skin is removed by gently raking the scalpel against the interface between skin
and subcutaneous tissue (Fig. 2.1(e) and (f)) until the vertebral column is nearly exposed.
An incision is made at the anterior end of the abdominal cavity, exposing the liver (Fig.
2.1(g)).When the liver is pulled back, the diaphragm is exposed, although difficult to
visualize. The thoracic cavity may be punctured by following the dorsal face of the
sternum with a scalpel, causing the thoracic cavity to inflate (Fig. 2.1(h)). This makes the
diaphragm easier to see and remove by cutting along the posterior internal edge of the rib
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cage (Fig. 2.1(i)). Once the diaphragm is free, an incision is made along the ventral face
of the sternum and the superficial muscles of the thorax are removed in a similar fashion
to the skin (Fig. 2.1(j)–1(l)). This exposes the intercostal muscles which are then
immediately bathed in MEM to prevent drying. One half of the rib cage is then excised
by using scissors to cut along the sternum (Fig. 2.1(m)) and thoracic vertebrae (Fig.
2.1(n)). The half rib cage is then placed in MEM to rinse away excess debris (Fig.
2.1(o)).
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Figure 2.1 Critical Steps in Gross Dissection of Intercostal Muscles.
(a) Cervical dislocation following CO2 asphyxiation and 70% ethanol wash. (b) Pinning
mouse, ventral face up. (c) First incision from posterior abdomen to throat. (d) Skinning:
pinning back initial flap. (e) Skinning: cutting subcutaneous connective tissue. (f)
Skinning: continue removal to vertebral column. (g) Opening incision at anterior end of
abdominal cavity. (h) Exposed posterior face of thoracic cavity (after puncture). (i)
Removal of diaphragm. (j) Incision along ventral face of sternum. (k) Removal of
pectoral and other muscle groups. (l) Full exposure of ribs. (m) Severing ribs (ventral
face). (n) Severing ribs (dorsal face). (o) Isolated ribs transferred to HBSS for imaging.
Scale is centimeter ruler..
2.2.4. Digestion and Fiber Isolation.
The media used to rinse the ribs is removed and replaced with MEM containing 2mg/mL
collagenase and 5mg/mL dispase which has been passed through a 0.2 μm filter. The ribs
are then incubated at 37◦C and 5% CO2 for 3 hours (older mice may require longer
incubation). Following digestion, the ribs are transferred into MEM supplemented with
10% FBS and the procedure is continued under a dissection microscope. Excess
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vasculature and fragments of nonintercostal muscle fragments are removed with forceps.
A single band of intercostal muscle is isolated with its flanking ribs (Fig. 2.2(a), white
arrows) by pulling the flanking ribs away from the next nearest (Fig. 2.2(a), black
arrows).

Figure 2.2 Dissociation.
Following digestion, ribs are transferred into MEM containing 10% FBS and gentamycin
(a). Rib pair flanking the desired muscle (white arrows) is isolated (b) and transferred
into clean 60mm Falcon Petri dish containing 7mL MEM with 10% FBS and gentamycin.
Fibers are triturated (c) until a significant population of fibers are isolated (d). Fibers
may be aggregated in the center of dish (e) by shaking gently in a circular motion.
FinnTip 250Wide pipette tips are used to plate fibers (f) to prevent damage from fluidic
shearing. Brightfield images of an adhered fiber at low (g) and high (h) magnification.
Scale bars are approximately 1mm (d, e) or 50 μm (g, h).
The isolated rib pair and the intercostal band are transferred to a clean 60mm dish
containing 7mL of MEM supplemented with 10% FBS (Fig. 2.2(b)). Fibers are triturated
using a large bore flame polished pipette (Fig. 2.2(c), Fig. 2.10) until a significant
population of isolated fibers is obtained (Fig. 2.2(d)). If muscle tissue detaches
completely from ribs, a smaller bore pipette may be used. The dish is gently swirled to
aggregate fibers (Fig. 2.2(e)). If large amounts of debris are floating on the surface of the
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media, it may be removed. A wide bore micropipette tip is used to gather 8–12 healthy
fibers per well from the periphery of the fiber cluster. Fibers are plated directly onto the
glass surface in each well of the dishes prepared earlier. Fibers may be damaged or stick
to the interior of the tip. These are removed and replaced; however, overplating can cause
fibers to mutually interfere with attachment and is to be avoided. Large pieces of debris
or dying fibers are removed with forceps if it is possible to do so without disturbing
healthy fibers. After several minutes to allow initial attachment, dishes are transferred to
the incubator overnight to complete attachment. We note that fibers often attach near the
periphery of the dish even when plated initially in the center.
In all cases, fibers are maintained in media without serum following dissociation. The
removal of serum from the media following dissociation of the fibers mitigates gross
morphological changes, proliferation of secondary cells, and some changes in calcium
signaling (12, 13).
2.2.5. Digestion Conditions of Nonintercostal Fibers.
Dispase is omitted from the digestion of both soleus and FDB muscles. FDBs (but not
soleus) may be fully digested in as little as 2.5 hours, particularly if the mouse used is
young. Apart from removal of bone (not required for either soleus or FDB), plating may
proceed exactly as with the intercostal fibers, although a smaller bore pipette may be used
for trituration if desired.
2.2.6. Indo1 Ratiometric Recordings.
Cultured FDB or intercostal fibers were loaded with Indo-1 AM (Invitrogen, Eugene,
OR) at a bath concentration of 2 μM for 30min at 22◦C. Then, the fibers were washed
thoroughly with L-15 media to remove residual Indo-1 AM and incubated at 22◦C for
another 30min to allow dye conversion. The culture dish was mounted on an Olympus
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IX71 inverted microscope and viewed with an Olympus 60x/1.20NA water immersion
objective. Fibers were illuminated at 360 nm, and the fluorescence emitted at 405 and
485nm was detected simultaneously. The emission signals were digitized and sampled at
10 Hz using a built-in AD/DA converter of a EPC10 amplifier and the acquisition
software Patchmaster (HEKA, Instruments). Field stimulation (square pulse, 14V × 1ms)
was produced by a custom pulse generator through a pair of platinum electrodes. The
electrodes were closely spaced (0.5mm) and positioned directly above the center of the
objective lens, to achieve semilocal stimulation. Only fibers exhibiting reproducible and
consistent responses to field stimulation of alternate polarity were used for the analysis.
2.2.7. Fluo-4 AM Ca2+ Recordings.
Fluo-4 AM (Invitrogen, Eugene, OR) loading, high speed line scan x-t imaging on a Zeiss
LSM 5 Live confocal system, and image analysis were all performed as previously
described (81). Fibers were stimulated using parallel platinum field electrodes, with
acquisition of the Fluo4 confocal line scan image synchronized to the field stimulus to
generate a temporal profile.
2.8. Exogenous Protein Expression and Imaging.
The recombinant adenovirus of Glut4-GFP was kindly provided to our laboratory by Dr.
Jeffrey Pessin. The expression plasmid of NFATc1 cDNA was a gift from Dr. Gerald R.
Crabtree. The construction of recombinant adenoviruses of NFATc1-GFP as well as the
procedures for infection with recombinant adenoviruses of single muscle fibers has been
previously described (57). Cultures were maintained inMEM in a 37◦C, 5% CO2
incubator until expression levels were appropriate for imaging, then transferred into
Liebovitz L-15 (GIBCO) for microscope work. Images were taken using an Olympus
IX70 inverted microscope equipped with an Olympus Fluoview 500 laser scanning
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confocal imaging system using an Olympus 60x/1.2NA water immersion objective. A
488nm excitation wavelength and 505nm long-pass emission filter were used to visualize
GFP.
2.2.9. Data Analysis.
Line-scan Fluo4 images were processed using LSM examiner (Carl Zeiss, Jena). GFP and
Glut4-GFP confocal images were processed using ImageJ (NIH, Bethesda, MD, USA;
http://rsb.info.nih.gov/ij/). Indo1 and fluo4 Ca2+ signals and statistical analysis were
conducted using Origin pro 8 (OriginLab Corporation, Northampton, MA, USA).
Summary data were reported as mean ±SEM. Statistical significance was assessed using
parametric unpaired two sample t-test. Differences were considered significant when P
value < 0.05.
Indo1 data was reported as the ratio of fluorescence emission at 405nm to emission at
485nm (indo1 ratio) which correspond to the peak values of the calcium bound and
unbound forms, respectively, or the difference in indo1 ratio between peak and resting
values (Δindo1 ratio). Fluo4 data was reported as the difference between fluorescence
intensity and an average value of fluorescence taken when the fiber was at rest,
normalized to the resting value (ΔF/F0). Data from the NFATc1-GFP fusion protein was
reported as the ratio of fluorescence intensity in the nucleus to the intensity in the
cytoplasm (N/C) in order to correct for variations in expression level between fibers. Raw
data for both Fluo4 and NFATc1 was corrected for background before analysis by
subtracting the intensity measured in a region outside the muscle fiber.
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2.3. Results
2.3.1. Gross Morphology.
The intercostal muscles are composed of two overlapping sheets (inner and outer) of
muscle fibers with roughly perpendicular orientations. Each muscle spans diagonally
between two ribs from the vertebral column to the sternum. Following dissection
connective tissues between muscle and ribs are not readily appreciable at the macroscopic
scale (Fig. 2.1).
2.3.2. Isolating Intercostal Fibers.
The initial attempt to isolate and culture intercostal muscle fibers was based on our
existing protocols for isolating and culturing mouse Flexor Digitorum Brevis (FDB)
fibers (18, 19, 56, 57, 81), which are maintained in commercially available glassbottomed dishes. After an initial development and optimization of dissection and
enzymatic treatment methods, we achieved a high fraction of viable isolated intercostal
fibers. These fibers maintained clear striations and twitch response for several days, but
did not reliably form adherent cultures, even after extensive experimentation with a
variety of substrates derived from extracellular matrix. During the course of unrelated
work, we noted that customized glass-bottomed dishes which we had designed with
smaller diameter wells using a different glass substrate seemed to facilitate attachment in
our FDB model (see Fig 2.8 and 2.9). Plating intercostal fibers in these dishes
dramatically improved the attachment rate and reliability of the culture.
After fiber isolation, our procedure yields a heterogeneous mix of internal and external
intercostal fibers with a successful attachment rate around 50%. Isolated intercostal fibers
(Fig. 2.2) are similar to FDBs in width, but 4-5 times the length. This additional length
makes the fibers susceptible to bends when they are fully attached (see Fig. 2.1(g)).
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Almost all of the whole fibers that attach to the glass display clear striations (Fig. 2.6)
and respond to external electrical field stimulation administered either as single pulses or
repetitive trains with twitching similar to that of FDBs.
In order to examine the general applicability of these dishes, we also used them to plate
fibers from the slow-type soleus muscle, which also displays poor adherence
characteristics (19). Although we used a less stringent digestion procedure, plating was
carried out exactly as for intercostals. The exceptional length of the soleus fibers causes
them to interfere with each other and permits the formation of many bends and kinks
which prevent complete attachment. Nonetheless, the fibers were responsive to electrical
stimulation and adhered securely enough to withstand repeated twitching more than 24
hours after plating. Successful attachment rate was variable between the wells plated, but
overall comparable to the intercostals.
2.3.3. Ca2+ Homeostasis and Electrically Evoked Ca2+ Transients in Intercostal
Fibers.
Primary cultured intercostal fibers retain many properties of native fibers, including
contractions and Ca2+ transients in response to electrical field stimuli (Fig. 2.3, 2.4, and
2.5). A brief comparative study between intercostal fibers and the established FDB
isolated fiber model was also conducted (Fig. 2.3, 2.4, and 2.5). First, we sought to
evaluate Ca2+ handling properties in single, intact indo1-loaded intercostal (n = 8) and
FDB (n = 16) muscle fibers stimulated by an action potential (AP) elicited by a 1ms
electric field stimulus (Fig. 2.3).While resting indo1 ratio prior to stimulation was not
significantly different between intercostal (0.45 ± 0.02; n = 11) and FDB fibers (0.49 ±
0.01; Fig. 2.3(a) and 3(b); n = 9, P = 0.12), the peak of the indo1 Ca2+ transient following
a single AP (Δindo1 ratio) was significantly smaller in intercostal fibers than in the FDB
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fibers (intercostal = 0.40 ± 0.04, FDB = 0.61 ± 0.04, P = 0.0015, Fig. 2.3(c) and 3(d)).
These results suggest that intercostal fibers exhibit a decreased AP-evoked Ca2+ release.
To allow better temporal resolution of the Ca2+ transients, we next monitored fluo-4
transients during repetitive stimulation of intercostal and FDB fibers using an ultra high
speed (100 μs/line) confocal microscope in line scan mode. Fig. 2.4 illustrates
representative x-t confocal images and corresponding fluo4 Ca2+ transients, expressed as
ΔF/F0, from an FDB (Fig. 2.4(a)) and an intercostal (Fig. 2.4(b)) fiber during a 5-second
10 Hz train. Line-scan fluorescence images were obtained along a line perpendicular to
the long axis of the fiber (Fig. 2.4(a) and (b), top panels). Successive vertical lines in each
image reveal the time course (left to right; middle panels) at 100 μs resolution of the
fluorescence signal along the scanned line before and during the repetitive stimulation.
Bottom panels in Fig. 2.4(a) and (b) show the time course of the fluo4 fluorescence. Fig.
5 shows average responses from FDB (red trace; Fig. 2.5(a)) and intercostal (green trace;
Fig. 2.5(b)) fibers stimulated by a 5-second 10 Hz train. Consistent with the Indo-1 data
(Fig. 2.3), fluo4 Ca2+ transients appear suppressed in intercostal fibers (Fig. 2.5(b)) in
comparison to those observed in FDB fibers (Fig. 2.5(a)).
However, the intercostals are able to maintain a more consistent level of calcium release
during repetitive stimulation (Fig. 2.5(b)). By normalizing the traces elicited by the 10 Hz
trains to the amplitude of the first fluo4 transient in their respective train, the relative
differences in Ca2+ transient summation as well as the properties of decaying phase
during the train can be appreciated (Fig. 2.5(c)). Both intercostal and FDB fibers showed
an initial increase in the peak amplitude during the 10 Hz train protocol, exceeding the
peak value of the initial stimulation until 2 and 0.5 seconds, respectively (Fig. 2.5(c)).
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Additionally, the relative amplitude of the Ca2+ transients during the 10 Hz train declines
more slowly in intercostal fibers (Fig. 2.5(c)).
Unexpectedly, subpopulations reflecting an anticipated difference between fiber types
were not observed in the intercostal fibers. However, we suspect that this is not due to
genuine homogeneity, but rather a limitation of the calcium ion equilibration kinetics of
fluo-4 in distinguishing such sub-populations, which may be quite similar.
These results lead us to conclude that adherent cultures of intercostal fibers are a new and
unique model for the study of Ca2+-signaling pathways at the cellular and subcellular
levels by using ultrafast confocal imaging combined with Ca2+-sensitive fluorescent
probes.

32

Figure 2.3 Intercostal fibers exhibit decreased peak amplitude of the Indo-1 Ca2+
transient following a single action potential.
(a) Average Indo-1 ratio Ca2+ transients from FDB (red trace; n = 9) and Intercostal
(ITC; green trace; n = 11) fibers. Isolated fibers were stimulated with field electrodes at
time zero and emission ratio was examined. (b) Bar plot summarizing resting Indo-1
ratio averages of FDB and ITC fibers. No significant differences in resting indo1 ratio
were detected between groups (P = 0.12). (c) Traces from panel (a), expressed as Δindo1 ratio (Indo1 ratio—Indo1 ratio at rest). (d) Bar plot representation of peak ΔIndo-1
ratio shown in (c), FDB = 0.61 ± 0.04, n = 9; ITC = 0.40 ± 0.04, n = 11; ∗P = 0.0015.
Error bars in (d) are the SE values. ITC fibers displayed significantly reduced Ca2+
transients when compared with FDB fibers.
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Figure 2.4Fluo4 Ca2+ transients elicited by field stimulation in intercostal and FDB
fibers.
Representative line-scan images of Ca2+ transient responses in FDB (a) and intercostal
(b) fibers to a 5 sec 10Hz train of field stimulation applied at time zero, performed with
nonratiometric fluo-4 AMloaded fibers and assayed with high-speed confocal line scan
microscopy (100 μs/line). Images in top of panels (a) and (b) show xy images of FDB and
intercostals fibers to indicate the location of the scan line, scale bar is 20 μm. Note that
fluo-4 signal at rest in these fibers is very low. Traces under the images are the time
courses of the fluo4 Ca2+ transients. The white lines in the time domain images indicate
the region of interest drawn at the center of the fiber and used to calculate the change in
fluorescence in response to field stimulation. Data presented as ΔF/F0. Fluorescence was
detected with a Zeiss LSM 5 Live ultrafast confocal system based on an Axiovert 200M
inverted microscope. Fibers were imaged with a 63x/NA 1.2 water immersion objective
lens. Excitation for fluo-4 was provided by the 488nm line of a 100mW diode laser, and
emitted light was collected at >510 nm.
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Figure 2.5Comparison of electrically evoked Ca2+ transients between intercostal and
FDB fibers.
Average fluo4 Ca2+ transient from FDB ((a), red trace; n = 9) or intercostals fibers ((b),
ITC, green trace; n = 9) in response to 5 sec 10 Hz train field stimulation. Traces in (c)
were normalized to the amplitude of the initial response. At the end of the 5 sec train, ITC
fibers demonstrated significantly smaller relative decrease of Ca2+ transient amplitude
compared to FDB counterparts (P < 0.05). ITC muscle fibers exhibit decreased peak
amplitude of the fluo-4 Ca2+ transients in response to a single field stimulus; however,
the intercostals are able to maintain consistent levels of calcium during repetitive
stimulation. Fluorescence was detected as in Figure 2.4.
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2.3.4. Expression of Exogenous Proteins.
In order to assess the viability of the intercostal cultures for imaging studies utilizing
fluorescent proteins, fibers in culture were exposed to crude lysates of recombinant
adenoviral vectors expressing GFP. Exposure to virus was carried out overnight,
beginning immediately after plating. Vector dosage was calibrated by expression levels in
similarly treated FDB fibers. Cultures were maintained in an incubator to allow
expression prior to imaging. Expression of GFP was robust after 48 hours and did not
appear to damage the fibers, which maintained clear striations (Fig. 2.6(b) and (d)).
We also exposed other cultures to a viral vector expressing a Glut4-GFP fusion protein.
Expression continued through 96 hours (Fig. 2.6(g)). Glut4-GFP was expressed in
intercostal fibers in puncta both around the nucleus and in lines parallel to the axis of the
fiber (Fig. 2.6(e) and (g)). This distribution is similar to what we observe in FDB fibers
infected with the same construct, as well as the distribution of the native transporter
characterized by immunofluorescence(76), although we observe weaker striations,
presumably due to lack of exposure to insulin during the culture period reducing the
Glut4 present in the transverse tubule system.
Finally, we exposed the fibers to a viral construct expressing a NFATc1-GFP fusion
construct. NFATc1 is a transcription factor canonically regulated by the calcium
dependent phosphatase calcineurin (23, 84). Typically resting FDB fibers exhibit low
translocation of NFATc1 into the nucleus (Fig. 2.7(a), (b), and (c)) (57). Unexpectedly,
ITC fibers exhibited a higher nuclear distribution ofNFATc1-GFP at rest (Figures 2.7(d),
(e), and (f)) when compared to FDB fibers (Fig. 2.7(a), (b), and (c)). The resting
nuclear/cytosolic (N/C) ratio of NFATc1 was significantly elevated in intercostal fibers
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(Fig. 2.7(g)) compared to FDB (1.38 ± 0.05, n = 102 nuclei versus 0.51 ± 0.01, n = 42
nuclei, resp.; P < 0.05).

Figure 2.6 Overexpression of foreign proteins in intercostal fibers in culture.
FDB (a, b, e, f) and intercostal (c, d, g, h)muscle fibers expressing either GFP (a–d) or a
Glut4-GFP fusion construct (e–h). Scale bars are 50 μm (b, d) or 25 μm (f, h). Images
were acquired as in Figure 4 for panels (a–d) or with an Olympus FluoView 500
confocal system, built on an Olympus IX71 inverted microscope for panels (e–h). Fibers
were imaged viewed with a UPlan Apo 60x/NA 1.20 water-immersion objective lens
using 488 nm excitation (Multiline Argon laser) for GFP with emission detected with
505nm long-pass filter. Photobleaching and photodamage were reduced by operating the
lasers at the lowest possible power that still provided images with satisfactory signal to
noise ratio. Brightfield images in panels (b, d, f, h) were adjusted for improved contrast
using ImageJ.
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Figure 2.7NFATc1-GFP distribution in intercostal and FDB fibers.
FDB (a–c) and intercostal (d–f) fibers expressing NFATc1-GFP imaged at rest after 3
days in culture. Scale bar, 5 μm. Nuclei in intercostal fibers exhibit significantly elevated
levels of NFATc1 when compared to FDBs cultured under the same conditions (g), N/C
ratio of NFATc1-GFP in ITC = 1.38 ± 0.05, n = 102 nuclei versus 0.51 ± 0.01, n = 42
nuclei, in FDB fibers, P < 0.05). Fluorescence was detected as in Figure 2.6.
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2.4. Discussion
Adult skeletal muscle fiber culture currently focuses on only a handful of the myriad
available muscles in the body, extrapolating from the few established culture systems like
the FDB to the body as a whole. While it is generally true that various skeletal muscles
resemble one another, there is significant divergence among them with respect to their
physiology and the expression levels and isoforms of many muscle specific and
metabolic proteins (11, 69, 75, 91). This is dramatically illustrated by the high specificity
of pathology in many skeletal muscle disease states resulting from defects in specific
genes (e.g., the disproportionate targeting of facial, shoulder, and limb muscles in
facioscapulohumeral muscular dystrophy or the extremities in distal muscular dystrophy
(27)).
The intercostal fiber cultures introduced here themselves appear to be nearly as versatile
as the more established FDB cultures. While we have not yet used intercostal cultures in
applications requiring large numbers of adherent fibers, they have proven viable for a
wide variety of single fiber experiments, even after several days in culture. Previous work
related to the physiology of intercostal muscles comes from studies utilizing organ
culture of intact muscle fiber bundles (17, 24, 88, 111, 112). Whereas intercostal muscle
fiber bundles offer the advantage of preserving nerve-muscle interactions, as with many
organ culture systems it may not be well suited for single cell electrophysiology and high
spatial resolution imaging. Furthermore, the ability to mimic stimulation patterns that
may be experienced by the muscle during stressed states in vivo (such as hyperventilation
or coughing) at the single muscle fiber level offers the opportunity to isolate the response
of the muscle from that of the surrounding tissue in a manner not possible with organ
culture methods. A variant of the single intercostal fiber isolation was described
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previously and was used to study satellite cell differentiation cocultured with nonadherent
intercostal fibers derived from goats (110). While these methods are valuable, the
availability of adherent single fiber models for imaging and electrophysiology
substantially expands our ability to study these muscle types.
The value of studying each skeletal muscle as a separate tissue is demonstrated by our
unexpected observation of spontaneous accumulation ofNFATc1 in the nuclei of resting
fibers. It is clear that studies using only a few particular skeletal muscles risk overlooking
interesting phenomena. Given the complexity of transcriptional regulation, the
heterogeneous nature of the physiology and molecular biology of various skeletal
muscles and the diverse tissues which surround them, we suspect that examining a wider
variety of muscles specifically relevant to individual diseases in controlled in-vitro
settings will prove fruitful.
Our culturing of intercostal muscles aims to do this not only by providing a particular
model system specifically relevant to the pathology of COPD and the respiratory
complications of the muscular dystrophies (16, 27), but also by improving the general
techniques of adherent isolated muscle fiber culture. If these techniques are optimized for
poorly adhering muscle types, generating cultures from any muscle in the body may
become substantially easier, and using the most relevant tissue in a given disease model
may become routine.
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Figure 2.8: Drilling Wells
An 11/32” bit (A) was used to drill the bottom face of a 35mm Falcon Petri dish (B). This
configuration results in the plastic burr on the outside of the dish (C) where it can easily
be removed (D). Following burr removal dishes are washed in 70% ethanol (E). If
increased plating area is desired, extra wells may be drilled (F) rather than increasing
the diameter.
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Figure 2.9 Sealing Wells and Laminin Coating
Materials (A). Parafilm is folded to double thickness (B) and then cut with razor using
the coverglass as a template. A pencil eraser serves to immobilize the coverglass during
cutting (C). Finished Parafilm discs (D) are placed over coverglass on a hotplate at a
low setting. When ready, Parafilm transitions from opaque (E, right) to transparent (E,
left), but should not become liquid. The previously drilled Petri dish is pressed over the
Parafilm (F) to seal the well and then allowed to cool. A scalpel cover (G) is used to
support the coverglass while the Parafilm inside the well is cut (H) and removed (I). The
finished dish (J) should be tested with water or buffer for several hours prior to use. 6μl
laminin stock (at 1mg/ml) is plated cold onto bare glass in each well (clear droplet, K).
Cold MEM is used to cover laminin (K) and the glass is scratched gently with a pipette
tip to ensure adequate diffusion to the entire surface (L). Dishes are allowed to sit for at
least one hour prior to removal of laminin solution and rinsing with MEM.
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Figure 2.10 Trituration Pipettes
From left to right: Large bore, useful for samples containing pieces of bone; medium
bore, useful for fragile samples free of bone (soleus, deboned intercostal); small bore,
used only for short muscle fibers/small cells (FDB, non muscle tissue).
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Chapter 3 : Impaired Function of Respiratory and Limb Skeletal
Muscle in a Mouse Model of Chronic Obstructive Pulmonary Disease
3.1 Introduction
Chronic Obstructive Pulmonary Disease (COPD) is characterized by a complex,
persistent progression of emphysema and obstructive bronchitis. The disease currently
ranks as the third leading cause of death worldwide and is expected to remain a critical
factor in global mortality rates for decades to come(59, 65). Patients suffering from
COPD also lose skeletal muscle mass, become physically inactive(95) and accrue
disproportionate care and hospitalization costs(99). Muscle wasting is a significant
determinant of COPD-related mortality, even when adjusted for lung function (100).
While the primary pathological changes associated with COPD take place in the
pulmonary tissue, the disease initiates a wide variety of secondary, systemic effects that
exacerbate the primary symptoms(5, 61). Reduced respiratory capacity leads to hypoxia
and hypercapnia. Muscles under hypercapnic conditions exhibit reduced
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contractility(104). Systemic hypoxia and loss of capillary capacity(108) can,
paradoxically, lead to production of additional excess reactive oxygen species (ROS),
damaging the fibers and reducing the metabolic capacity of skeletal muscle(22). COPD
is also associated with systemic inflammation(32), and both inflammation and excess
ROS can contribute to general muscle atrophy processes(8, 79). Apart from the
performance of muscle itself, hyperinflation of the lungs rearranges the geometry of the
respiratory muscles to mechanical disadvantage(72, 74).
The aggregate of these effects leads to poor muscle performance and muscle wasting.
The loss of muscle function persists even after measures to correct pulmonary damage
such as lung transplant(61), suggesting that muscle dysfunction is not directly caused by
reduced lung function in COPD patients. In fact, impaired lung function is only weakly
associated with reduced exercise capacity (106). Examination of these effects is
complicated by a positive feedback loop; the loss of muscle strength contributes to
physical inactivity(38), and reduced activity is known to induce muscle wasting in
models such as casting, tendon cutting and denervation, though the underlying pathways
are diverse(8). There is some evidence that training can improve respiratory
function(41), although it is unclear if this effect is corrective or compensatory.
Functional data on the respiratory muscles is rare compared to data on the lower
limbs(35), in spite of the central role of respiration in COPD. Several previous studies
examining respiratory skeletal muscles have not shown significant dysfunction in the
respiratory muscles of COPD patients(62, 63), although there is also indication that
respiratory failure is associated with decreased inspiratory pressure(83). Thus, the role of
respiratory muscle function in COPD-related lung function decline remains unclear.
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The interconnected systemic effects of COPD make examination of respiratory muscle
function in vivo more difficult. Here we examine functional parameters of intercostal
muscle fibers isolated from a murine model of cigarette smoke-induced COPD. Removal
of these muscles from the body allows the examination of changes intrinsic to the
muscles themselves, perhaps shedding light on changes in muscle performance in the
broader context of the disease.
This study was intended to test the hypothesis that functional defects are present in the
respiratory muscles themselves, specifically in the excitation-contraction (E-C) coupling
process, independent of the broader and more complex systemic problems associated
with COPD. The E-C coupling process involves a series of sequential steps that link
muscle excitability, protein-protein mechano-transduction between surface sarcolemma
channels and internal sarcoplasmic reticulum (SR) channels, SR Ca2+ release and muscle
contraction(3, 24). To test the effects of chronic cigarette smoke exposure on E-C
coupling, we conducted three sets of experiments on intercostal (ItC, respiratory skeletal
muscles located between the ribs) and flexor digitorum brevis (FDB, locomotor muscles
responsible for the flexing of the hind toes) muscles. In the first, we measured various
parameters of calcium release in single isolated muscle fibers under electrical field
stimulation, which induces an action potential and subsequent contraction. The second
set of experiments examined calcium release induced by pharmacological activation of
internal calcium channels in single isolated fibers, bypassing several early steps in E-C
coupling. In the final set of experiments we used tissue lysates to measure the levels of
two critical calcium channels (Cav1.1, the skeletal muscle L-type Ca2+ channel, and
RyR1, the skeletal muscle sarcoplasmic reticulum Ca2+ release channel, and two
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accessory Ca2+ signaling proteins (S100A1 and Calmodulin (CaM)) involved in E-C
coupling.
The results of these experiments in intercostal muscle fibers from a cigarette smokeinduced COPD model indicate that, although a reduction in the amplitude of action
potential induced Ca2+ transients is readily detectable in cultured muscle cells,
significant changes in releasable calcium or the expression levels of the specific E-C
coupling proteins Cav1.1, RyR1, S100A1 and CaM were not detected. To our knowledge
this is the first work in which these direct approaches have been used to address the in
vitro functional status of adult intercostal muscle from a murine COPD model.
3.2 Methods
3.2.1 ModelTen week old male C57BL/6 mice were exposed to cigarette smoke for 6 months, using
the TE-10 whole body cigarette smoking machine (Teague Enterprises, Inc). Mice were
exposed to the smoke of 3R4F reference cigarettes (University of Kentucky) for five
hours per day, five days per week, and concentration of total suspended particulates was
maintained at 150 mg/m3. Previous studies indicate that this exposure is sufficient to
induce alveolar destruction and airspace enlargement, which are hallmarks of
emphysema. The procedures for isolating single muscle fibers were previously
described(85). In brief, ItC and FDB muscles were dissected and enzymatically digested,
then mechanically triturated with a polished glass pipette. Resulting fibers were
maintained suspended in MEM supplemented with 10% fetal bovine serum (FBS) until
plating on laminin coated dishes or use in releasable calcium experiments. In all cases
isolated fibers were kept in an incubator at 37°C under 5% CO2 until dye loading.
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Control animals of the same strain were housed in similar conditions, but received no
exposure to smoke. Muscles for tissue lysates were frozen in liquid N2 and then stored at
-80°C until ready for use.
3.2.2 Calcium TransientsIsolated fibers were maintained for 12-48 hours in plain MEM after plating on laminin
coated dishes. Prior to imaging, fibers were loaded with the AM form of indo-1 or
magfluo-4 at 1 µM in L-15 supplemented with 0.25% bovine serum albumin. Loading
was allowed to proceed at room temperature for 30 minutes followed by dye washout and
30 minutes of conversion time to allow the dye signal to stabilize. Fibers loaded with
magfluo-4 were imaged on a Zeiss LSM 5 Live confocal microscope operating in linescan mode with a sampling rate of 10000 Hz with a 63x water immersion objective and
excited with a 488nm laser. Fibers loaded with indo-1 were recorded on an Olympus
IX71 inverted microscope and viewed with an Olympus 60x water immersion objective.
Fluorescence emission was detected at 405 and 485nm simultaneously, using two parallel
PMTs with a sampling rate of 2000 Hz. Excitation light from a broadband UV source
was filtered through a 380+/-10 nm bandpass filter and emission was split using a
dichroic mirror and passed through either a 405+/-10 or 485+/-10 nm bandpass filter.
Electrical field stimulation was provided in 1ms pulses through platinum electrodes.
3.2.3 Releasable CalciumReleasable calcium was measured in grease (Chemplex 825, Fuchs Lubritech) embedded
fibers with a method modified from earlier studies(80). Because long-term fiber survival
in grease is poor, isolated fibers were maintained for 12-48 hours in suspension in MEM
supplemented with 10% FBS rather than plating. Fibers were then transferred in batches
to L-15 supplemented with 0.25% BSA and 2 µM fluo-4 FF AM. Prior to recording,
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single fibers were transferred to grease-coated channel-well plates and partially
embedded using a 20% FBS/grease mixture in a method modeled after grease gap
experiments(45) under Ca2+/Mg2+ -free HBSS containing 100µM BTS. Plates were then
transferred to a Zeiss LSM 5 Live confocal microscope equipped with a gravity-fed
perfusion apparatus. Imaging of the exposed portion of the fiber began under perfusion
with Ca2+/Mg2+ -free HBSS containing 100µM BTS at 1Hz in frame mode and continued
for a 30 second control period, followed by a switch to perfusion with Ca2+/Mg2+ -free
HBSS containing 100µM BTS, 1mM 4-chloro-m-cresol (4CMC, a RyR Ca2+ release
agonist) and 5µM cyclopiazonic acid (CPA, a SERCA pump inhibitor). Releasable
calcium was recorded as the change in fluorescence from the control level to the first
peak following administration of 4CMC.
3.2.4 Western BlotsFrozen muscles were ground with a pestle under TPER lysis buffer supplemented with
protease inhibitors and kept on ice with periodic agitation for up to 3 hours until tendons
were clean. Insoluble debris was removed by centrifuging samples at 4°C for 10 minutes
at 5000 RPM. The supernatant was removed and concentration was estimated by
Nanodrop. Approximately 30 µg per lane was denatured at 74°C for 10 minutes and
loaded onto precast 3-8% polyacrylamide gels under reducing conditions. After transfer,
membranes were blocked in 5% milk with 0.1% Tween, then cut according to molecular
weight so that samples could be normalized to proteins run in the same lane. Membrane
sections were incubated overnight in primary antibodies. Primary antibodies were
washed out, then secondary fluorescent antibody was applied for one hour and washed
out. All antibodies used are commercially available as follows: α-actin: Santa Cruz
(Santa Cruz Biotechnology, Dallas, TX, USA) sc-58671; RyR: Thermo (Thermo Fisher
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Scientific, Rockford, IL, USA) MA3-925; Cav1.1: Thermo MA3-920; S100A1: Thermo
MA1-23594; CaM: DSHB 23-132-27-s; Secondary (fluorescent) antibody: Invitrogen
a21235. Membranes were imaged on a Typhoon FLA 9500 biomolecular imager. Bands
were measured using ImageJ, following automated background subtraction.
RyR/Cav1.1/S100A1/CaM bands were normalized to the skeletal muscle (α) actin band
from the same lane and to the average of the control samples.
3.2.5 Data AnalysisAfter initial processing in ImageJ (U. S. National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/), data was handled in Origin (OriginLab
Corporation Northampton, MA, USA). Significance of measurements carried out on
calcium transients was determined by unpaired t-test. Significance of measurements of
calcium handling proteins was carried out by ANOVA, followed by pairwise unpaired ttests. Bonferonni multiple comparison correction was used to adjust the significance
threshold within each experiment. Adjusted p-value thresholds are indicated as p< or p>
the corrected value.
3.3 Results
3.3.1 Calcium TransientsCalcium transients are the key signaling mechanisms between incoming action potential
signals and force output. We recorded calcium transients in response to electrical field
stimulation to trigger action potentials with fluorescent calcium indicators. Using the
ratiometric Ca2+ indicator indo-1, we found no difference in the levels of cytoplasmic
calcium in resting ItC and FDB fibers derived from COPD model muscles compared to
control muscles (Fig. 3.1). However, the peak Ca2+ levels during the calcium transient
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elicited by electrical stimulation were significantly reduced in both FDB (Fig. 3.1C, D;
p= 0.0022) and ItC (Fig. 3.1A, B; p= 0.0088) fibers derived from COPD animals.
We then examined the decay phase of the calcium transients, using the more rapidly
equilibrating Ca2+ indicator magfluo-4. Measuring the time required to decay to half
peak after normalizing to the peak ΔF/F0 of the calcium transient, we found no change in
the time of decay to half peak in either ItC (Fig. 3.2D; p=0.22) or FDB fibers (Fig. 3.2F;
p=0.18).
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Figure 3.1 Calcium Transient Magnitude
Fibers loaded with the ratiometric calcium indicator indo-1 were subjected to single
electrical field stimuli, resulting in single calcium transients. ItC (A, B) and FDB (C, D)
fibers maintain resting calcium levels after smoke treatment, but the peak of the calcium
transient is significantly reduced in both ItC (p=0.0088, <0.0125) and FDB fibers
(p=0.0022, <0.0125). Error bars show SEM.
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Figure 3.2Calcium Decay Phase
Fibers loaded with the fast equilibrating calcium indicator mag-fluo 4 were subjected to
single electrical field stimuli, resulting in single calcium transients recorded as highspeed linescans. (A) A single linescan showing example region of interest (red box). Raw
intensity profiles (B) are bleach corrected, normalized to peak intensity and have prepeak period removed before generating average traces of the decay phase (C, E).
Average traces reveal only minor differences in decay kinetics of smoking and control ItC
(C) and FDB (E) fibers, and measurements of decay time from peak to half-peak was
determined from individual normalized traces showed no significant differences due to
smoke in either ItC (D, p=0.22, >0.025) or FDB (F, p=0.18, >0.025). Error bars show
SEM.
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3.3.2 Releasable CalciumThe observed reduction in the amplitude of the calcium transient among cigarette smokeexposed mice might result from either a deficit in the amount of calcium available for
release or impaired transduction of the voltage signal to the SR. To determine whether
chronic cigarette smoke exposure results in reduced calcium pools in SR, we assessed
maximal calcium release after stimulation with the RyR agonist 4CMC. Neither FDB nor
ItC fibers showed significant differences in releasable calcium in COPD compared to
control fibers (Fig 3.3).
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Figure 3.3 Releasable Calcium
Fibers were embedded in grease (A) and loaded with the calcium indicator fluo-4 FF (B).
Partial embedding in grease prevents movement out of frame during direct perfusion with
RyR agonist 4CMC. Fluorescence intensity was recorded during perfusion at a single
region of interest within the fiber and the peak response for each fiber was recorded (C).
There were no significant differences due to smoke exposure in either intercostal
(p=0.34, >0.025) or FDB (p=0.23, >0.025) fibers (D). Error bars show SEM.
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3.3.3 Cav1.1/RyR1 complexAlternately, the reduced magnitude of the calcium transient might be explained by a
defect in the Cav1.1/RyR1 complex. These channels are responsible for transduction of
the voltage signal on the plasma membrane to the calcium stores of the SR. Recent work
from our laboratory has shown that the calcium binding proteins S100A1 and CaM
modulate the activity of the RyR1 calcium release channel(81, 109). Levels of RyR1,
Cav1.1 and the RyR accessory proteins S100A1 and CaM were measured in tissue lysates
prepared from COPD and control animals and normalized to α-actin measured in the
same lane. ANOVA of the intercostal samples indicates no significant relationships
between COPD and the E-C coupling proteins we examined. Although sample quality
did not permit measurement of Cav1.1 in the FDB, a similar analysis in that muscle
shows a significant interaction (p=0.0092) between smoking and E-C coupling proteins,
however post-hoc pairwise comparisons of the individual proteins examined in smoking
and control animals did not reach the adjusted significance threshold (Fig. 3.4).
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Figure 3.4 Western Blots of COPD Muscle
Sample western blots of RyR (A), CaV1.1(B), skeletal muscle actin (C), S100a1 (D) and
calmodulin (E). Quantification (F, G) of each band after background subtraction was
normalized to skeletal muscle actin from the same lane, then to control (air) samples in
the same blot. A two-way ANOVA of the intercostal samples (F) did not detect any
significant interactions between smoke and changes in the level of EC coupling proteins
(p=0.95702). Similar analysis of the FDBs did detect an interaction between smoke
treatment and changes in the levels of EC coupling proteins (p=0.00915, <0.025), but
pairwise testing of each protein did not reveal any significant differences (p>0.00714).
Error bars show SEM.
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3.4 Discussion
3.4.1 OverviewSkeletal muscle plays a critical role in respiration. In the case of COPD, muscle
weakness or fatigue can compound the dysfunction of an already damaged respiratory
system. Understanding the role that respiratory skeletal muscle plays in COPD requires
some understanding of the degree to which defects in muscle function depend on the
myriad systemic problems associated with COPD. Currently, the respiratory skeletal
muscles are an understudied aspect of COPD(35) and studies which do examine them do
so in-vivo(62, 63), where the systemic context of the disease complicates interpretation.
In this study, we demonstrate a defect in respiratory muscle function which is persistent
outside of the systemic inflammation, hypoxia, hypercapnia and geometric rearrangement
associated with subjects suffering from COPD. To the best of our knowledge, this
represents the first such demonstration.
3.4.2 Reduction in calcium transientsThe importance of the calcium transient in skeletal muscle cannot be overstated. Not
only is the calcium-troponin complex the last signal carrier in the E-C coupling chain, but
the calcium-calmodulin complex also serves as the primary way in which the muscle
fibers monitor their own activity and initiate adaptive transcriptional programs to
optimize their functionality. In the first case this translates to a simple loss of the ability
to produce force when stimulated. In the second case, this may change fiber types and
interfere with the exercise induced hypertrophy pathway(6).
3.4.3 Calcium StoresCompromised internal calcium stores are a possible explanation for reduced calcium
transient magnitude(87), but the lack of change in releasable calcium under
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pharmacological stimulation indicates that the calcium stores of fibers from the COPD
animals remain intact. This is supported by the close similarity in the decay phase of the
calcium transients in both groups and the absence of any change in the resting calcium
levels.
3.4.4 Cav1.1-RyR complex and regulatory proteinsThe lack of change in releasable calcium also suggests that the defect in the calcium
transient is due to the calcium channels which control release of calcium from those
stores. It should be noted that the Cav1.1-RyR complex is a large and complicated
assembly with at least 22 members (52, 97) and the mere presence of the core proteins of
the complex does not demonstrate a functional calcium release apparatus. While we did
not observe significant changes in the levels of the RyR, Cav1.1, S100A1 or CaM
specifically in either ItC or FDB tissue, it should be noted that there is a significant
interaction in the response of the components of this assembly which we examined with
smoke treatment in the FDBs, likely driven by the strong trend toward degradation
observed in the RyR itself. While this trend is not itself significant, it suggests that the
RyR plays some role in the dysfunction of peripheral skeletal muscle E-C coupling. This
differs from the results in the ItC, suggesting that while ItC and FDB muscles share a
functional defect in COPD, the underlying mechanisms may be different.
3.5 ConclusionsThe weakening of Ca2+ signaling represents a significant impairment to the function of
skeletal muscle, present in both respiratory and locomotor muscles. Although we are
unable to propose a specific mechanism from the data available, we note that in
locomotor muscles at least, the RyR-Cav1.1 complex is sensitive to the effects of
cigarette smoke. We suspect that the defect lies in the RyR-Cav1.1 complex for both
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muscle types; either through post-translational modifications (e.g., ROS-dependent
oxidation) or the effects of one of the many other accessory proteins known to be
included in this complex and believe that this complex may be a fruitful area of future
study. Whatever the mechanism, it is clear that our results demonstrate a deficit in
excitation-contraction coupling of the intercostal muscle fibers and this deficit may
impact the clinical trajectory of the disease.
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Chapter 4 : Atypical NFATc1 Translocation in Intercostal Muscle
Fibers
4.1 Introduction
The functional adaptability of skeletal muscle is an elegant regulatory phenomenon,
coupling transcriptional adaptation to the particular functional pattern of the role to which
the muscle is adapting. The cellular events coupling excitation and contraction with
transcriptional activity are known collectively as excitation-transcription (E-T)
coupling(40, 43). This process is perhaps best illustrated by cross-reinnervation(4, 98)
studies in which the target muscle begins to take on the properties of the host
motorneuron. However there is also a substantial effect of muscle lineage which limits
the degree to which a muscle is capable of adapting to a new activity paradigm. This has
been noted in adult muscle(34, 46), but lineage effects can also be observed early in
developmental stages(26).
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The NFATc transcription factors in skeletal muscle are primarily regulators of muscle
fiber type transformation(57, 66, 92). NFATc1 splice variants are the dominant isoforms
in skeletal muscle, expressed as several splice variants with very similar
activation/inactivation domains(105). Activation of NFATc1 is determined by the
phosphorylation state of a serine rich region (SRR) including 13 regulatory
phosphorylation sites(20) and at least 3 serine-proline repeats (SP repeats) forming a
phosphorylation-dependent target for the isomerase Pin1(55). The phosphorylation of
these sites controls a conformational change, exposing nuclear localization sequences
when dephosphorylated and nuclear export sequences when phosphorylated(73) (Fig
4.1). This site is the subject of a complex dynamic equilibrium through which NFATc1
is regulated by kinases and phosphatases. At rest, the equilibrium is dominated by the
kinases Caesein Kinase 1(CK1), Glycogen Synthase Kinase 3(GSK3), and Dualspecificity Tyrosine-phosphorylation Regulated Kinase (DYRK)(70), ensuring
phosphorylation and therefore nuclear exclusion/transcriptional inactivity. During
muscle activity, the Calmodulin-dependent phosphatase Calcineurin (CN) strips
phosphates from serine residues within the SRR/SP repeats and permits NFATc1
translocation and transcriptional activity. It should be noted that the activation of NFAT
is not a broad response to calcium signaling. Indeed, it has been known for some time
that the NFAT pathway is capable of distinguishing calcium signals of similar magnitude
by frequency (66, 92), an ability that is critical to appropriate adaptive responses.
Regulation of CN is primarily by relief of autoinhibition upon Ca2+ dependent binding to
CaM(42), although some additional Ca+2 dependence may be conferred by the B
subunit(89). Adjacent to the SRR of NFATc1 are two CN binding domains(105),
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responsible for targeting the Ca2+/CaM dependent phosphatase activity to the SRR,
permitting the activation of the canonical NFATc1 activation pathway (39, 70, 73, 92).
Muscle activity is also known to promote the activity of several protein kinases,
providing additional layers of potential regulation. The c-Jun N-terminal Kinases (JNK)
and Calmodulin dependent Kinases (CaMK) may be particularly relevant. JNK, a
MAPK, shows strong activation following activity in skeletal muscle(2, 3). Although
JNK, like many MAPKs, is somewhat promiscuous, it is of relevance to the activation of
NFATc1 by phosphorylation of sites in the CN binding domains flanking the SRR. This
results in inhibition of the interaction of CN with the transcription factor and inactivation
of NFATc1(20) (Fig. 4.1).
CaMKII actually shares an activation mechanism with CN, and it is therefore
unsurprising that it is activated by muscle activity(86). This kinase has an established
role in E-T coupling though the histone deacetylases(58) but also targets CN for
phosphorylation at Ser197, inhibiting phosphatase activity(60) (Fig. 4.1).
In this study we report reversed nuclear/cytoplasmic movement of NFATc1 in isolated
ItC muscle fibers under stimulation conditions identical to those applied to isolated fibers
originating from the soleus or FDB. This behavior is at least partially dependent on the
activity regulated kinases CaMKII and JNK. We propose that altered expression levels of
these kinases and CN result in a change in the inhibition/activation balance of activitydependent signaling in different muscles, accounting for this atypical behavior. These
findings have substantial implications for the use of limb muscles as a general model for
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skeletal muscle plasticity and function and highlight the underlying diversity of function
and adaptability in skeletal muscle.

Figure 4.1 Regulation of NFATc1 by Calcineurin and Activity Regulated Kinases
The primary, canonical pathway (solid lines) in skeletal muscle includes activitydependent activation of Calcineurin to dephosphorylate and expose the NLS on NFAT,
triggering nuclear uptake. This is canonically opposed by the activity of GSK3 and CK1,
which phosphorylate NFATc1 independent of muscle activity and lead to 14-3-3
dependent export of the transcription factor. The activity-inducible action of the kinases
JNK and CaMKII (dashed lines) have potential roles in this pathway and have been
investigated in other tissues, but are not typically considered to be dominant players in
NFAT signaling in skeletal muscle.
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4.2 Methods
4.2.1 Model SystemSix to eight week old female CD1 mice were euthanized and flexor digitorum brevis
(FDB), Soleus and intercostal (ItC) muscles were removed. The procedures for isolating
single muscle fibers have been previously described(85). In brief, ItC and FDB muscles
were dissected and enzymatically digested, then mechanically triturated with a polished
glass pipette. Resulting fibers were maintained suspended in MEM supplemented with
10% fetal bovine serum (FBS) until plating on laminin coated dishes or use in releasable
calcium experiments. Isolated fibers were kept in an incubator at 37°C under 5% CO2.
Muscles for tissue lysates were lysed in Tissue Protein Extraction Reagent (Thermo) with
protease and phosphatase inhibitors, then stored at -80°C until ready for use.
4.2.2 NFATc1-GFPThe exogenous fusion protein NFATc1-GFP was expressed in isolated muscle fibers by
transfection with an adenoviral construct containing an NFATc1-GFP cDNA under a
CMV promoter 24 hours following isolation as previously described(57, 85). After 2-3
days of expression (3-4 days in culture), fibers were transferred to L-15 and imaged on an
Olympus Fluoview 500 laser scanning confocal imaging system using an Olympus
60x/1.2 NA water immersion objective. GFP images were recorded using an excitation
wavelength of 488 nm and 505 nm long-pass emission filter. Following a minimum 30
minute period of acclimation, fibers were imaged at 30 minute intervals for 1 hour prior
to start of stimulation and for 1.5 hours after stimulation began (Fig. 4.2J). Stimulation
was carried out via platinum electrodes fitted to the dish so that all fibers receive
simultaneous field stimulation over the course of the experiment. Frequency of
stimulation was 10 Hz, in trains of 5 seconds every 50 seconds. Fibers not responding to
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electrical stimulation (failing to twitch) at the t+90 time point were excluded. NFATc1
activation was estimated by the ratio of GFP signal in the nucleus to the GFP signal in the
cytoplasm (N/C). The 60 minute period prior to stimulation was averaged together and
used as a baseline to measure change after 90 minutes of stimulation (ΔN/C). Due to
heterogeneity in the baseline measurement, the ΔN/C was calculated for individual nuclei
prior to averaging.
4.2.3 Kinase InhibitionIn cases where pharmacological agents were applied, they were included in the media
change to L-15 prior to imaging. The JNK inhibitor (SP600125) was applied at 500nM.
The CaMKII inhibitor (KN-62) was applied at 5µM.
4.2.4 Western BlotsExtracted muscles were ground with a pestle under TPER lysis buffer supplemented with
protease inhibitors and kept on ice with periodic agitation for up to 3 hours until tendons
were clean. Insoluble debris was removed by centrifuging samples at 4°C for 10 minutes
at 5000 RPM. The supernatant was removed and concentration was estimated by
Nanodrop. Approximately 30 µg per lane was denatured at 74°C for 10 minutes and
loaded onto precast 4-12% polyacrylamide gels under reducing conditions. After
transfer, membranes were blocked in 5% milk with 0.1% Tween, then cut according to
molecular weight so that samples could be normalized to proteins run in the same lane.
Membrane sections were incubated overnight in primary antibodies. Primary antibodies
were washed out, then secondary fluorescent antibody was applied for one hour and
washed out. All antibodies used are commercially available as follows: α-actinin: Sigma
(11M4845); JNK: Sigma (SAB4200176); CaMKII: Santa Cruz (sc-9035); CN: Millipore
(07-1491) Secondary antibodies: Invitrogen (a21235 and a21428). Membranes were
66

imaged on a Typhoon FLA 9500 biomolecular imager. Bands were measured using
ImageJ, following automated background subtraction. JNK/CaMKII/CaN bands were
normalized to the α-actinin band from the same lane and to the average of the FDB
samples.
4.2.5 Data AnalysisAfter initial processing in ImageJ (U. S. National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/), data was processed in Origin 8 (OriginLab
Corporation Northampton, MA, USA). Significance of measurements carried NFATc1

translocation was determined by Mann-Whitney U-tests due to significant deviations
from normality in the data. Significance of measurements of JNK/CaMKII/CaN was
carried out by ANOVA, followed by pairwise unpaired t-tests. Bonferonni multiple
comparison correction was used to adjust the significance threshold within each
experiment. Data from figures 4.2 and 4.3 were considered as a single set for the
purposes of this correction due to the pooling of data from intercostal fibers with no
pharmacological treatment.
4.3 Results
4.3.1 Reverse TranslocationOur initial observation that NFATc1 showed abnormally high resting nuclear
accumulation in cultured ItC fibers(85) lead us to examine the activity of NFATc1 in
these fibers more closely. Fibers derived from both the soleus (Fig. 4.2D-F) and FDB
(Fig. 4.2G-I) show increased nuclear import of NFATc1 characteristic of the canonical
activation pathway following 90 minutes of repetitive electrical field stimulation. In
contrast, the ItC fibers showed dramatic nuclear efflux of NFATc1 in response to the
same activity pattern (Fig. 4.2A-C). This effect was observed in the overwhelming
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majority of ItC nuclei (Fig. 4.2K) and represents a significant difference from both FDB
(p=6.8x10-20, <0.0125) and Sol (p= 2.7x10-17, <0.0125) fibers undergoing similar
treatment (Fig. 4.2L).
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Figure 4.2 Activity-dependent inactivation of NFATc1
The atypical response of intercostal fibers (A-C) compared to Soleus (D-F) and FDB (GI) after stimulation is quantified by comparing baseline (J, black line) to the change in
N/C ratio after 90 minutes of stimulation (J, red line). Although there is substantial
heterogeneity in the responses of individual nuclei (K), the overall behavior of nuclei in
fibers from intercostal muscles is significantly different from either FDB or soleus (L).
Error bars show SEM.
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4.3.2 Inhibition of Activity Regulated KinasesA possible mechanism for the activity dependent inactivation of NFATc1 in the
intercostal muscles is a comparatively high level of activity regulated kinases relative to
the canonical pathway of CN, such that the activity of CN is simply overwhelmed. If this
is so, inhibition of these kinases should permit the canonical CN pathway to proceed,
resulting in the more typical activity induced activation of NFATc1. Using the inhibitors
KN-62 and SP600125 (inhibitors of CaMKII and JNK, respectively), we find that
antagonizing these kinases results in subpopulations of nuclei (Fig. 4.3A) which show
significant activity dependent NFATc1 activation (Fig. 4.3B) in response to both CaMKII
(p=2.7x10-7, <0.0125) and JNK (p=5.9x10-9, <0.0125) inhibition.

Figure 4.3 Pharmacological Inhibition of CaMKII and JNK
Inhibition of either CaMKII (cyan) and JNK (orange) by KN62 and SP600125 is enough
to restore activity dependent activation of NFATc1 in the intercostal fibers. Note that
this effect may be incomplete, resulting in activity-responsive subpopulations (A), but
nevertheless represents a significant reversal of the behavior observed in control
intercostal fibers (B).
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4.3.3 Kinase/Phosphatase Expression LevelsOne possible mechanism for controlling the activity of kinases and phosphatases in a
sustained, muscle specific manner is to control the level of kinase/phosphatase present in
each muscle. To examine this possibility, we estimated the relative expression levels of
CaMKII, CaN and JNK in lysates of FDB, Sol and ItC muscle. ANOVA showed
significant dependence on the muscle of origin in the expression of these proteins (Fig.
4.4, p=0.00909). Post-hoc t-tests showed changes just below the significance threshold
between ItC and FDB in the level of CaMKII (p=0.0107, >0.0083) and between ItC and
Sol in the level of JNK (p= 0.0092, >0.0083) with no single protein appearing to account
for the anomalous behavior of NFATc1 in ItC fibers at the level of raw expression.

Figure 4.4 Western Blots of CaMKII, JNK and CN
ANOVA shows that significant differences exist in expression levels of target proteins
between muscles of different types (p=0.00909), although pairwise testing does not
identify significant differences in any specific pair (p>0.0083), this result is likely driven
by low expression of CN in the intercostals, CaMKII in the FDB and JNK in the soleus.
Error bars show SEM.
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4.4 Discussion
4.4.1 OverviewThe role of NFATc1 in skeletal muscle plasticity and excitation-transcription coupling is
critical(40). While the core pathway has been thoroughly studied, this has previously
been done in a limited variety of skeletal muscles which are routinely used to model
skeletal muscles as a whole(85). This has lead us to overlook interesting phenomena in
other muscles. The results reported here highlight the need to examine currently
understudied muscles.
In this study we demonstrate a previously unreported activity dependent inactivation of
NFATc1 in intercostal skeletal muscle fibers. This inactivation is CaMKII and JNK
dependent, and may substantially alter the way in which the intercostal muscles adapt to
physical activity compared with more commonly studied skeletal muscles.
4.4.2 Reverse TranslocationOur previously reported observation of elevated basal NFATc1 activation in isolated
intercostal muscle fibers(85) spurred us to examine the activation of NFATc1 in this
model. To our surprise, we found the canonical activation pattern reversed when we
applied stimulation previously shown to strongly activate NFATc1(57). The nature of the
isolated fiber model lead us to initially hypothesize that the basal levels of the activityinducible kinases and phosphatases may be different in intercostal fibers compared with
more commonly studied muscles. Changes in the relative levels of these proteins might
de-emphasize the canonical role of CaN and would persist in the absence of paracrine and
nervous input for some time (factors which are largely absent in isolated muscle fiber
cultures).
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4.4.3 Activity Inducible Kinase InhibitionThe kinase activities of CaMKII and JNK are both increased by muscle activity. Work in
other tissues has established that both kinases antagonize the activation of NFATc1(20,
60). This makes them prime candidates to drive the unusual inactivation observed in the
ItC muscle fibers. JNK has been shown in T-cells to phosphorylate NFATc1 directly on
the CaN targeting motif, preventing CaN dependent dephosphorylation (20). More recent
work in cardiomyocytes indicates that CaMKII directly phosphorylates CaN, inhibiting
its activity(60). Our results show that the activity dependent inactivation of NFATc1 in
intercostal muscle fibers can be at least partially reversed by inhibition of either of these
kinases, indicating that they both play a significant role in this pathway in at least some
skeletal muscles as well.
4.4.4 Kinase/Phosphatase Expression LevelsOur results do not clearly indicate one kinase/phosphatase as the key player behind the
atypical behavior of NFATc1 in isolated intercostal muscle fibers. However we do show
significant changes in the expression levels of relevant kinases/phosphatases between
different types of muscle. While we do not rule out more transient mechanisms, we
hypothesize that lineage dependent differences in expression levels of kinases and
phosphatases in the NFATc1 activation pathway are the simplest and most plausible
mechanism for the activity dependent NFATc1 inactivation reported here.
4.5 ConclusionsThe mechanisms coupling excitation to transcription in muscle are complex and delicate.
Although we examine only a small part of the E-T coupling system here, we show clearly
that the dominant mechanisms can and do differ from muscle to muscle. The completely
opposite responses to identical activity patterns demonstrate a need for careful model
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selection in studying E-T coupling and highlights the role played by lineage in muscle
type determination.
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Chapter 5 : Conclusions
5.1 A New Culture System
Skeletal muscles develop as heterogeneous tissues and from this variety undergo further
functional adaptation according to use(11, 75, 91). Although skeletal muscles generally
resemble one another, the variety present in skeletal muscle is known to substantially
impact the course of muscle diseases(27). While the development of adherent primary
cultures of isolated skeletal muscle fibers provides a convenient platform for
experimental manipulation, the system can be substantially improved by expanding the
variety of muscles used in such models. It is to this purpose that we developed cultures
of intercostal muscles. These core respiratory muscles incorporate a variety of fiber
types(67, 68) and diverge substantially from the locomotor muscles of the limbs in
function(48, 71, 101) and anatomical lineage. The fibers themselves are functional,
appear healthy, adhere well and express exogenous proteins readily(85). Furthermore
they have been cultured in two strains of mice ranging in age from four weeks to over
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eight months and have been applied to a disease model (Chapter 3) with minimal
modifications to our protocol. Our primary cultures of isolated intercostal muscle fibers
have proven both resilient and adaptable. We hope that the development of these cultures
substantially improves the variety of muscles available for primary culture studies.
5.2 Application to a Disease Model
Chronic Obstructive Pulmonary Disease (COPD) is a major cause of death, ranking third
worldwide and will afflict generations in the foreseeable with similar magnitude (59, 65).
Apart from simple loss of life, patients with COPD become physically inactive,
impacting quality of life and diminishing muscle mass (95). Both the established impact
on skeletal muscle and the importance of intercostal muscles to respiratory function make
the intercostal muscles a tissue of interest in COPD, although previous studies have
indicated that function in the respiratory muscles was relatively unaffected (62, 63) and
most studies have focused on the muscles of the limbs (35).
The complexity of COPD further confounds our understanding of the role played by
respiratory skeletal muscle. Apart from the primary damage in the lungs, the disease is
associated with distorted geometry in the thoracic muscles, systemic inflammation and
ROS, periodic hypoxia and reduced vascular perfusion and excess systemic carbon
dioxide (22, 32, 72, 108).
The lack of attention paid to the intercostal muscles in COPD and the confounding effects
of systemic influences on skeletal muscle places our intercostal culture model in a
uniquely useful position. After preparing cultures from COPD model animals, we did
indeed find functional defects in respiratory muscle fibers outside of the systemic
context, parallel to similar defects which we observed in the FDB. Although we are as
76

yet unable to propose a specific mechanism for these observations, our experiments
represent the first time, to our knowledge, that functional defects have been observed in
the respiratory muscles themselves, independent of systemic considerations.
5.3 Atypical NFATc1 Regulation
The functional adaptability of muscle due to Excitation-Transcription (E-T) coupling is
regulated by a number of transcription factors and epigenetic regulators, but NFAT is a
central player. As the dominant isoform in skeletal muscle(105), NFATc1 forms the final
link in a signaling chain beginning with muscle activity and ending with the expression of
a slow muscle phenotype. Although NFATc1 is known to be sensitive to the parameters
of calcium signaling, such as frequency of stimulation (66, 92), the complete reversal of
the response of NFATc1 to identical stimulation in different muscle lineages was
unexpected.
The nuclear egress of NFATc1 observed in response to stimulation in the intercostal
muscle fibers is dependent on the activity regulated kinases CaMKII and JNK, both
known to inhibit the NFAT pathway in other tissues (20, 60). Furthermore, we observed
significant differences in the expression levels of those proteins and the calcium
dependent phosphatase calcineurin between the slow-type soleus, fast type FDB and
mixed type intercostal muscles, with trends toward higher expression of the activity
regulated (inhibitory) kinases in the intercostals. This finding highlights the importance
of the activity regulated kinases in skeletal muscle and underscores the importance of
considering differences in muscle lineage when designing experiments. As the functional
properties affected by muscle fiber type transformation include such diverse parameters
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as preferred metabolism(93) and tetanic fusion frequency, the implications of this finding
may be broad.
5.4 The Intercostal Muscles
The critical function, phenotypic variety and unique transcriptional behavior of the
intercostal muscles make them a fascinating subject of study. Nevertheless, studies of
these critical muscles are poorly represented in the literature(77). This makes our
primary isolated intercostal muscle fiber cultures a unique and appealing system to study.
They add needed variety, improve the biological relevance of disease models and
demonstrate signaling behavior not previously observed in other muscles. It is our hope
that this model provides a useful and relevant platform for muscle research in the future.
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