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ABSTRACT
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The kinetics and mechanical performance of glycerol-skinned
muscle fibres from the wing muscle of a variety of different insects
were examlned.

Under forced sinusoidal length oscillation insect fibrillar
muscle performs mechanical work on the driving apparatus. In response
to a sudden, step, length change muscle fibres generate a large
amplitude, delayed tension, transient. The rate constant for this
transient determines the frequency of length oscillation at which the
maximum power output is obtained. The rate constant was measured in a
wide variety of insects and correlated with the wingbeat frequency.
The slowest step in the biochemical cycle determines the rate of ATP
hydrolysis. This rate constant was measured in different insects but
was found to be independent of the wingbeat frequency. These findings
are incorporated in a minimal cross—-bridge scheme for insect flight

muscle.

The ATPase cycle in the common wasp (Vespa vulgaris) was

investigated further by measuring the pattern of phosphate water
oxygen—exchange by fibres incubated in !80 water. In this insect, as
found for the giant waterbug (Lethocerus_indicus), the rate constants
controlling phosphate release are slow enough to contribute to rate-
limitation of the biochemical cycle. The pattern of oxygen—exchange
is compared and contrasted to findings from other workers for

—_—_—'"—_—_‘

The maximum power output obtainable from insect flight muscle

depends not only upon the intrinsic properties of the muscle but also
the operating temperature. The difference in surface area to volume

ratio for small and large insects means that alternative strategies

iX



have been adopted to cope with a variable environmental temperature.
Strategies to optimise the insect flight motor are discussed.

of any eukaryote. Mutations in the flight muscle proteins can be
independent of other muscles and lead to viable, flightless
individuals. The mechanical properties of the flight muscles of
these, very small, insects has been measured in wild type and suitable
flightless mutants. The findings are discussed in terms of the likely

structural significance i1n regions of the amino acid sequence.
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INTRODUCTION

This thesis is concerned with the muscles that drive an 1nsect’s
wings in flight. The mechanical performance, biochemical and

mechanical kinetics of muscle fibres, from a varliety of different

insects are examined. The study addresses three rather different

questions :

1) What can a comparative study of the kinetics of muscle
contraction, 1in insects with different wingbeat frequencies, tell

us about the cross-bridge cycle in muscle ? (Chapters 3 & 4)

2) How is the performance of the flight muscle in different

insects optimised ? (Chapter 5)

3) What changes in muscle function occur, following subtle

modifications to the contractile proteins in

niinll N LN alielNNN S L r K __ £ 3 __Fr ¥ ¥ X __ 1 ] — N AT B SR
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Upon dissection, the flight muscles are discernible from the
other thoracic muscles by their distinct yellow colouration. This 1is
caused by the high concentration of respiratory pigments, present 1in
the plentiful mitochondria (Keilin, 1925). The muscle consists of
separate fibres (just visible to the naked eye, usually about 50-200pum
in diameter, (Tiegs, 1955 and Cullen, 1974)). Upon teasing, the
fibres yield very fine myofibrils, a few micrometers across. Viewed
by phase—contrast microscopy the muscle has a striated appearance.
Each striation unit is about 2.5um long and i1s called a sarcomere.

The appearance of insect flight muscle sarcomeres is slightly



. from
dlfferent,f those of vertebrate skeletal muscle. At rest length, the

dark, anisotropic band, occupies about half the length of the

sarcomere in vertebrate muscle, but spans nearly the whole length in

insect.

The sarcomere striations are apparent because of the varying

refractive index of bands of protein. Figure 1.1 summarises the

position and properties of some of the proteins in insect flight

muscle.

H.E. Huxley (1953), produced ’thin section’ electron micrographs
of vertebrate muscle, showing thin filaments extending from the Z line
and interdigitating with the thick filaments. Hanson & H.E. Huxley
(1955) showed that upon extraction of protein, myosin from vertebrate
muscle the ’thick’ filaments disappeared and following the extraction
of actin all that now remained were the ’Z’lines. The thick and thin
filaments consist, mainly, of the proteins myosin and actin.

The structure of actin filaments is highly conserved amongst the
muscles of different organisms. The globular protein G-actin forms
into a double stranded helical filament, F-actin. The repeat distance
of each strand is 13.5 monomers (77nm). However, the filament, being
a two start helix, repeats every 38.5 nm. In both vertebrate and
insect muscle there are other, regulatory, proteins bound to the thin
filament. The filamentous protein tropomyosin lies in the groove of
the actin helix. A group of globular proteins called troponins
(termed TnI, TnT and TnC) are grouped at the cross—over point of the
actin helix (every 38.5 nm). Thin- and actin—filament are used
synonymously in this thesis.

Myosin filament structure 1s more variable amongst different

organisms. The o—helical myosin tails form the filament backbone and

the globular myosin heads project out from the surface. Both the



A5 nm SB nm

VERTEBRATE INSECT FLIGHT (a)

TROPOMYOSIN

O

_- ‘
I FILAMENT ‘ —,—Aan

3 S TROPOHYDSIN
-——MYOSIN

A
FILAMENT

(b)

FIGURE 1.1
(a) Structure of vertebrate and insect flight muscle
sarcomeres. The central,thick filaments are made predominantly
of the protein myosin; the thin filaments consist mainly of
actin. The myosin molecule consists of an e«-helical "tail™

(LMM and S2 in b, above) and a globular head (S1,above).

The actin filament is made up from a double helix of actin
monomers. The protein tropomyosin lies 1in the groove of the
actin filament (the troponin complex is not shown).

The ability of myosin to bind to actin and hydrolyse

ATP resides in the globular, S1 head.

Myosin mol. wt. : 520,000 daltons

Actin mol wt. : 45 000 daltons

(This figure is discussed further in the text)

From White and Thorson, 1974



ATPase activity and actin binding ability reside in the globular heads
or S1 units (Mueller & Perry 1962) of myosin. Thick filaments have an
intrinsic polarity, growing out in opposite directions from a central
'bare zone’ (a tail-only region where no heads project). Both
vertebrate and insect thick filaments have an axial repeat distance of
14.5 nm but the pitch of the helices and the number of myosin heads
per crown (the ’start’ of the helix) is different. Initial
calculations (Chaplain & Tregear, 1966) indicated that there were 6
myosin molecules per 14.5 nm repeat in insects. However, more recent
studies (Reedy et al., 1981) conclude that there are 4 molecules per
14.5 nm repeat (i.e. four ’cross-bridges’, consisting of two S1 heads
each). This compares to the three myosins per crown in vertebrate
muscle. One of the pitches of the four start helix in insect muscle
1s 38.5 nm, this is coincident with the actin repeat distance (Wray,
1979), the importance of this is discussed later. The greater number
of myosin heads per crown in insect muscle is complemented by a higher
proportion of actin filaments. The actin to myosin filament ratio in
insect flight muscle is 3:1 compared to 2:]1 in vertebrate muscle. The
thick filaments of insect flight muscle have a hollow core which
contains an additional protein, of unknown function, called paramyosin
(Bullard, 1983). The ends of the thick filaments are linked to the Z-
line by connecting or C- filaments (the evidence has been summarised

by Ashurst, 1977). Thick— and myosin— filament are used

synonymously.

Noticing that the thick and thin filaments interdigitated, H.E.

Huxley (1953) concluded that :



"....stretching of the muscle takes place, not by an

extension of the filaments, but by a process in which the two
sets of filaments slide past each other: extensibility will
then be inhibited if the myosin and actin are linked together."

A.F. Huxley and Niedergerke (1954) observed that the length of
the A-band did not change whereas the I-bands shortened in contracting
muscles, viewed by interference light microscopy. They too concluded
that muscle shortened by the relative sliding of the thick and thin
filaments.

Aubert (1951), showed that the force produced by a muscle
depended in a characteristic fashion upon the length at which fhe
muscle was held. More recent data obtained for single frog fibres
1s shown in Figure 1.2 (Gordon et al., 1966). The significance of
this is that the degree of thick and thin filament overlap determines
the amount of force that is generated.

In 1957 A.F. Huxley advanced an hypothesis for the mechanism of
muscle contraction. The basis of the model was that :

"A relative force between adjacent filaments of the two

kinds is generated at each of a series of points within the

zone in which they overlap."

It was the first cross-bridge model for muscle function and many

of its basic ideas persist in all such models.

1.2.2 The Cross-bridge states :

In the model, side pieces (now referred to as cross—bridges),
projecting from the thick filament, interacted cyclically, with the
thin filament. At any time a given cross—bridge could be in either of
two states; attached or detached to the thin filament. Equilibrium

between the two states depended upon two rate constants; f for the

attachment process, and g for detachment.
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FIGURE 1.°2
Part (a) shows how the isometric tension developed
in frog semiteninosus muscle depends upon the sarcomere
length.
Part (b) shows the appearance of the sarcomere at the
different sarcomere lengths. The numbers 1-6 refer

to the regions of the graph above (also labelled
1-6)

(from Gordon et al., 1966)



structure. Because of this, random thermal motion forced the cross-

bridge to oscillate about an equilibrium position. Attachment could
therefore occur with the elastic element distorted. For single values

of f and g no net tension would be generated by a group of cross-

bridges. At any moment in time there would, on average, be equal
numbers of stretched and compressed ("pulling" and "pushing")
compliant links. The way that the model worked was to have the values

of f and g dependent upon cross-bridge distortion. Figure 1.3 shows
how the rate constants were made to depend upon distortion.

Cross—bridges were unable to attach at negative disortions (ie.
f=0 for "pushing" bridges), and detachment was rapid (g is large).

For positive distortions, f and g increased linearly with distortion,
with f being about 8 times larger than g (ie. 80% of bridges attached
over the whole range). The limit of positive distortion at which
attachment could occur by random thermal motion was termed A. At
distortions greater than h, attachment became impossible (f=0) and
detachment became the only option again.

To prevent the model from being that of a "perpetual motion
machine” the detachment of cross-bridges was coupled with the
hydrolysis of a high energy phosphate compound (ATP).

Muscle held at a constant length (isometric) maintains a constant
tension because the attached bridges all have positive distortions.

In an actively shortening muscle the velocity of inter—filament
sliding is fast in comparison to the rate constant for detachment.
Cross—-bridges are "carried" to regions of lower, and negative,

distortions before they have time to detach. They perform mechanical

work, by exerting a force through a distance. At the maximum velocity
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FIGURE 1.3

The cross-bridge model of Huxley (1957). The myosin (M)

"site" is suspended on a Hookean elastic element and
may be in either of two states; attached (ATT) or
detached (DET) to an actin site (A)

The rate constants for attachment (f) and detachment (g}
depend in a characteristic way upon distortion (x).

The lower part of the figure shows how f and g were
made to depend upon distortion. The model accounted
closely for all of the steady state properties of
muscle described by Hill (1938). _

From Huxley (1957).

The model 1s described more fully in the text.



of shortening, force from pulling bridges is counteracted by that from
pushing bridges, resulting in zero net force. The force and work
produced by the muscle depends in a characteristic way upon the
shortening velocity. Huxley solved the differential equations
governing the behaviour of the cross-bridges during steady shortening.
The chosen values for f and g, and their distortion dependencies, were
such that the model accounted closely for all of the steady—-state

phenomena, described by Hill (1938), for the behaviour of live frog

muscle.

In 1969 H.E. Huxley proposed that the myosin heads (or Sls)

produced forces in a slightly different manner :

"..the contraction mechanism may be a rigid attachment of

the globular head of the myosin molecule to the actin

filament and an active change in the angle of attachment

associated with the splitting of adenosine triphosphate.”

The strongest, direct evidence in support of this hypothesis was
from work using insect flight muscle. Reedy et al. (1965) showed that
the angle of cross—-bridges attached in rigor was approximately 45°
whereas muscle that was fixed in relaxed conditions had cross-bridges
angled at near to 90°. To date there are no conclusive structural
data to show that cross-bridges change angle during the cross-bridge
cycle in active muscle. Attempts to demonstrate changes in cross-
bridge angle include the use of time-resolved X-ray diffraction and
electron paramagnetic resonance (E.P.R.) (reviewed by Huxley & Kress,

1985). The most convincing argument supporting H.E. Huxley’s

proposition is described in the next section.

A.F. Huxley (1957) tried only to explain steady-state phenomena

i .e. where, for given conditions, the attached and detached cross-—



bridge populations did not change with time. Following a perturbation
to the steady-state a relaxation occurs either to a new steady—-state
or back to the original. A ’complete model’ should also account for
this transient kinetic behaviour of muscle.

In order to make kinetic measurements, the rate at which the
steady-state is perturbed must be very much faster than the most rapid
step in the relaxation process. If this is not the case then part of
the relaxation will occur during the course of the perturbation,
making the results more difficult to interpret. For the same reasons,
the assay system used to follow the relaxation process must be rapid.

Podolsky (1960), using a "fast" mechanical test apparatus,
performed experiments in which the tension generated by a muscle fibre
was suddenly altered and the resulting length changes monitored. They
found that rapid fluctuations in the velocity of shortening occured
immediately after the step change in tension and before the new steady

speed of muscle shortening was achieved. By modifying the distortion
dependencies of Huxley’s (1957) attachment (f) and detachment (g) rate
constants, Podolsky et al. (1969) were able to account for their
findings. Testable predictions of these modifications were; (1) that
rapid cross-bridge detachment should occur immediately following a
step change in tension, and (2) during steady shortening the number of
attached cross-bridges should increase with the velocity. Subsequent
experiments have refuted these predictions (Ford et al., 1985, 1986).
Huxley and Simmons (1971) presented a more cogent explanation for
the transient mechanical behaviour of muscle fibres. They performed
experiments in which the length of a muscle fibre was held constant

and the tension was free to change. They designed a tension

transducer with a resonant frequency of over 4 kHz (Huxley & Simmons,

10



1968) and using an electrical feedback circuit (Gordon et al., 1966)
sudden length changes were made in less than one millisecond. They
performed length step experiments of varying step size on single live

frog muscle fibres. The characteristics of the resulting tension

transients are summarised below and in Figure 1.4 :

1) An initial tension change occured simultaneously with the
length change (the tension level reached being referred to as
Tl). The size of this tension change was proportional to the
size of the length step and can be attributed to an elastic
element. The amount of elasticity (stiffness) was directly

proportional to the sarcomere length (degree of overlap) (Huxley

& Simmons 1971b)

2) An early tension recovery, which was very nearly monotonic in
its time course reached a transient tension plateau (referred to
as T2). The amplitude of the recovery was not directly
proportional to the length step size, as would be expected of a
simple viscous element. The amplitude of these recoveries

was again directly proportional to the sarcomere length. The
rate constant for the early tension recovery was very much
greater for large releases than for small releases or stretches,

being an exponential function of the size of the length step.

3) There was, occasionally, a transient reversal of tension

recovery (a delayed tension change) which in all cases was

followed by a slow monotonic tension recovery to the original

steady tension (called TO).

Because the early tension events scaled with the degree of

filament overlap they were attributed to the cross-bridges themselves.
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The explanation for the early recovery phase was based on H.E.
Huxley’s proposal that forces were generated by a change in angle of
attached cross-bridges. The size of the cross—bridge stroke could be
determined directly from a graph of T2 versus length step size (see
Figure 1.4). The finding that some part of the cross-bridge contained
a Hookean elastic element meant that individual cross—bridges could
generate forces "in their own time". Energy being stored in the
elastic component as a cross-bridge changed angle from one
conformation to another (only two states were considered). The stored
energy could be discharged as work only when the filaments moved past
one another, allowing a high chemo-mechanical efficiency.

A tacit assumption of their formulation was that the attached
cross—bridges were symmetrically distributed about a mean value of
distortion. This greatly simplified the model since equations
relating to a cross-bridge with the mean distortion were sufficient to
describe the sum of the whole population. Another simplifying factor
was that cross-bridges were allowed only two stable conformations
which in an isometric muscle fibre were equally populated.

The change in cross-bridge angle was used to couple directly the
biochemical energy change to a mechanical energy change. They drew an
energy diagram with the two stable conformations as energy wells. The
reaction coordinate represented the angular position of the cross-
bridge between the two stable states. The energy required to stretch
the elastic component was superimposed upon this reaction coordinate.
The choice of shape for the original energy diagram affects the way 1in
which the forward and reverse rate constants are affected by the
mechanical energy contribution. This is shown in Figure 1.5.

Using Boltzman statistics they calculated the rate and

14



(a)

(b)

(c)

FIGURE 1.5
The diagrams on the left are the energy profiles
'or the transition between two attached cross-bridge
states. State (1) is the pre-working stroke state

and state (2) is a post-work stroke state. The mechanical

work performed by the working stroke is shown at the top

left hand side; this "work" term is added into the energy
diagrams below.

Depending upon the shape of the original energy diagram
either 'the forward, reverse or both rate constants
governing.the transition bétween the two states is
affected by distortion.

The dependence of the rate constant for the early tension
recovery (in the Huxley & Simmons type experiments) is
shown in the diagrams on the right. The shape of energy

diagram chosen by Huxley and Simmons (1971)_to model theilr

data is like that of row (b) above,
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equllibrium constants governing the cross—bridge behaviour for
different length step sizes. The main dilemma was that the cross-—

bridge stiffness and stroke size required to model the transient

tension response to step length changes was smaller (by a factor of
about 2) than that required energetically and in order to generate the
observed steady-state tensions found for activated muscle fibres. By
making the cross-bridge angle change occur in more than one step
(multiple attached states) both the transient kinetic characteristics
and the kinetic and steady state tensions could be accounted for.
Hill (1974) produced a "Theoretical Formalism for the Sliding
Filament Model"” which extends and brings together the ideas of Huxley
and Simmons (1971) and Huxley (1957). He gives due consideration to
the shape of the energy diagrams describing transitions between
attached states and to the probability functions governing attachment

and detachment.

1.4 MAPPING THE BIOCHEMICAL STATES TO THE MECHANICAL STATES :

One problem with purely mechanical studies is that the
interpretation of the assay (the measured length or tension changes)
is model specific. The type of model presented by Huxley and Simmons
(1971) is inherently testable because it combines events in the
biochemical pathway with mechanical energy transduction.

In recent years the challenge has been to link the biochemical
and mechanical events. Biochemical kinetics in whole fibres have been
difficult to measure because the rate of diffusion of chemicals 1is
very slow compared to the biochemical rate constants. It has not been

possible to mimic the forces present in intact muscle fibres 1in

kinetic measurements made on isolated muscle proteins in solution.
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The "Lymn-Taylor Scheme" (Lymn & Taylor, 1971) provided the
initial basis of the biochemical pathway for ATP hydrolysis by
actomyosin in solution. It is likely that the intermediaries will be
similar in intact muscle fibres but that the rate constants of some
steps will be different (see Scheme 1.1). Eisenberg and Hill (1985)
reviewing the solution biochemistry work, conclude that myosin might
not completely detach during the cross—bridge cycle, but that there is
a rapid equilibrium between attached and detached states referred to
as 'weakly bound states" (see also Geeves et al. , 1984). Tension

generation can occur only when cross-bridges are "strongly bound" (being

associated with the release of product phosphate) and the recovery
stroke when théy are weakly bound to actin (with either ATP or ADP+Pi
bound to the myosin head). A cartoon of this idea is shown at the
bottom of Scheme 1.1.

Sheetz and Spudich (1983) developed a technique which allows the
relative movement of myosin molecules and actin filaments to be
visualised in solution. The velocity of fluorescent beads coated with
myosin (HMM) moving over actin filaments in the prescence of ATP can
be measured directly by microscopy. The exciting aspect of this work
1s that the problems of chemical diffusion are minimised and that in
the future it might be possible to impose forces on small numbers of
1solated cross-bridges.

Several techniques have been developed to study the biochemical
kinetics in whole muscle fibres. They fall into two categories,
transient kinetic techniques and steady-state kinetic techniques.

These techniques make use of skinned muscle fibre preparations.

17
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AM + ATP —— AM-ATP AM-ADP-P—=AM + ADP

51L’(—A) 6“(+A) + P
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M + ATP ==M-ATP —==M-ADP-P=—=M 4+ ADP + P

(a)

(2)
(4)
o +AT:M
) [(n
~ M.ATP
(2) (b)
SCHEME 1.1

Part (a) shows the Lymn-Taylor scheme (Lymn & Taylor,
1971). (A = actin; M = myosin). Part (b) shows
how the biochemical scheme could be mapped onto

‘a structural, mechanical model.
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One disadvantage of live muscle fibre experiments is that the
chemical environment of the contractile proteins is not under direct
control. The muscle membrane can be elther mechanically removed or
chemically disrupted to allow bathing solutions to enter the
myofibrillar space. Chemical skinning with a concentrated glycerol
solution (50% v/v) (Szent—Gyorgyg 1949) has the advantage of replacing

the cytoplasm with a solution of low freezing point. Fibres can then

be stored for several months at low temperature.
There are two main problems with skinned muscle fibres. Firstly,
the preparation is less "physiological" and proteins may be lost or

damaged (Poole 1984). Secondly, the supply and removal of metabolites

(ATP and ADP + Pi) can occur only by passive diffusion with the

bathing solution and may be a rate-limiting factor.

1.4.3 Transient Biochemical Techniques :

Inert, photolabile ("caged") compounds can be diffused into
skinned muscle fibres and the active component released on a
millisecond time scale by a flash of laser light (Goldman et al.,
1982). In this way transient tension changes following the sudden
release of ATP into a fibre in rigor can be monitored. Caged
compounds provide the necessary link between biochemical perturbations
and mechanical transients. Hibberd and Trentham (1986) and White

(1987) have reviewed the results of these experiments. The main

conclusions are listed below :

1) Following the rapid photolysis of caged—ATP within a fibre 1n
the rigor state (in the absence of calcium ions) the tension

falls with a complicated time course to the relaxed level. There

is a brief tension "hump" followed by an approximately monotonic
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active tension level appropriate to the concentration of free

calcium. The addition of phosphate ions to the incubation

solution increases the rate constant for the tension recovery and

reduces its amplitude (Hibberd _et al., 1985b)

In point 1 (above) the tension fall is attributed to rapid, ATP
dependent, dissociation of strongly bound cross-bridges (AM) to form
weak binding M.ATP and M.ADP.PI states. The tension hump is explained
by cooperativity of tightly bound, rigor, cross-bridges allowing
neighbouring bridges to cycle actively and generate tension. Point 2
indicates that the tension generating step must precede the rate-
limiting step (being faster than the overall ATPase rate). The
effects of added phosphate are most easily explained 1f the AM.ADP.Pi1i
state generates less tension than the AM.ADP state. Added phosphate
shifts the equilibrium of the reé;ion AM.ADP.P1i = AM.ADP + Pi to the
left reducing the final tension level. Additionally, the rate
constant for tension generation, being the sum of the forward énd

reverse rate constants for this step, will be increased by the

presence of phosphate.
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Oxygen—exchange provides a means of studying the biochemical
kinetics in skinned muscle fibres without perturbing steady-state.

when ATP is hydrolysed by actomyosin, an oxygen from the solvent water




becomes incorporated into the product phosphate. However, the
phosphate is not released immediately but remains in the catalytic
site for some time. During this time reversal of the hydrolysis step
may occur. The bound phosphate is free to rotate in the catalytic
site, and there is an equal probability of any one of the four oxygen

atoms being displaced upon reversal (Sleep et al., 1980).

When a skinned muscle fibre is incubated in labelled 180 water,
phosphate produced from ATP hydrolysis can contain from 1-4 labelled
oxygen atoms. When the product phosphates are analysed by mass
spectrometry a distribution of incorporation is found. The
distribution is a statistical function of the ratio of the reverse

hyrolysis rate constant and rate constants controlling phosphate

release. A difference is found in the ATPase kinetics of insect and
vertebrate muscle fibres when probed by oxygen exchange. The steps
controlling phosphate release are rate—limiting for all cross—bridges
in insect fibres (Lund et al., 1987, 1988), but only for bridges with
large positive distortions in vertebrate fibres (Webb et al., 1986).

Oxygen—exchange experiments were performed in collaboration with Dr.

J.N. Lund (University of York) and Dr. M.R. Webb (N.I.M.R., Mill Hill)

and are discussed at greater length in chapter 4.

Insect flight muscle performs cyclical contractions, the

frequency of which s determined by the wingbeat frequency. Every
time an insect uses its flight muscles, the degree of muscle
shortening and the velocity of shortening are very nearly the same.

The uniformity of function has led to the evolution of a specialised

muscle tissue with uniform structure.
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been used extensively as a model system for the study of muscle

contraction (see Tregear, (ed) 1977). There are a number of reasons

why insect flight muscle is an ideal experimental material :

1) The uniform structure within the filament lattice means that

X—ray diffraction patterns and E.M.s are the most distinct of any

muscle tissue.

2) The uniformity of the individual fibres means that mechanical

and biochemical experiments on single fibres are very repeatable.

3) The phenomenon known as stretch activation means that skinned
muscle fibres can be activated extremely rapidly, simply by
suddenly changing the length of the muscle. Under forced
sinusoidal length oscillation skinned muscle fibres perform

mechanical work which can be maintained for several hours.

4) Although giant waterbugs are sometimes difficult to obtain

this is made up for by the very stable glycerol skinned material.

5) The wingbeat frequency of different insects varies over a very
wide range. A comparative study of the mechanical and
biochemical kinetics in different insects gives valuable

information about how the cross-bridge cycle can produce tension

at very different rates.

Viscous forces exerted by a fluid are/huchgreater for small
bodies than large ones. Paradoxically, the phenomenon that keeps
small dust particles airborne presents a problem for small flying

insects. Small insects need to beat their wings very rapidly inorder
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to move the comparatively viscous air over their wings to generate
aerodynamic forces. Conventional excitation-contraction coupling
systems are simply not fast enough to control the flight muscles of

these animals. Instead, they have evolved a muscle type with a novel

activation mechanism.

1.9.2 Excitation—Contraction Coupling :

In most muscles, contraction is brought about by a change in the
electrical potential of the cell membrane, the sarcolemma. The
electrical changes cause a membrane system, the sarcoplasmic
reticulum, to release calcium ions into the muscle cell. The calcium
ions bind to regulatory proteins which, in turn, "switch on" the
contractile proteins to produce a contraction. In muscles that
requlre frequent contractions, a rapid on—off switching is necessary.
Using this conventional control system, the song muscle of the cicada
Okangana attains a contraction frequency of 550Hz (Josephson, 1985).
Much of this muscle consists of an extensive sarcoplasmic reticulum,
required for the rapid calcium pumping. Consequently, the power—to—
weight ratio is very low and also a lot of energy is wasted on pumping
calcium ions across the muscle membrane.

Sotavalta (1947), found that by shortening the wings of certain
insects (thereby reducing the inertia) the frequency of the wingbeat
rose. Clearly there was a feedback system operating to match the
muscle contraction frequency to the resonant frequency of the wings.
Pringle (1949) measured the electrical activity in flight muscles of
the blowfly Calliphora. In this animal, the muscle action potentials
were not coincident with the wing movements. He recorded about 40

wingbeats for each depolarisation of the muscle, and termed the muscle

type asynchronous. The mechanical "feedback” resided within the
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muscle fibres and the stimulus for each contraction was myogenic.
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The wings of all insects are driven by muscles situated in the
thorax. There are two different ways in which the muscles are linked

to the wings. In large primitive insects the muscles are connected

Locusts, Orthoptera; Cockroaches, Dictyoptera; Moths and butterflies,
Lepidoptera.). The muscles of insects, whose ancestors evolved more
recently, 1nsert onto the thoracic cuticle. They move the wings
Flies, diptera; Wasps and bees, Hymenoptera; Beetles, Coleoptera;
Bugs, Hemiptera.). The importance here is that long tendons
connecting muscles directly to the wings cause a backlash, or
hysteresis, limiting the upper frequency atwhich‘themuscles can
drive the wings. The stiffer connection of indirect flight muscles
results in less backlash, allowing higher wingbeat frequencies.

The flight muscles of some insects tease into single fibres very
much more easily than others. On the basis of this difference flight
muscles are termed either fibrillar or non-fibrillar. Cullen (1974)

investigated the distribution of these muscle types amongst different

insects (see Table 1.1).

1) Flies (Diptera)

2) Bees and Wasps (Hymenoptera)
3) Beetles (Coleoptera)

4) Some Bugs (Heteroptera)

5) Booklice (Psocoptera)

6) Thrips (Thysanoptera)

Table 1.1
Insects with fibrillar flight muscle (from Cullen, 1974).

It is the reduced membrane system in insects with asynchronous
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muscle, which makes the fibres easy to separate (Smith, 1966). The
terms asynchronous, fibrillar are therefore synonymous.

The high power to weight ratio of fibrillar muscle means that
once evolved in an insect order it is retained, even when larger

species, with very low wingbeat frequencies, evolve later (for

Herein, the term "insect flight muscle" refers only to indirect,

fibrillar flight muscle type.

1.6 THE MECHANICAL PROPERTIES OF INSECT FLIGHT MUSCLE :

to the thoracic cuticle, was mounted on a mechanical test apparatus.

The length and tension of the muscle were monitored simultaneously,

and the muscle could be activated with suitably implanted electrodes.

The findings of these experiments are summarised below :

1) The stiffness of the relaxed muscle was very much higher than

that of relaxed vertebrate muscle.

2) When the activated muscle acted against a suitable inertial
load, undamped, maintained oscillations in length occured. Using

a length motor with an electronic feedback circuit which allowed
the mechanical damping to be controlled, the power output of the

miscle could be measured directly (Machin & Pringle, 1959)

3) In response to sudden, step length changes, a large amplitude
delayed rise in tension occurred, similar to a tetanic

contraction in vertebrate muscle (Boettiger, 1957)




Later, experiments with glycerol—-extracted muscle fibres from the
glant waterbug (genus Lethocerus) were performed. Jewell and Ruegg
(1966) demonstrated that the mechanical activation is an inherent
property of the contractile proteins themselves. Skinned muscle
fibres bathed in a salt solution containing ATP and a small amount of
"free" calcium performed mechanical work under forced sinusoidal
length oscillation. Further, both the mechanical work and usage of
ATP depended upon the frequency of oscillation (Steiger and Ruegg,
1969).

Pringle (1978) discussed the activation of muscle by stretch and
noted that it is a property of all muscle types but that it is
especially developed in insect flight muscle. The rate constant of
the delayed tension transient, observed in length step experiments
determines the sinusoidal oscillation frequency at which the maximum

work is obtained. There is a simple formula relating the two types of

experiment :

r=2«f¢ ... (1.1)

r = rate constant for delayed tension
f = oscillation frequency to produce the maximum work

1.6.1 Models for Stretch Activation :

S A, S e S S e S _—-—_-—_—-—“ _—__#_—-—_—-—____-_

Early ideas about how the delayed rise in tension following a
step change in length arose depended upon an exponential change in the
amount of calcium bound to the regulatory proteins (Jewell & Ruegg,
1966 and Julian, 1969). Cross-bridges that were previously "inactive"
were recruited with an exponential time delay. Julian (1969) produced

2 mathematical model which was based on Huxley’s (1957) "two state”
model. The attachment rate constant now contained a factor with an

exponential time dependence (refered to as the activation function 7).
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Thorson and White (1969) realised that the delayed activation of
insect muscle need not involve a time-dependent calcium binding. The
exponential delay in tension could be produced by the straightforward
relaxation kinetics of Huxley’s two state model. All that was
required was for the length change to act as a forcing function upon
elther one of the rate constants (f or g) or by modulating the number

of available cycling bridges. The time course of the tension

relaxation is then determined by the sum of the attachment and

detachment rate constants (f+g).

White and Thorson (1972) showed that the mechanical kinetics of
insect muscle fibres were strongly affected by the presence of
millimolar concentrations of phosphate. In the absence of phosphate
the tension response to a large amplitude length change (>0.5%) became
non—linear. This corresponded with the appearance of an additional,
slow relaxation tension transient (the so called phosphate starvation
transient or PST). In the presence of phosphate ions the tension

transient remained very much more linear and the delayed tension

transient was faster and of a smaller amplitude. White (1973) was
able to model the PST only with a "three—state” model in which one
attached state maintained less tension than a previous one. The PST
arose because upon stretch activation the tension generating state
became temporarily overpopulated, and decayed on a slow time scale.
The effect of added phosphate ions was to accelerate this decay. The
importance here is that the main tension generating state 1s onme in
which phosphate is still bound to actomyosin. This is not easily
compatible with the conclusions from caged ATP studies with vertebrate
muscle.

It is important to note that the main rationale behind the

argument for a three state model is that the PST is due to some extra
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state 1n the cross-bridge cycle. An alternative argument is that it

1s due to the build up of phosphate ions within the muscle fibre and

1s a diffusion artefact.

1.6.2 Structural Correlates for Stretch—-Activation:

Any meaningful model must have a biochemical and structural
correlate. The strongest arguments for how stretch activation arises
in insect muscle are drawn from comparisons with vertebrate muscle,
which does not show the effect to the same extent. There are three

major structural differences between the two muscle types:

1) Connecting filaments, which contribute significantly to the

muscle stiffness (White, 1983).
2) Hollow thick filaments with their paramyosin filling.

3) A coincidence of the actin and myosin helical repeat

distance (38.5nm) (Wray, 1979).

Wray (1979) showed that point 3 provides a very neat explanation
for how stretch activation might arise. He showed that the register

of cross-bridges and actin "sites" changes as a thick filament moves
relative to its neighbouring thin filaments. The sites change from
mismatch to match following a length change of about 3% (thought to be
the degree of muscle shortening 1n vivo, (Boettiger & Furshpan, 1954 ) )
see Figure 1.6. Abbott and Cage (1979) performed careful mechanical

experiments and were able to demonstrate that muscle stiffness had a
peak at strains of 3% and then again at 6% above rest length. White
et al. (1988) explain why the expected 3% periodicity of activation 1s
not observed more often by other workers. They state that half

sarcomeres which are "out—-of-register" will be unstable. These half
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