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SUMMARY

Muscle in an incredibly versatile, active, soft, crystalline material which makes it very
unique. Itis ubiquitous in animals across many scales, enabling a diverse range of locomo-
tion types and mechanical functions, capable of operating as a motor, brake, or spring. The
fact that muscle is a highly ordered, crystalline material means that x-ray diffraction can
be used to observe structural changes at the nanometer scale in muscle, linking its crys-
tal structure to function. While muscle x-ray diffraction is a very well established eld,
it has only been in the last 15 or so years that very high frequency x-ray detectors have
allowed x-ray diffraction experiments to be performed on muscles operating under condi-
tions mimicking theirin vivo behavior. In this thesis we use x-ray diffraction combined
with stress-strain measurements of muscle operating undero-like conditions in order
to link its nanometer scale structure to macroscopic mechanical function. This is dif -
cult because muscle is also a hierarchical material, and interactions between structures on
different length scales can have unexpected, emergent effects.

We rst examine a pair of muscles in the cockroaBlaberus discoidaligreviously
established as having very similar quasi-static properties yet very different dynamic stress-
strain curves, and therefore mechanical function. Since force in muscle is generated by
the interaction between two types of laments in a crystal lattice, we hypothesized that
we could nd differences in their lattice structure which may explain these similarities and
differences. We show that the radial spacing between these laments is different between
the two muscles, and is of an order of magnitude suf cient to affect force production.

We next used a spatially explicit model in order to further establish that changes at the
nanometer scale can affect macroscopic mechanical function. Using a spatially explicit
model allows us to examine how small changes at the nanometer scale can affect function
at a much larger scale. Using this model, we show that lattice structure changes like those

we found inB. discoidalisare able to affect mechanical function of muscle.
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Finally we return to the simultaneous x-ray diffraction and physiological force experi-
ments and examine the large ight muscles of the hawkn\ddmduca sextaThis muscle
is very well ordered and provides many structural features at high time resolution. While
there have been previous high-frequency stress-strain x-ray diffraction experiments, these
did not examine the behavior of the muscle under physiological conditions mimicking its
in vivo conditions. UsindM. sextainvertebrate ight muscle operating under dynamic con-
ditions, we examine four hypotheses that have been established using x-ray diffraction in
guasi-static and vertebrate skeletal muscles. This is important because these assumptions
are sometimes extended to invertebrate muscles under dynamic conditions. We show that
we can obtain features from highly time-resolved x-ray diffraction data which can be used
to predict macroscopic force through a machine learning model. We also found several
structural changes during dynamic oscillations which were inconsistent with expectations
established from quasi-static and vertebrate skeletal muscles and offer several hypotheses,
including that the relatively slowl. sexta ight muscle may share properties which have

been previously thought to be found in high frequency ight muscle.
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CHAPTER 1
MUSCLE VERSATILITY AND STRUCTURE

1.1 Motivation

Muscle has the remarkable ability to [l many roles in organisms, being able to operate as
different elements such as motors, brakes, or springs [1]. It is even possible for different
parts of a single muscle to behave as more than one such element [2, 3]. This is what is
meant by "Energetic Versatility of Muscle” - the ability of muscle to perform many different
mechanical functions. Muscle is an active material, and is able to generate internal tension.
A muscle's mechanical function is characterized by its work loop, a stress-strain curve in
which a muscle is phasically activated. The net work (or mass-speci ¢ work) produced,
and therefore mechanical function, is taken as the area of the force-length (or stress-strain)
curve [4]. For example, the pectoral muscles of birds must act as a motor, producing net
positive work in order to generate lift [5]. Other muscles act like brakes, dissipating energy,
such as the quadriceps during the landing portion of a jump, or a control muscle in the leg
of a cockroach [6]. Muscles may also be spring-like or strut-like, generating zero net work
[7].

Often work loops are performed under conditions which mimicithevo conditions
as closely as possible in order to characterizanhavo behavior of the muscle [8, 9, 10].
Strain amplitude and frequency, as well as timing (or phase) of activation of a particular
muscle can be measured in an intact animal [11, 12, 13]. In vertebrates the length and force
of the tendon must also be measured since its stiffness is comparable to that of the muscle,
typically through tendon buckles [14], force transducers which measure the force in the
tendon. The length of the muscle in those cases is measured via piezoelectric sonomicrom-

etry crystals [15]. In invertebrates, because of their exoskeleton, high speed videography



makes length measurements easier because they can be directly inferred from the strain
of the exoskeleton or the join kinematics. After these measurements have been made, the
muscle can then be excised and the same strain trajectory and activation patterns can be
play into the muscle with a precise motor. We can then collect simultaneous measurement
of the force generated by the muscle [4]. While much is known about how force is gen-
erated in muscle, it can still be dif cult to explain or predict muscle mechanical function,
that is the amount of mechanical work a muscle does under different conditions [16, 17, 9,
18]. This central goal of this thesis is understanding how the nanometer scale structure of
muscle relates to whole muscle mechanical function and contributes to it versatile function.

As with many biological systems, the structure of muscle is hierarchical at multiple
length scales [19]. What makes muscle so exceptional is that it is also active matter, able to
generate internal stress and strain, to enable animal locomotion. A whole muscle is made
up of individual muscle cells whose orientation can in uence muscle force and function
[20]. Muscle cells (10s of mm) are made of bundles called myo brils, which are divided
longitudinally into sarcomeres (1-10 m). In sarcomeres, force is generated at the nanometer
scale by the collective action of myosin motors, arranged on thick laments, which bind to
binding sites on actin, located on the thin laments [18]. A bound myosin head is termed a
"crossbridge” because it spans the radial distance between think and thin laments. There
are also myriad regulatory and structural laments such as titin and its analogs [21, 22],
nebulin [23], and dystrophin [24], all of which contribute to muscle function. The force
that can be generated by each sarcomere depends strongly on its strain and velocity [25].
Strain changes can be imposed by macroscopic forces on the muscle during locomotion
as well as internal forces generated by crossbridge binding. This means that coupling
between factors at the nanometer, micrometer and centimeter (whole muscle) scale makes
a multiscale understanding of muscle behavior dif cult [26].

However, despite muscle's structure being so complicated, the fact that it is also highly

ordered means that x-ray crystallographic techniques can be used to study its structure,



even when the tissue ia vivo. This is what makes muscle such an interesting material

to study - it is soft, crystalline, active matter. The thin and thick laments that comprise
sarcomeres are arranged in a well ordered hexagonal lattice [27]. The myosin motors on the
thick laments and actin binding sites on the thin laments are spaced at regular intervals.
Because of how well ordered these structures are, the radial spacing between the thin and
thick laments, as well as the axial strain in the laments and position of the myosin heads
can all be measured with x-ray diffraction [28, 29]. With a high intensity synchrotron
source, such as the BioCAT Beamline 18ID at the Advanced Photon Source, Argonne
National Laboratory, in concert with modern high sensitivity, high speed, X-ray detectors,
the nanometer scale structure of this soft active crystal can be studied with millisecond time
resolution under conditions which mimic iit$ vivo behavior. We can now acquire X-ray
diffraction images simultaneously with the whole isolated muscle work loops, or even from
muscle inside a tethered, intact animal activating its muscles [10, 30, 2, 31, 32].

The combination of high speed x-ray diffraction recordings with simultaneous work
loop experiments is a powerful tool that lets us ask how the structure of muscle can in u-
ence mechanical function. While much is known about how muscle's functional versatility
arises, it is still not possible to de nitively predict muscle function based on the its qua-
sistatic physiological properties or it structural features alone. Recently the nanometer
scale structure has been implicated in partially determining the isometric force a muscle
can produce [33, 34, 35]. Several structural features have also be linked to the specialized
function of speci ¢ muscles [10, 2, 30]. In my thesis, | take the opportunity afforded by
multiscale experiments and new advances in complementary spatially explicit modeling of
muscle to show how the nanometer scale structure of muscle can in uence whole mus-
cle mechanical function. In this chapter | rst provide some background on the standard
physiological measurements of muscle function, their limitations, and the analysis of x-ray

images. | then provide an overview of the three core results of my dissertation work.



1.2 Background

1.2.1 Sliding FilamentTheoryandCrossbridgddynamics

The sliding lament theory states that muscle contraction is accomplished by the sliding of
two protein laments past each other. Using electron and interference microscopy, these
groups observed light and dark bands in muscle, and were able to identify that these bands
came from two kinds of laments, one which polarized light and one which did not [36]. It
was noticed that during contraction one band remained at constant length while the other
band makes up the change in length. This evidence implied that the two protein laments,
the myosin-containing thick laments and the actin-containing thin laments, contract by
sliding past each other [36, 37]. In parallel, another group reasoned that characteristic four
phase force-length curve of active muscle could arise from a population of active molecules
that were arrayed on overlapping laments and produced different amounts of overlap as

the laments slide past one another (Figure 1.1).

Figure 1.1: Representation of a sarcomere, indicating the actin-containing thin laments
(blue) and myosin-containing thick laments (red). The z-disks de ne the longitudinal
boundaries of a sarcomere.

The axial force generated in muscle comes from interaction between the two laments,
when myosin heads on the thick lament form crossbridges by binding to the thin lament.
The initial basis for our understanding of the nature of crossbridge dynamics comes from
work done in 1971 [38]. In order to study the kinetics of the myosin-actin power stroke,

experiments were performed in which the maximally activated muscle undergoes a step
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change in length while force recovery is measured. The recovery of force over time can
be modeled as several exponential processes with time constants related to the elementary
rate kinetic steps of the crossbridge cycle [38, 39].

In passive muscle, binding of myosin heads to actin is prevented by tropomyosin, a pro-
tein which covers the myosin binding site on actin. When muscle is activated by electrical
stimulation by neurons, calcium is released from the sarcoplasmic reticulum inside the cell
[40]. When calcium binds to troponin, it causes a conformational change which removes
the tropomyosin from the binding site, which allows for myosin-actin binding [41].

The power cycle of a crossbridge involves transitions between multiple states (Fig. 1.2)
[38]. The crossbridge cycle begins with ADP and an inorganic phosphate attached to the
myosin head, which leads to attachment with the binding site on actin and the release of
the phosphate. When ADP is released, a conformational change occurs in the myosin head
which leads to the power stroke of muscle. When ATP binds to the myosin head, the
bond between actin and myosin breaks, and ATP is converted into ADP and P so that the
cycle can repeat [42]. We will use this understanding of the cycling of a crossbridge when
we develop models (Chapter 3) to understand of muscle force generation and energetic

versatility.



Figure 1.2: The force in muscle is generated by state changes in the myosin motors on
the thick lament, which bind to the thin lament then undergo a power stroke. After
undergoing a power stroke, the myosin motor detaches, ready to bind again.

1.2.2 TheWork Loop Technique

Many of the early studies of muscle were done under isometric maximally activated condi-
tions. These experiments were aimed at establishing the sliding lament model and uncov-
ering the rate equations for the force generation mechanism of muscle [38]. However, the
information they provide does not directly tell us about muscle's energetic versatility or its
function at the macroscopic scale under physiological conditions [16, 10].

More recently muscle function has been de ned in the context of "work loops,” which
are phasically activated force length curves that capture periodic contractions of muscle
[4, 10, 43]. In a work loop experiment, a muscle is typically mounted between a length
controller and force transducer or on an ergometer that does both. The allows the strain
amplitude, frequency, and duty cycle (time shortening vs lengthening) to be prescribed.
Stimulating wires are inserted into the muscle, and voltage can be applied across the mus-

cle, which activates the muscle. The time course of force is simultaneously measured.
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When length and force are plotted against each other, the net work is then the area of the
curve, or mass speci ¢ work if stress and strain are plotted.

Initially, the focus of these experiments was to nd the peak power output of muscle
[4], rather thanin vivo function. However, it later became apparent that muscles operate
under a wide variety of conditions, and that peak power may only be expressed in certain
muscles or certain behaviors (Fig. 1.3) [10]. This recognition has led to an increasing
effort to understand how muscles behave under conditions mimickingnthegiro patterns
of strain and activation, which has led to uncovering control principles of locomotion [44,

45).

Figure 1.3: Example work loops showing net positive work (A — motor), and net negative
work (B — brake), approximately zero (C — nonlinear spring).

1.2.3 Determinant®f Work LoopsandMuscleFunctions

There are many ways that the dynamics of active muscle might be tuned by an organism
in order to produce a particular work loop. These include temperature regulation, phase of
activation, force-length or force-velocity relationships, coupling to series elastic elements
(e.g. tendons), differences in moment arms, and changes in strain patterns [1, 3, 43]. How-
ever, even in systems where these parameters are similar, certain pairs of muscles with
similar inputs known to affect work loops can still yield different work loops and hence
different functions [16].

First, we describe some of the primary quasistatic determinants of muscle function.
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The material properties of muscle discussed below are all known factors that can shape a

muscle's work loop.

Force-Length Relationship of Muscle

The force-length (or length-tension) curve of a sarcomere increases as sarcomere length
increases up to a maximal force plateau, then decreases with further length increase (Fig.
1.4). The force-length curve is taken under isometric, maximally activated conditions over
lengths outside the physiological operating range. A muscle under physiological conditions
will only operate over a portion of the force length curve. Force, and therefore work, will
depend on what section of the curve the muscle operates on. Both the location of the
sarcomere rest length and strain amplitude will affect work output [1].

The force-length relationship in muscle has traditionally been explained by the amount
of overlap between the two laments. As a sarcomere contracts, force increases as overlap
increases up to a plateau where a maximum overlap of actin and myosin occurs. Active
force will decrease for shortening past the optimal length, and is thought to occur because
of interference between actin laments and eventually with compression of the laments
as they interfere with the z-disks [4, 25]. However, it is now known that the force relation-
ship is in part explainable by changes in the thick-thin lament spacing, which changes as
sarcomere length changes [33, 34]. This is because the cross bridge binding rate and force
depends in part on the radial spacing between the laments. In addition to the active force

generated, muscle produces a nonlinear passive stiffness at large tension.



Figure 1.4: Typical force length relationship for an intact muscle. The active contribution
comes from the variable overlap of crossbridges and the radial expansion of the lament
lattice. The passive component arise from the nonlinear material stiffness a muscle demon-
strates under tension (but not compression). By convention positive force is the direction
of shortening.

Force-Velocity Relationship of Muscle

For concentric contractions, or active shortening de ned as positive velocity, force de-
creases as velocity increases (Fig. 1.5). This is explained by the crossbridge model and
sliding lament theory: since a crossbridge requires a characteristic time to form, for higher
shortening velocities fewer crossbridges undergo a full, force producing power stroke [46].
For eccentric contractions, or where muscle force resists lengthening, force is larger than
isometric force, and plateaus after low velocities. This is the basis of negative mechanical
work, giving muscle a brake-like function [13, 16].

Force-velocity experiments are performed under quasi-static conditions, at constant ac-
tivation and constant load (isotonic). Like the force-length curve, this relationship is com-
posed of multiple separate measurements taken ata xed load, then the muscle is allowed to

totally relax, and the next data point, at a different load, is taken. Neither measure therefore



capture the dynamic time-varying in uences that shape muscle function under periodic and

unsteady conditions.

Figure 1.5: Force vs. velocity curve for muschg, is the peak isometric force, anglax

is the maximum unloaded velocity of contraction. Eccentric contractions, or contractions
during lengthening are the basis of negative work in muscle. Concentric contractions, or
contractions during shortening, decrease with increasing velocity, since transitions between
states in the crossbridge cycle take a characteristic time, increasing shortening velocity will
not allow signi cant crossbridge formation [47].

Force Response Depends on Pattern of Activation

When a muscle ber (a single cell) is activated by a single motor neuron action potential,
force rises and falls in a twitch response (Fig. 1.6). By increasing the frequency of action
potentials so that the force response of two twitches overlap, force output can be modu-
lated. At suf ciently high frequencies of activation muscle force will begin to fuse and
will plateau into a steady force production state called tetanus [41]. This characterization
is done under isometric conditions. The frequency of activation will therefore affect work

loops by affecting peak force. Phase of activation is also important since the work output
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will depend strongly on whether the muscle is active during the shortening or lengthening
phase of the length cycle: active shortening will lead to net positive work (motor), while
active lengthening will lead to net negative work (brake) [4]. In vertebrates, muscles are
made up of multiple motor units, and each motor unit can be individually activated, allow-
ing a gradation of force via more or fewer motor units, or a different times. In invertebrates,
by contrast, muscles contain only one or very few motor units, which can make them easier

to examine [48].

Figure 1.6: A twitch is when a muscle is activated with a single action potential. The force
of a muscle can be increased by increasing the frequency of activation. Tetanus occurs
when a muscle is maximally activated with high frequency stimulation.

Moving beyond quasi-static determinants of Work Loops

While the force-length curve, force-velocity response, twitch and tetanus are often used as
the constituent physiological properties that are signi cant factor in determining muscle
work loop output, they are not the only variables which can affect muscle function. Im-
portantly, these measurements are all quasi-static, and do not capture the full behavior of
muscle under dynamic conditions. For example, the patterns of strain and activation in
these types of experiments are far from thevivo patterns, since they are constant acti-

vation, length, and velocity. Im vivo muscle on the other hand, the level of activation is
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changing, sometimes over each stride as an animal moves. A muscle's work also can de-
pend on how the animal interacts with its environment, though mechanical feedback [49].
Variable loads, contacts, and other imposed forces can apply external strains on muscles.
Also, muscle has complicated history dependent properties that are not easy to capture with
guasi-static measurements, and may be emergent from multiscale interactions [26, 50].

Structural differences in muscle can alter its behavior at macroscopic scales. It has
recently become known how the lattice spacing in a muscle contributes to the static force-
length curve [34]. However, it is still unclear how it affects and is affected by dynamic
muscle behavior. Since myosin and actin form a hexagonally repeating array, it can be
considered as an active crystal, which means techniques such as x-ray diffraction can be
used to measure the lattice spacing of muscle during dynamic behavior, such as a work
loop [51].

Micro- and nanoscale features of muscle's structure and how they couple to macro-
scopic strain could contribute to force production under dynamic conditions and thus to
mechanical work and function. Because of the recent improvements in sensitivity and time
resolution in the BioCAT Beamline 18ID at the Advanced Photon Source, we have the
opportunity to connect mechanical characterization of muscle performance via work loops
with simultaneous structural information at the nanometer and millisecond scales. The
broad goal of this dissertation is to connect the structural features of muscle's myo lament

lattice, especially lattice spacing, to the energetic versatility of muscle for locomotion.
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Small angle X-Ray (SAX) ber diffraction

Figure 1.7: A: Cross section of a sarcomere. Red represents the myosin containing thick I-
aments, blue represents the actin containing thin laments.dlfspacing is proportional

to the distance between the thin and thick laments. B: example x-ray diffraction im-
age fromBlaberus discoidali$31]. C: While vertebrates and invertebrates have the same
hexagonal arrangement of thick laments, the number and geometry of the thin laments
are different. D: A zoomed out image of an example x-ray diffraction image, showing the
equatorial peaks, which indicate radial repeats, and the meridian, indicating axial repeats.

Because of the highly ordered crystal lattice of muscle, we can use x-ray diffraction to
measure the spacing between thick and thin laments (Fig 1.7). Equatorial re ections in
a muscle's x-ray diffraction image are related by Bragg's Law to the spacing of actin-
containing thin and myosin-containing thick laments. Since muscle will contract under a
constant volume constraint (at least approximately), absent other forces the lament spac-
ing will change according to the equatiém‘%i L = volume = constant wherelL is

the sarcomere length arlg, is related to the myosin lattice spacing [51]. However, cross-
bridge binding also generates a radial force which can in uence the lattice spacing [35] and
the probability of myosin heads attaching to actin binding sites is dependent on the distance
between laments and the stiffness of the crossbridges themselves [33]. The relationship
between axial strain and binding is complex. The equatorial (1,0), (1,1), and (2,0) peaks

are labeled by their crystallographic Miller indices, and de ne planes of diffraction. The
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