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Abstract	

Little	 is	known	about	 the	mechanical	behavior	of	 skeletal	muscle	at	 long	 lengths,	or	how	

these	behaviors	scale	to	different	hierarchical	levels.	The	purpose	of	this	thesis	is	to	examine	

the	mechanical	behavior	of	skeletal	muscle	leading	up	to,	and	at	the	point	of	failure.	Failure	

was	 defined	 as	 a	 compromise	 in	 the	muscles’	 ability	 to	 produce	 force,	 as	 indicated	 by	 a	

decrease	 in	 force,	 during	 a	 steady	 stretch.	 Stretches	 were	 performed	 in	 active	 (i.e.	

contracting)	and	passive	muscles	in	three	different	preparations	from	the	semitendinosus	

muscle	of	the	frog	Rana	pipiens	–	myofibrils,	permeabilized	fibres,	and	whole	muscles.	Stress	

in	active	myofibrils	was	significantly	greater	than	in	passive	ones	with	the	progression	of	

stretch	to	failure,	and	was	persistent	despite	being	stretched	to	lengths	beyond	overlap	of	

actin	 and	 myosin	 filaments	 (who’s	 interactions	 are	 responsible	 for	 the	 production	 of	

contractile	 force).	 This	 divergence	 in	 stress	 was	 reduced	 at	 the	 cellular	 level,	 and	 was	

abolished	in	whole	muscles.	It	is	suggested	that	higher	active	compared	to	passive	stress	is	

a	 result	 of	 an	 increased	 contribution	 by	 the	 large	 molecular	 spring,	 titin.	 As	 higher	

hierarchical	levels	are	examined,	the	introduction	of	other	passive	elements	and	connections	

may	break	during	stretch	and	mask	the	divergent	behavior	observed	in	myofibrils.	

Histology	 and	 electron	microscopy	 showed	 complete	 loss	 of	 regular	 striation	patterns	 in	

both	active	and	passive	fibres	stretched	to	sarcomere	lengths	of	approximately	5	µm.	Whole	

muscles	showed	indicators	of	damage	as	well,	but	to	a	much	lesser	extent,	and	with	active	

muscles	 showing	more	 evidence	 of	 damage.	 Mechanical	 data	 and	 histology	 suggest	 that	

failure	in	whole	muscles	occurs	outside	of	the	cell,	perhaps	in	the	extracellular	matrix	or	at	

the	myotendinous	junction.	
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Finally,	it	was	demonstrated	that	whole	muscles	possessing	a	low	passive	compliance	(in	this	

case,	the	tibialis	anterior	from	R.	pipiens)	were	more	prone	to	failure	at	short	lengths	than	

muscles	 having	 a	 higher	 compliance	 (i.e.	 semitendinosus).	 It	 is	 suggested	 that	 differing	

muscle	compliances	represent	adaptive	strategies	to	prevent	damage	according	to	functional	

demands	of	the	specific	muscle.	
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CHAPTER	ONE: INTRODUCTION	

Little	 is	 known	 about	 how	 skeletal	 muscle	 functions	 at	 lengths	 approaching	 and	

beyond	the	loss	of	myofilament	overlap.	Most	work	at	these	long	lengths	focuses	on	

force	 deficit	 following	 repeated	 eccentric	 contractions	 or	 on	 failure	 defined	 by	 a	

visible	tear	of	the	muscle;	however,	many	of	these	studies	fail	to	consider	that	damage	

affecting	muscle	function	may	precede	these	tears.	There	are	also	no	systematic	data	

available	on	how	these	behaviors	change	as	different	structural	levels	of	the	muscle	

are	examined.	

The	purpose	of	this	thesis	is	to	investigate	failure	of	skeletal	muscle	in	passive	and	

active	conditions	across	a	range	of	structural	levels.	Mechanical	and	histological	data	

were	collected	on	the	different	hierarchical	levels	of	the	semitendinosus	muscle	from	

the	frog	Rana	pipiens.	The	specific	aims	of	this	thesis	were	as	follows:	

1. To	examine	the	mechanical	behavior	of	different	preparations	at	long	muscle	

lengths.	

2. To	determine	the	mechanical	parameters	of	failure	of	muscle	at	various	levels	

of	hierarchy	under	active	and	passive	conditions;	

3. To	attempt	to	elucidate	the	site	of	failure	in	the	different	preparations;	and	

4. To	examine	the	effect	of	muscle	compliance	on	failure	properties	of	muscle;	

This	thesis	begins	with	a	review	of	related	literature	in	Chapter	two,	focusing	on	the	

ways	in	which	muscle	damage	and	failure	have	been	examined	in	the	past.	
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Chapter	three	addresses	specific	aim	1;	 it	examines	the	behavior	of	muscle	at	 long	

lengths	prior	to	failure,	with	particular	emphasis	on	the	difference	between	passive	

and	active	groups.	All	three	hierarchical	levels	mentioned	above	were	examined	in	

this	study.	In	myofibrils,	a	large	divergence	between	active	and	passive	groups	was	

observed,	with	active	stresses	being	persistently	higher	than	passive	stresses.	This	

difference	was	less	apparent	with	each	increase	in	structural	level.	

Chapter	four	addresses	specific	aims	2	and	3;	it	discusses	mechanical	and	histological	

failure	data	at	the	levels	of	the	whole	muscle,	isolated	fibre,	and	myofibril.	Active	and	

passive	stresses	at	 failure	were	significantly	different	 in	myofibrils	and,	to	a	 lesser	

extent,	in	single	permeabilized	fibres.	These	differences	were	abolished	at	the	level	of	

the	whole	muscle.	Muscles	were	not	capable	of	being	stretched	to	the	same	extent	as	

fibres	 or	myofibrils	 before	 failure.	 Histology	 and	 electron	microscopy	 showed	 an	

increase	in	the	severity	of	damage	to	muscles	when	stretched	actively.	Combined,	the	

mechanical	 and	 qualitative	 data	 suggest	 that,	 although	 damage	 to	 the	 contractile	

system	occurs	during	stretch	of	the	whole	muscle,	failure	occurs	largely	outside	of	the	

fibres.	

Chapter	five	addresses	specific	aim	4;	it	compares	failure	in	two	muscles,	the	tibialis	

anterior	and	semitendinosus	that	possess	vastly	different	passive	compliances.	The	

more	 compliant	 semitendinosus	muscle	 failed	at	 lower	 relative	 forces	and	greater	

strains	compared	to	the	less	compliant	tibialis	anterior	muscle.	Loading	energy	was	

higher	in	the	active	semitendinosus	group	compared	with	the	passive	muscles	and	

the	active	tibialis	anterior	group,	which	may	serve	to	protect	the	muscle	from	damage.	
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It	 is	 suggested	 that	adaptations	 in	compliance	are	strategies	 to	protect	 the	muscle	

from	failure	depending	on	the	functional	demands	of	the	muscle.	

Finally,	in	Chapter	six,	possible	mechanisms	of	failure	in	the	context	of	this	thesis	are	

discussed.	The	results	across	all	the	studies	presented	are	discussed,	and	they	provide	

a	possible	framework	to	explain	how	muscles	fail	at	different	structural	levels.	
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CHAPTER	TWO: LITERATURE	REVIEW	

2.1 Introduction	

Lengthening	contractions	of	skeletal	muscle	are	known	to	result	in	damage	to	muscle	

fibres	within	 a	muscle,	 while	 shortening	 and	 isometric	 contractions	 appear	 to	 be	

relatively	innocuous	(McCully	and	Faulkner,	1985).	This	review	will	cover	some	of	

the	important	literature	pertaining	to	the	morphology	and	causes	of	skeletal	muscle	

injury	due	to	stretching.	It	will	also	give	a	background	on	general	muscle	structure	

and	theories	of	contraction,	examine	the	literature	describing	failure	of	muscle,	and	

will	 highlight	 controversies	 in	 our	 current	 understanding	 of	 injury/failure	

mechanisms.	

2.2 Skeletal	muscle	

2.2.1 Skeletal	muscle	structure	

Muscle	is	a	highly	organized,	hierarchical	tissue	(Figure	2-1).	The	cells	(or	fibres)	that	

make	up	a	muscle	are	themselves	made	up	of	numerous	parallel,	repeating	organelles	

called	myofibrils.	The	repeating	pattern	of	sarcomeres	within	a	myofibril	is	created	

by	 the	 organization	 of	 the	 contractile	 proteins	 actin	 and	myosin.	 It	 was	 not	 until	

recently	 that	 phenomena	 observed	 in	 muscle	 began	 to	 be	 reconciled	 with	 its	

structure.	
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Figure	2-1.	A	schematic	illustration	of	the	hierarchy	of	muscle	tissue.	Individual	

muscle	 cells,	 or	 fibres,	 are	 bundled	 to	 form	 the	 muscle	 belly.	 Each	 fibre	 is	

composed	 of	myofibrils	 in	 parallel.	 The	 repeating	 basic	 contractile	 unit,	 the	

sarcomere,	is	what	gives	skeletal	muscle	its	striated	appearance.	From	Brooks	

(2003),	no	permission	required	under	APS	copyright.	

Observations	made	 on	muscle	 in	 the	mid-twentieth	 century	were	 instrumental	 in	

developing	our	understanding	of	how	muscles	contract.	The	existence	of	the	proteins	



	

	
	

6	

actin	 and	myosin	within	muscle	was	well	 known,	 but	 it	was	 at	 this	 time	 that	 the	

organization	of	 these	proteins	came	into	knowledge.	New	and	existing	microscopy	

techniques	were	used	to	show	that	myosin	formed	what	we	now	know	as	the	A-band	

of	 a	 sarcomere	 (Hanson	 and	 Huxley,	 1953),	 and	 that	 the	 I-bands	 changed	 length	

during	a	 contraction	while	 the	A-band	 remained	at	 a	 constant	 length	 (Figure	2-2)	

(Huxley	and	Niedergerke,	1954;	Huxley	and	Hanson,	1954).	

	

Figure	 2-2.	 Phase	 contrast	 images	 of	 a	 myofibril	 undergoing	 contraction.	

During	 contraction,	 the	dark	A-band	appears	 to	 remain	 at	 a	 constant	 length	

while	the	light	I-band	shrinks.	Adapted	from	Huxley	and	Hanson	(1954)	with	

permission,	copyright	Nature	Publishing	Group.	
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2.2.2 Sliding	filament	and	cross-bridge	theories	of	skeletal	muscle	contraction	

These	structural	observations	 led	 to	 the	 formulation	of	 the	sliding	 filament	 theory	

(Huxley	and	Niedergerke,	1954).	In	this	theory,	a	relative	force	is	produced	between	

actin	and	myosin	filaments	that	cause	these	sets	of	rigid	filaments	to	slide	relative	to	

one	another.	This	theory	was	later	extended	into	what	is	known	as	the	cross-bridge	

theory	 of	 muscle	 contraction	 (Huxley,	 1957).	 In	 short,	 this	 theory	 states	 that	

“sidepieces”	(i.e.	cross-bridges)	attached	to	the	myosin	filaments	oscillate	about	an	

elastic	 equilibrium	 point	 until	 they	 attach	 to	 binding	 sites	 on	 actin.	 When	 the	

sidepiece	is	displaced	from	its	equilibrium	away	from	the	center	of	the	sarcomere,	the	

rate	constant	for	attachment	increases	and	binding	of	the	sidepiece	to	actin	is	favored.	

A	relative	force	between	the	two	sets	of	filaments	is	generated	as	a	result	of	strain	in	

elastic	 elements	 (due	 to	 the	 displacement	 of	 sidepieces	 from	 their	 equilibrium	

positions),	causing	the	filaments	to	slide	past	each	other	(Figure	2-3).	This	happens	

at	many	points	along	each	myosin	filament	asynchronously.	
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Figure	2-3.	Schematic	illustration	of	the	first	cross-bridge	model.	Side	piece	M	

oscillates	about	 its	equilibrium	position	due	 to	Brownian	motion.	 If	 the	 side	

piece	binds	to	point	A	on	the	actin	filament,	a	relative	force	will	be	generated	

between	the	two	filaments	proportional	to	the	displacement	x,	causing	the	actin	

filament	to	be	drawn	towards	the	center	of	the	sarcomere.	From	Huxley	(1957)	

with	permission,	copyright	Elsevier.	

Since	its	inception,	the	cross-bridge	theory	has	been	modified	extensively.	To	account	

for	alterations	in	lattice	spacing	(i.e.	spacing	between	actin	and	myosin	filaments)	that	

occur	with	changes	in	length	of	intact	fibres	(due	to	the	constant	volume	property	of	

the	cell),	a	link	between	the	myosin	backbone	and	the	cross-bridge	was	added	to	span	

the	 variable	 distance	 between	 filaments	 (Huxley,	 1969).	Multiple	 stable	 phases	 of	

cross-bridge	attachment	were	proposed	to	account	for	the	nature	of	tension	recovery	

observed	following	a	rapid	shortening	step	during	a	tetanus,	as	well	as	the	addition	

of	 an	 elastic	 element	 to	 the	 cross-bridge	 lever	 arm	 (Huxley	 and	 Simmons,	 1971).	

Advancements	 in	 imaging	 have	 been	 used	 in	 the	 attempt	 to	 resolve	 cross-bridge	

structure	(Hirose	et	al.,	1994)	and	interaction	with	actin	(Rayment	et	al.,	1993).	More	

recent	 experiments	 have	 captured	 actin	 filament	 interactions	 with	 single	 heavy	
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meromyosin	molecules	in	vitro,	allowing	for	the	estimation	of	both	individual	cross-

bridge	forces	and	step	size	(Finer	et	al.,	1994;	Mehta	and	Herzog,	2008).	

	

	 	 	 				(a)	 	 	 	 	 	 (b)	

Figure	 2-4.	 In	 (a),	 a	 linkage	 between	 the	 cross-bridge	 head	 and	 the	myosin	

filament	backbone	was	added	to	the	model	to	allow	for	cross-bridge	formation	

with	 varying	 filament	 lattice	 spacing.	 In	 (b),	 multiple	 attached	 states	 were	

added	to	the	cross-bridge	model	to	explain	the	recovery	of	tension	after	a	rapid	

shortening	 step.	 Figures	 were	 taken	 with	 permission	 from	 Huxley	 (1969)	

copyright	 The	 American	 Association	 for	 the	 Advancement	 of	 Science	 and	

Huxley	and	Simmons	(1971)	copyright	Nature	Publishing	Group,	respectively.	
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2.2.3 Force-length	relationship	of	skeletal	muscle	

A	 direct	 consequence	 of	 the	 sliding	 filament	 and	 cross-bridge	 theories	 is	 that	 the	

amount	of	force	produced	by	a	sarcomere	must	be	directly	related	to	the	amount	of	

overlap	between	myosin	and	actin	filaments.	The	fact	that	tension	development	in	a	

muscle	is	dependent	on	its	length	was	already	known	(e.g.	Ramsey	and	Street,	1940);	

however,	the	newly-developed	theories	gave	a	structural	basis	for	this	phenomenon.	

Gordon	et	al.	(1966b)	related	the	amount	of	force	produced	by	isolated	muscle	fibres	

to	the	known	structure	of	the	sarcomere.	They	showed	that	lengths	corresponding	to	

maximum	myofilament	overlap	corresponded	to	a	maximum	in	active	isometric	force	

produced	by	the	muscle	(i.e.	optimal	length).	As	length	was	increased	beyond	optimal,	

active	isometric	force	declined	linearly	because	of	the	reduction	in	filament	overlap.	

This	came	to	be	known	as	the	force-length	relationship	(Figure	2-5).	
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Figure	2-5.	An	illustration	of	the	force-length	relationship	in	skeletal	muscle.	As	

length	 is	 increased,	 active	 isometric	 force	 (solid	 blue	 line)	 increases	 until	 a	

plateau	is	achieved	(F0)	at	optimal	length	(L0).	Beyond	this	length,	active	force	

declines	 linearly.	 Passive	 force	 (illustrated	 in	 the	 dashed	 red	 line),	 which	

usually	 begins	 to	manifest	 at	 lengths	 close	 to	 L0,	 increases	 exponentially	 as	

length	is	increased.	

Muscle	is	resistant	to	lengthening,	even	in	the	absence	of	active	force	production	(i.e.	

actin-myosin	interaction).	These	passive	forces	generally	begin	to	manifest	at	lengths	

around	optimal	length	in	skeletal	muscle,	and	become	exponentially	greater	at	longer	

lengths	(Figure	2-5).	In	whole	muscle,	there	are	many	components	that	contribute	to	

passive	force,	such	as	aponeurosis	and	extracellular	matrix.	At	the	isolated	fibre	level,	

the	 sarcolemma	 and	 other	 intracellular	 organelles	 contribute	 to	 passive	 force	

production.	At	 the	 subcellular	 level,	within	 the	myofibril,	 the	 large	protein	 titin	 is	

almost	exclusively	responsible	for	the	observed	passive	forces	(Bartoo	et	al.,	1997).	

F0

L0

Fo
rc
e

Length



	

	
	

12	

Titin	 is	 the	 largest	protein	 found	 in	nature,	 consisting	of	up	 to	33,000	amino	acid	

residues	 and	 ranging	 in	 weight	 from	 2.8-4.0	 MDa.	 This	 protein	 spans	 each	 half-

sarcomere	from	Z-line	to	the	M-band	within	the	thick	filament,	and	is	thought	to	play	

a	role	in	stabilizing	the	A-band	within	the	center	of	the	sarcomere	(Maruyama,	1994).	

The	 role	 and	 regulatory	mechanisms	 of	 this	 protein	 are	 not	 yet	 fully	 understood;	

however,	 it	has	been	shown	to	have	some	intriguing	properties.	Titin	 is	capable	of	

altering	 its	mechanical	properties	(namely	 its	stiffness)	 in	 the	presence	of	calcium	

(Labeit	et	al.,	2003),	and	has	been	shown	to	interact	with	actin	(Bianco	et	al.,	2007;	

Yamasaki	et	al.,	2001).	These	newly-discovered	properties	have	led	to	reconsidering	

titin’s	role	as	a	passive	element	within	the	sarcomere.	

2.3 The	effect	of	stretch	on	force	production	

It	is	well-known	that	force	during	stretch	of	an	activated	muscle	results	in	a	greater	

amount	of	 force	 compared	 to	 a	muscle	 activated	 isometrically	 at	 any	given	 length	

(Abbott	and	Aubert,	1952;	Hill,	1953).	According	to	the	cross-bridge	theory,	there	are	

two	ways	in	which	active	force	can	be	enhanced:	by	an	increase	in	the	force	produced	

by	each	cross-bridge	and/or	by	an	increase	in	the	number	of	attached	cross-bridges.	

There	 have	 been	 varying	 reports	 regarding	 which	 of	 these	 two	 mechanisms	 is	

predominant	 during	 muscle	 stretch,	 with	 some	 reporting	 the	 former	 as	 being	

dominant	(Sugi	and	Tsuchiya,	1988)	and	others	emphasizing	the	latter	(Linari	et	al.,	

2000).	



	

	
	

13	

According	to	Rayment	et	al.	(1993),	cross-bridges	can	be	bound	to	actin	in	either	a	

weak	state	or	a	strong	state.	 If	 cross-bridges	are	biased	 towards	a	strongly-bound	

state,	the	total	force	should	be	greater	than	if	there	are	fewer	strongly-bound	cross-

bridges.	Mehta	and	Herzog	(2008)	showed	that	 forces	produced	by	 interactions	of	

single	 heavy	 meromyosin	 proteins	 with	 actin	 filaments	 were	 increased	 when	 a	

preceding	strain	was	applied.	This	suggests	 that	stretching	of	skeletal	muscle	may	

have	an	effect	on	the	molecular	level	to	enhance	force	production.	

Active	 stretch	 has	 also	 been	 shown	 to	 increase	 non-cross-bridge-based	 stiffness	

(Bagni	 et	 al.,	 2002).	 	 As	 mentioned	 in	 the	 previous	 section,	 the	 large	 sarcomeric	

protein	titin	can	alter	its	stiffness	in	the	presence	of	calcium	(Labeit	et	al.,	2003),	and	

has	been	shown	 to	 interact	with	actin	 (Bianco	et	al.,	2007;	Yamasaki	et	al.,	2001).	

Because	of	these	properties,	as	well	as	its	position	in	the	sarcomere,	it	is	likely	this	

component	of	the	sarcomere	that	is	responsible	for	the	non-cross-bridge	changes	in	

force	associated	with	active	stretch.	

2.4 Injury	and	force	deficit	following	stretch	

The	relationship	between	eccentric	muscle	contraction	and	muscle	damage	 is	well	

established.	 Fridén	 et	 al.	 (1981)	 showed	 that	 after	 eccentric	 exercise	 induced	 by	

running	down	a	set	of	stairs,	biopsies	from	the	human	soleus	showed	no	change	in	

fibre	histochemistry.	There	was	no	observable	rupture	or	necrosis	of	cells.	However,	

electron	microscopy	showed	many	subcellular	 irregularities.	Striation	pattern	was	

disordered	 in	 areas	 and	 Z-lines	 were	 broadened,	 streaming,	 and	 occasionally	
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completely	disrupted	(Figure	2-6).	From	these	observations,	Fridén	et	al.	suggested	

that	the	Z-disk	is	a	weak	link	within	the	myofibril.	Fridén	et	al.	(1983)	performed	a	

similar	study	on	knee	extensor	muscles	after	cycling	on	an	ergometer	modified	for	

eccentric	 work	 and	 showed	 a	 decrease	 in	 muscle	 strength	 along	 with	 the	

aforementioned	 subcellular	 abnormalities,	 all	 of	which	were	 observed	 for	 several	

days	following	the	bout	of	eccentric	work.	

	

Figure	 2-6.	 Electron	 micrograph	 showing	 smeared/broadened	 Z-lines	 and	

disrupted	 striation	 patterns.	 Image	 taken	 from	 Fridén	 et	 al.	 (1981)	 with	

permission,	copyright	Springer.	

The	majority	of	studies	examining	the	effects	of	lengthening	on	skeletal	muscle	do	so	

by	imposing	a	strain	on	the	tissue	and	assessing	the	extent	of	injury	by	calculating	the	

deficit	 in	 isometric	 force	 post-stretch	 compared	 to	 pre-stretch.	 Studies	 have	 been	

performed	 on	 whole	 muscle	 (e.g.	 Nikolaou	 et	 al.,	 1987),	 intact	 single	 fibres	 (e.g.	

Balnave	et	al.,	1997),	permeabilized	fibres	(e.g.	Macpherson	et	al.,	1997),	and	isolated	

myofibrils	(Panchangam	and	Herzog,	2011).	
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Force	 deficit	 following	 active	 stretch	 has	 been	 studied	 extensively.	 McCully	 and	

Faulkner	(1986)	performed	repeated	stretches	of	mouse	extensor	digitorum	longus	

muscles	of	20%	of	fibre	length	from	optimal	muscle	length,	while	varying	the	peak	

forces	that	the	muscle	experienced	by	changing	stimulation	frequency,	lengthening	

speed	and	magnitude,	and	inducing	fatigue.	For	a	given	velocity	of	lengthening,	they	

found	that	the	degree	of	injury	was	dependent	on	the	peak	force	developed.	They	also	

showed	that	additional	injury	is	not	observed	after	more	than	five	minutes	of	cyclic	

contractions,	which	was	coincident	with	a	drop	in	peak	force	by	approximately	50%.	

Faulkner	 et	 al.	 (1989)	 showed	 that	 during	 cyclic	 length	 changes	 of	 in	 situ	 mouse	

tibialis	 anterior	 and	 extensor	 digitorum	 longus	 muscles	 through	 their	 ranges	 of	

motion,	 those	activated	during	the	eccentric	phase	of	movement	showed	a	greater	

tension	deficit	than	those	stimulated	in	the	concentric	phase.	No	deficit	was	observed	

with	passively	stretched-shortened	controls.	Balnave	et	al.	(1997)	observed	a	64%	

reduction	in	isometric	force	in	single	intact	fibres	from	mouse	flexor	brevis	after	ten	

consecutive	 active	 stretches	 of	 50%	 of	 optimal	 fibre	 length.	 Electron	 microscopy	

revealed	 that	 force	 deficit	 was	 accompanied	 by	 Z-line	 streaming,	 misaligned	

sarcomeres,	 and	 overstretched	 sarcomeres.	 Confocal	 microscopy	 showed	 similar	

misalignment	of	sarcomeres	and	length	heterogeneities	throughout	the	length	of	the	

fibre.	

In	an	effort	to	examine	if	stress	or	strain	was	the	important	determinant	of	the	extent	

of	 injury,	 Lieber	 and	 Fridén	 (1993)	 employed	 a	 clever	way	 to	modulate	 the	 force	

during	 eccentric	 contraction:	 one	 group	 of	 muscles	 was	 activated	 at	 the	 onset	 of	
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movement	(the	so-called	early	stretch	group)	and	the	other	was	allowed	to	develop	a	

pre-load	prior	to	movement	(the	late	stretch	group).	This	allowed	the	muscles	in	the	

different	groups	to	be	strained	by	an	equivalent	amount	while	experiencing	different	

peak	 stresses.	 They	 also	 performed	 this	 experiment	 at	 two	 different	 strain	

magnitudes	(25%	and	12.5%	of	fibre	length	at	optimal).	They	found	that	for	a	given	

strain	magnitude	there	was	no	difference	in	tension	deficit	between	the	early	stretch	

and	the	late	stretch	groups,	despite	a	40%	difference	in	peak	force	produced	during	

stretch.	The	25%	strain	magnitude	resulted	in	significantly	greater	force	deficits	upon	

subsequent	activation	than	the	12.5%	strain	group.	

Patel	 et	 al.	 (2004)	 employed	 three	 different	 nominal	 strains	 in	 bouts	 of	 ten	

contractions	to	examine	their	effects	on	frog	muscle	fibre	bundles:	10%,	25%,	and	

35%.	Sarcomere	lengths	(and	strains)	were	monitored	throughout	the	experiments	

through	laser	diffraction.	The	peak	stresses	produced	by	each	of	these	strains	did	not	

differ	 significantly	 from	 each	 other.	 There	 was	 a	 strong	 relationship	 between	

sarcomere	 strain	 and	 the	 deficit	 in	 isometric	 force	 (i.e.	 injury).	 Strains	 of	 greater	

magnitude	resulted	in	greater	tension	deficits	compared	to	the	smaller	deformations.	

Muscle	injury	has	also	been	shown	to	be	induced	by	passive	stretching.	Nikolaou	et	

al.	 (1987)	 showed	 an	 isometric	 force	 deficit	 of	 approximately	 30%	 immediately	

following	a	passive	stretch	that	achieved	80%	of	estimated	failure	force1.	Histology	

showed	 hemorrhage	 and	 fibre	 rupture	 at	 the	 distal	 myotendinous	 junction.	 This	

																																																								
1	This	estimate	of	failure	force	was	based	on	a	previous	study	(Nikolaou	et	al.	1986)	showing	that	80%	
of	ultimate	rupture	force	in	the	rabbit	tibialis	anterior	corresponded	to	130%	of	body	weight.	
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tension	deficit	in	the	rabbit	tibialis	anterior	was	persistent	for	several	days.	Brooks	et	

al.	(1995)	used	the	extensor	digitorum	longus	muscle	in	mice	to	show	the	difference	

between	active	and	passive	stretches	across	a	wide	range	of	strain	magnitudes	(10%-

60%	 of	 fibre	 length	 starting	 at	 the	 muscle’s	 optimal	 length).	 Active	 and	 passive	

muscles	 required	 different	 strain	magnitudes	 to	 elicit	 a	 deficit	 in	 isometric	 force:	

active	muscles	showed	deficits	after	strains	of	30%	or	greater,	while	passive	muscles	

required	 at	 least	 50%.	 These	 tension	 deficits	 were	 accompanied	 by	 the	 typical	

sarcomere	disorganization,	Z-line	distortion,	and	myofilament	misalignment	seen	by	

electron	microscopy	in	both	passively	and	actively	stretched	muscles.		

2.5 Failure	of	skeletal	muscle	

A	limited	number	of	studies	examined	complete	failure	of	muscle.	Garrett	et	al.	(1987)	

compared	 mechanical	 properties	 of	 passive	 and	 active	 muscle	 (rabbit	 extensor	

digitorum	 longus)	 stretched	 to	 failure.	 They	 found	 that	 active	muscles	 required	 a	

greater	force	to	tear	than	their	passive	counterparts,	and	that	strain-to-tear	was	not	

different	 between	 the	 two	 groups.	 All	 muscles	 tore	 at	 the	 distal	 myotendinous	

junction,	 with	 short	 remnants	 of	muscle	 fibres	 being	 left	 at	 the	 site	 of	 failure.	 In	

passively	stretched	muscle,	it	was	found	that	muscle	architecture	and	rate	of	strain	

did	not	affect	the	site	of	failure	(Garrett	et	al.,	1988).	

Tidball	et	al.	(1993)	also	found	that	the	forces	at	failure	were	greater	in	stimulated	

compared	to	non-stimulated	muscle	in	frog	semitendinosus;	however,	in	contrast	to	

Garrett	et	al.	(1987),	strain-to-failure	was	vastly	different	between	the	two	groups.	
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Active	 muscles	 failed	 at	 higher	 strains	 than	 passively	 stretched	 muscles.	 Non-

stimulated	muscles	tended	to	fail	within	the	fibres	at	the	Z-disks	with	some	damage	

to	the	myotendinous	junction,	while	stimulated	muscles	tended	to	fail	exclusively	in	

the	basement	membrane	at	the	myotendinous	junction.	

Leonard	et	al.	(2010b)	showed	that	actively	failed	myofibrils	from	the	rabbit	psoas	

failed	 at	 much	 higher	 stresses	 than	 passively	 failed	 ones.	 Active	 and	 passive	

myofibrils	all	failed	at	similar	sarcomere	lengths	of	6-7	µm,	well	beyond	myofilament	

overlap.	 These	 results	 are	 puzzling	 in	 that,	 despite	 being	 at	 a	 length	 beyond	

myofilament	overlap	where	cross-bridge	activity	is	presumably	non-existent,	higher	

failure	 forces	 in	active	myofibrils	persist	compared	to	passive	myofibrils,	and	may	

implicate	 non-cross-bridge	 structures	 that	 span	 the	 sarcomere	 (i.e.	 titin)	 in	 this	

difference	in	failure	forces.	Addition	of	BDM	(2,3-butanedione	monoxime,	a	substance	

used	 to	 inhibit	 strong	 cross-bridge	 binding	 to	 actin)	 caused	 failure	 forces	 to	 be	

slightly	higher	than	those	in	the	passive	condition,	but	they	were	still	far	below	those	

found	 in	 active	myofibrils.	 Leonard	 et	 al.	 (2010b)	 also	 used	 trypsin	 to	 selectively	

delete	titin	from	the	myofibril,	and	found	that,	when	stretched	actively	or	passively,	

failure	stresses	were	reduced	to	near	zero	values.	These	results	suggest	that	cross-

bridge	forces	somehow	alter	interactions	and/or	structures	within	the	myofibril	to	

produce	high	forces	during	stretch	in	activated	compared	to	passive	myofibrils,	even	

when	stretched	beyond	myofilament	overlap.	
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Figure	2-7.	Mean	 failure	 stresses	 for	 rabbit	psoas	myofibrils	under	different	

activation	 and	 treatment	 conditions:	u active,	n	 passive,	l	 passive+BDM,	

p active	after	titin	deletion,	u passive	after	titin	deletion.	The	inset	shows	

the	 force	 versus	 sarcomere	 length	behavior	 of	 active	 and	passive	myofibrils	

during	 their	 stretches	 to	 failure.	Taken	with	permission	 from	Leonard	et	 al.	

(2010b),	copyright	Elsevier.	

2.5.1 Mechanisms	of	skeletal	muscle	injury	and	failure	

There	 is	disparate	evidence	 regarding	which	mechanical	 factors	are	of	paramount	

importance	when	it	comes	to	muscle	injury	and	failure.	In	injury-induced	force	deficit	

studies,	some	papers	cite	that	it	is	high	forces	that	are	the	cause	of	injury	(Fridén	et	

al.,	1983;	McCully	and	Faulkner,	1985,	1986;	Newham	et	al.,	1983).	Armstrong	et	al.	

(1983)	suggested	that	the	high	forces	experienced	during	eccentric	contraction	could	

cause	disruption	to	any	area	of	weakness	within	a	“susceptible”	group	of	cells.	Others	

assert	that	strain	magnitude	is	the	primary	factor	in	injury	(Lieber	and	Fridén,	1993;	

(Proske and Morgan, 2001), but in myofibrils no proteins external
to the sarcomere are present and so in our preparation, desmin
can be discounted. We do not know the site of failure in our
experiments, but the deletion of titin precludes the generation of
the high forces we observed at failure.
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Patel	et	al.,	2004).	This	contention	stems	in	part	from	observations	of	non-uniform	

sarcomere	lengths	along	the	length	of	a	muscle.	During	lengthening	of	whole	muscles	

(Talbot	and	Morgan,	1996)	or	single	 fibres	 (Julian	and	Morgan,	1979),	 it	has	been	

observed	 that	 sarcomeres	 within	 a	 muscle	 do	 not	 all	 lengthen	 uniformly.	 Some	

sarcomeres	 are	 lengthened	 to	 long	 lengths	 (termed	 “overstretched”	 sarcomeres),	

while	 others	 accommodate	 little	 or	 none	 of	 the	 imposed	 lengthening.	 Julian	 and	

Morgan	(1979)	explain	that,	due	to	the	unstable	nature	of	the	descending	limb	on	the	

force-length	relationship	(Hill,	1953),	weak	sarcomeres	“pop”	at	the	expense	of	long	

sarcomeres;	 that	 is,	 they	 elongate	 rapidly	 beyond	myofilament	 overlap	 until	 they	

come	 into	 equilibrium	 with	 the	 stronger	 adjacent	 sarcomeres.	 These	 popped	

sarcomeres	 that	 are	 at	 lengths	 beyond	 myofilament	 overlap	 are	 supported	

exclusively	 by	 their	 passive	 elements	 (Figure	 2-8).	 A	 computer	model	 by	Morgan	

(1990)	 supported	 this	 theory	 –	 weak	 sarcomeres	 elongated	 uncontrollably	 to	

extremely	long	lengths	before	strong	sarcomeres.	These	observations	subsequently	

led	to	the	postulation	that	strain	imposed	on	the	muscle	causes	sarcomeres	to	“pop”,	

which	leads	to	focal	damage	and	injury	(e.g.	Morgan	and	Proske,	2004).	This	idea	is	

supported	by	the	finding	that	following	active	stretch	of	frog	fibre	bundles,	the	width	

of	 a	 laser	 diffraction	 pattern	 line	 (which	 is	 an	 indication	 of	 sarcomere	 length	

heterogeneity)	 is	 increased	 (Patel	 et	 al.,	 2004).	 Substantial	 non-uniformities	were	

also	observed	in	electron	micrographs	of	stretched	frog	fibres	(Brown	and	Hill,	1991).	
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Figure	 2-8.	 Schematic	 illustration	 of	 the	 sarcomere	 length	 non-uniformity	

theory.	Active	 force	 is	 illustrated	by	 the	 solid	blue	 line,	 passive	 force	by	 the	

dashed	 red	 line,	 and	 total	 force	 (active	 +	 passive)	 by	 the	 solid	 green	 line.	

Sarcomeres	 stretched	 to	 an	 average	 length	 (l)	 will	 in	 fact	 contain	 distinct	

populations:	a	strong,	shorter	population	and	a	weak	population	that	will	‘pop’	

to	 a	 long	 length	 that	 is	 supported	 by	 passive	 forces	 exclusively.	 The	 two	

populations	 will	 come	 into	 force	 equilibrium	 with	 each	 other	 at	 lengths	

represented	by	open	circles	and	at	a	force	represented	by	the	dashed	line.	

Macpherson	 et	 al.	 (1997)	 set	 out	 to	 determine	 if	 areas	 along	 a	muscle	 fibre	with	

initially	 long	 sarcomeres	 contained	 more	 damaged	 sarcomeres	 following	 stretch	

compared	 to	 areas	with	 initially	 short	 sarcomeres.	 Following	 a	 stretch	 of	 40%	 of	

optimal	fibre	length,	permeabilized	fibres	of	the	rat	soleus	displayed	a	10%	deficit	in	

isometric	force.	Sarcomere	lengths	were	shown	to	be	heterogeneous	and	lengthening	

occurred	non-uniformly;	however,	there	was	no	evidence	of	sarcomeres	“popping”	to	

lengths	 beyond	myofilament	 overlap.	 They	 confirmed	 that	 areas	 with	 long	 initial	
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sarcomere	 lengths	 did	 contain	 the	 majority	 of	 damage	 including	 loss	 of	 filament	

interdigitation,	Z-line	streaming,	and	disorganization	of	sarcomeres.	

Some	suggest	that	injury	occurs	in	a	sort	of	“mixed	model”	of	stress	and	strain.	Brooks	

et	 al.	 (1995)	 proposed	 that	 the	 high	 forces	 produced	 in	 active	 muscles	 cause	

disproportionate	 large	 strains	 to	 isolated	 sarcomeres	 during	 small	 magnitude	

stretches,	 making	 them	more	 likely	 to	 fail.	 For	 passively	 stretched	 muscles,	 they	

postulated	that	fibres	are	injured	when	sarcomeres	are	pulled	beyond	myofilament	

overlap.	 In	 their	preparation,	 they	estimated	 that	 a	 strain	of	50%	of	optimal	 fibre	

length	 would	 result	 in	 sarcomeres	 being	 pulled	 beyond	 filament	 overlap.	 This	

estimated	 strain	 magnitude	 was	 coincident	 with	 the	 first	 strain	 that	 resulted	 in	

significant	 tension	 deficits	 following	 passive	 stretching.	 Macpherson	 et	 al.	 (1996)	

showed	that	as	peak	force	during	active	stretch	increased,	fibres	were	damaged	by	

shorter	 strains.	 They	 suggested	 that	 development	 of	 high	 forces	 during	 activation	

affects	 the	amount	of	sarcomere	 length	heterogeneity,	which	then	 in	turn	makes	a	

fibre	more	likely	to	become	injured	at	a	given	magnitude	of	strain.	

Work	done	on	the	muscle,	or	energy	absorbed	by	the	muscle	during	stretch	has	been	

used	to	explain	injury	and	failure.	Brooks	et	al.	(1995)	found	that	the	work	performed	

during	stretch	of	muscle	was	the	best	predictor	of	injury	in	their	preparation.	Hunter	

and	 Faulkner	 (1997)	 also	 found	 that	work	was	 the	 best	 predictor	 of	 injury	when	

initial	fibre	length	was	considered.	Leonard	et	al.	(2010b)	showed	that	the	work-to-

failure	of	actively	 stretched	myofibrils	was	higher	 than	 that	of	passively	 stretched	

myofibrils.	Interestingly,	myofibrils	whose	cross-bridge	activity	was	blocked	by	BDM	
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also	had	slightly	higher	 failure	energies	 than	passively	 stretched	myofibrils.	 It	has	

been	suggested	that	active	force,	which	absorbs	more	energy	during	stretch,	acts	as	a	

protective	mechanism	(Garrett	et	al.,	1987).	

Panchangam	and	Herzog	(2011)	showed	that	after	an	active	eccentric	nominal	strain	

of	approximately	33%,	 isolated	myofibrils	 from	the	rabbit	psoas	showed	a	tension	

deficit.	 One-third	 of	 the	 samples	 tested	 showed	 evidence	 of	 overstretched	

sarcomeres.	However,	the	myofibrils	containing	overstretched	sarcomeres	exhibited	

significantly	less	tension	deficit	than	those	without	overstretched	sarcomeres	when	

re-stimulated	 at	 the	 original	myofibril	 length.	 This	 observation	 lends	 itself	 to	 the	

following	two	conclusions:	1)	overstretched	sarcomeres	are	not	necessary	for	tension	

deficit	following	stretch;	and	2)	overstretching	of	sarcomeres	may	act	as	a	protective	

mechanism	for	the	myofibrils.	

2.6 Summary	

Experiments	on	rabbit	psoas	myofibrils	have	informed	us	that	actively	and	passively	

stretched	 skeletal	 muscle	 behaves	 differently	 from	 each	 other.	 Active	 muscle	

produces	greater	force	than	passive	muscle	when	stretched,	even	at	lengths	beyond	

myofilament	 overlap	where	we	would	 expect	 no	difference	due	 to	 the	 inability	 of	

myosin	to	interact	with	actin.	Although	some	of	this	difference	can	likely	be	attributed	

to	a	stiffening	of	titin	associated	with	activation,	it	seems	that	cross-bridge	formation	

prior	to	stretch	is	necessary	to	produce	large	differences	between	active	and	passive	

myofibrils.	Does	this	behavior	also	occur	in	non-mammalian	skeletal	muscle?	Is	this	
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large	difference	between	active	and	passive	forces	also	manifested	at	higher	levels	of	

muscle	(i.e.	fibres,	whole	muscles)?	

Regarding	examination	of	damage	to	skeletal	muscle	as	a	result	of	stretch,	one	of	two	

types	of	protocols	have	been	employed	extensively:	either	repetitive	small	amplitude	

stretches	or	large	single	stretches	that	cause	the	muscle	to	tear.	Studies	have	shown	

that	repeated	active	stretch	to	muscle	results	in	force	deficits	that	are	greater	than	

those	that	occur	in	passively	stretched	muscle,	and	that	microscopic	damage	to	the	

contractile	 system	 can	 be	 observed	 following	 this	 protocol.	 However,	 it	 is	 not	

understood	if	these	structural	changes	occur	with	single	large	magnitude	stretches.	

Experiments	employing	large	magnitude	stretches	that	result	in	tearing	of	the	muscle	

have	shown	that	muscle	tends	to	fail	near	the	myotendinous	junction,	and	with	forces	

that	 are	 greater	 in	 active	 compared	with	 passive	muscle.	What	 remains	 unknown	

from	 these	 studies	 that	 examine	 damage	 of	 muscle	 is	 the	 limit	 of	 muscle	 force	

generation	capacity	in	large	single	stretches	prior	to	the	muscle	tearing	apart.	Is	the	

force	generating	capacity	already	compromised	prior	 to	 the	muscle	ripping	apart?	

Does	this	happen	differently	in	active	and	passive	muscles?	Does	this	differ	at	varying	

levels	 of	 muscle	 hierarchy?	 Is	 the	 contractile	 system	 damaged	 with	 these	 single	

stretches	prior	to	tearing,	or	is	the	extracellular	matrix	becoming	compromised	and	

preventing	the	transmission	of	forces	across	the	muscle?	
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CHAPTER	THREE: ACTIVE	AND	PASSIVE	FORCE	PRODUCTION	AT	LONG	

MUSCLE	LENGTHS:	FROM	MICROSCOPIC	TO	MACROSCOPIC	

3.1 Introduction	

The	 reigning	 paradigm	 of	 muscle	 contraction,	 the	 sliding	 filament	 (Huxley	 and	

Niedergerke,	 1954;	 Huxley	 and	 Hanson,	 1954)	 and	 cross-bridge	 (Huxley,	 1957)	

theories,	have	been	used	for	the	last	sixty	years	to	describe	the	behavior	of	skeletal	

muscle.	 According	 to	 this	 theory,	 force	 that	 results	 in	 contraction	 of	 muscle	 is	

produced	by	myosin-based	interactions	(i.e.	cross-bridges)	with	actin	filaments.	This	

mechanism,	 coupled	 with	 the	 structure	 of	 these	 filaments	 within	 the	 sarcomere,	

results	 in	 a	 property	 of	muscle	 that	 has	 been	well	 characterized:	 the	 force-length	

relationship	 (Gordon	 et	 al.,	 1966b).	 As	 a	muscle	 is	 lengthened	 beyond	 its	 optimal	

length,	 actin	 filaments	 are	 drawn	 away	 from	 myosin	 filaments	 and	 the	 potential	

number	 of	 cross-bridges	 able	 to	 interact	 with	 actin	 declines.	 Active	 force	 will	

therefore	decrease	as	length	is	increased.	Conversely,	as	muscle	length	is	increased,	

the	 effect	 of	 passive	 elements	 becomes	 greater	 and	 their	 contribution	 to	 the	 total	

force	increases	(Figure	2-5).	

According	to	the	cross-bridge	theory,	at	lengths	beyond	filament	overlap,	active	force	

decreases	to	zero,	thus	passive	forces	alone	contribute	to	the	total	 force;	however,	

Leonard	et	al.	(2010b)	showed	that	when	activated	myofibrils	from	the	rabbit	psoas	

are	 stretched	 to	 lengths	 beyond	myofilament	 overlap,	 they	 produce	much	 higher	

forces	 than	 myofibrils	 stretched	 passively.	 This	 observation	 cannot	 be	 explained	
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under	the	current	framework	of	understanding	of	muscle	contraction.	The	purpose	

of	this	study	was	to	examine	the	phenomenon	described	by	Leonard	et	al.	(2010b);	

that	 is,	 the	divergence	of	passive	and	active	 forces	at	 lengths	beyond	myofilament	

overlap.	We	will	further	assess	how	this	phenomenon	may	scale	to	higher	levels	of	

hierarchy	in	muscle	structure.	

3.2 Methods	

The	semitendinosus	muscle	from	the	frog	Rana	pipiens	was	selected	for	this	study.	All	

experimental	 procedures	 were	 approved	 by	 the	 University	 of	 Calgary	 Life	 and	

Environmental	Sciences	Animal	Care	Committee.	Three	different	preparations	were	

used	to	examine	forces	at	long	muscle	lengths:	whole	muscle,	single	permeabilized	

fibres,	and	isolated	myofibrils.	

3.2.1 Whole	muscle	experiments	

Frogs	 (n=24)	 were	 anaesthetized	 by	 initial	 immersion	 in	 a	 0.3%	w/v	 solution	 of	

tricane	methanesulfonate	(MS-222),	and	then	maintained	by	wrapping	the	frog	in	MS-

222-soaked	gauze	strips.	An	incision	was	made	on	the	medial	aspect	of	the	ventral	

thigh	and	the	semitendinosus	was	bluntly	dissected	from	surrounding	muscles.	The	

distal	tendon	was	cut	away	from	the	tibia	and	tied	with	a	piece	of	#2	silk	suture.	The	

frog	was	placed	in	a	hammock	and	the	pelvis	was	fixed	in	a	stereotaxic	frame.	The	

muscle	was	 connected	 via	 the	 silk	 suture	 to	 a	 force	 transducer	 (LCFA-1K,	 Omega	

Engineering,	Inc.,	Stamford,	CT)	mounted	upon	a	linear	table	motor	(404LXR	Linear	

Table	Motor	and	GV6K	Servo	Controller,	Parker	Hannifin	Corp.,	Mayfield	Heights,	CT).	
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A	custom	surface	stimulator	consisting	of	one	lead	surrounded	by	two	ground	wires	

was	placed	against	the	muscle,	spanning	the	length	of	the	muscle.	Activation	of	the	

muscle	 was	 achieved	 with	 electrical	 stimulation	 via	 a	 Grass	 S88	 stimulator	 at	 a	

voltage	1.5x	greater	than	that	required	to	evoke	a	maximum	twitch	response	of	the	

muscle.	 The	minimum	 frequency	 that	 resulted	 in	 a	 fused	 tetanic	 contraction	was	

selected	to	reduce	the	effects	of	fatigue,	ranging	from	20-30	Hz.	All	experiments	were	

performed	at	room	temperature,	approximately	21°C.	

A	 force-length	 relationship	was	determined	 for	 each	muscle	prior	 to	 testing.	One-

second	tetani	were	performed	across	a	range	of	lengths,	and	a	quadratic	spline	was	

fit	to	the	active	force	values	to	approximate	optimal	length	(L0)	and	maximal	force	

(F0).	 Active	muscles	were	 brought	 to	 L0,	 stimulated	 as	 described	 above,	 and	 held	

isometrically	 for	 0.5	 seconds	 to	 allow	 tension	 to	 develop.	 The	 muscle	 was	 then	

stretched	at	a	rate	of	5%	muscle	length	per	second	until	a	drop	in	force	of	more	than	

2%	was	observed,	at	which	point	the	motor	was	stopped	and	muscles	was	held	at	this	

final	 length.	The	protocol	 for	passive	muscles	was	 the	 same	as	 for	active	muscles,	

except	 the	 stimulator	 was	 turned	 off	 prior	 to	 the	 failure	 trial.	 Force	 and	 motor	

position	data	were	collected	at	a	frequency	of	2000	Hz	with	WinDaq	Data	Acquisition	

Software	(DATAQ	Instruments,	Inc.,	Akron,	OH).	

Following	sacrifice,	a	custom	built	acrylic	bath	was	placed	around	the	frog’s	leg	and	

the	apparatus,	which	was	then	filled	with	10%	neutral	buffered	formalin	to	fix	the	

muscle	at	its	failure	length.	After	one	hour	of	immersion	in	formalin,	the	muscle	was	

removed	from	the	leg	and	placed	in	a	tube	of	formalin	for	further	fixation.	Muscles	
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were	 processed	 in	 30%	 nitric	 acid	 and	 then	 glycerol	 to	 begin	 the	 breakdown	 of	

connective	tissues.	Ten	fascicles	from	each	muscle	were	mechanically	isolated	from	

different	areas	of	the	muscle	and	mounted	on	slides	with	glycerol.	The	fascicles	were	

then	placed	under	a	monochromatic	He-Ne	laser	(5	mW,	0.8	mm	beam	diameter,	633	

nm	wavelength;	 JDS	 Uniphase	 Corp.,	 Milpitas,	 CA)	 to	 evaluate	 average	 sarcomere	

lengths	(Butterfield	et	al.,	2005)	by	measuring	the	distance	between	the	zero-	and	

first-order	diffraction	bands.	This	was	performed	at	 five	points	along	the	 length	of	

each	fascicle.	

3.2.2 Permeabilized	fibre	experiments	

Permeabilized	fibres	were	prepared	similar	to	Joumaa	and	Herzog	(2014).	Following	

sacrifice	of	the	frog,	strips	of	the	semitendinosus	muscle	were	isolated,	tied	to	sticks	

at	their	in	vivo	length,	and	then	cut	away	from	the	remaining	muscle	belly.	Samples	

were	 placed	 in	 a	 relaxing	 solution	 (see	 Appendix	 A)	 with	 protease	 inhibitor	

(cOmplete,	 Roche	Diagnostics,	Montreal,	 QC,	 Canada)	 	 on	 ice	 for	 four	 hours,	 after	

which	 fresh	 solution	 was	 substituted	 and	 samples	 were	 stored	 on	 ice	 overnight.	

Twenty-four	 hours	 after	 collection,	 samples	 were	 placed	 in	 a	 50:50	 mixture	 of	

relaxing	 solution	and	glycerol	 for	one	hour.	The	50:50	 solution	was	 replaced,	 and	

samples	were	placed	in	the	freezer	at	-20°C	for	two	weeks.	

After	being	thawed,	single	fibres	(n=24)	were	mechanically	isolated	from	the	bundles	

of	muscle	and	 transferred	 into	 the	experimental	bath	containing	relaxing	solution.	

One	end	of	the	fibre	was	wrapped	around	a	hook	of	a	length-controlling	rotational	
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motor	and	the	other	was	wrapped	around	a	hook	on	a	force	transducer	(Model	400A,	

Aurora	Scientific	Inc.,	Aurora,	ON,	Canada).	The	relaxing	solution	was	removed	from	

the	bath	and	the	fibre	was	glued	to	each	hook	by	applying	a	small	piece	of	cellulose	

acetate	and	exposing	it	to	acetone.	The	relaxing	solution	was	re-introduced,	and	the	

fibre	sat	at	slack	length	for	five	minutes	to	allow	the	glue	to	set.	All	experiments	were	

performed	at	room	temperature,	approximately	21°C.	

The	fibre	was	positioned	at	optimal	length	(2.2	µm	sarcomere	length,	confirmed	with	

He-Ne	 laser	 diffraction),	 and	 the	 fibre’s	 length	 (L0)	 and	 diameter	were	measured.	

Activation	(i.e.	production	of	contractile	force)	was	achieved	chemically	by	moving	

the	fibre	into	a	bath	containing	a	rinsing	solution	(see	Appendix	A)	followed	by	a	bath	

containing	activating	solution	(see	Appendix	A).	Actively	failed	fibres	(n=12)	were	left	

in	activating	solution	for	the	duration	of	the	test,	and	were	held	isometrically	at	L0	for	

several	 seconds	 prior	 to	 stretching	 to	 allow	 for	 the	 development	 of	 steady	 state	

tension.	 Fibres	 that	 were	 failed	 passively	 (n=12)	were	 activated	 isometrically	 for	

several	 seconds,	 and	 then	 placed	 back	 into	 the	 relaxing	 solution	 to	 abolish	 active	

forces	prior	 to	 the	onset	of	 stretch.	Fibres	were	stretched	at	a	 speed	of	25%	L0/s.	

Force	 and	 motor	 position	 data	 were	 collected	 at	 10	 kHz	 (Model	 600A	 Digital	

Controlled,	Aurora	Scientific	Inc.,	Aurora,	ON,	Canada).	

3.2.3 Myofibril	experiments	

Semitendinosus	muscle	samples	were	collected	as	described	for	the	permeabilized	

fibres.	Following	collection,	the	muscle	was	placed	in	a	rigor	solution	(see	Appendix	
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A)	 containing	 protease	 inhibitors	 (cOmplete,	 Roche	 Diagnostics,	 Montreal,	 QC,	

Canada)	 for	 several	 hours	 before	 being	 transferred	 into	 a	 50:50	 rigor:glycerol	

solution	overnight.	The	following	morning,	the	50:50	solution	was	exchanged	and	the	

samples	were	 put	 in	 a	 freezer	 for	 two	weeks	 at	 -20°C.	 Before	 use,	muscles	 were	

removed	from	the	freezer	and	rinsed	with	rigor	solution	for	several	hours.	A	small	

piece	of	the	muscle	was	cut	away,	and	was	then	homogenized	in	a	rigor	solution	to	

yield	a	slurry	of	cell	debris	and	viable	myofibrils	suspended	within	the	solution.	A	

small	amount	of	the	slurry	was	placed	in	an	experimental	chamber	mounted	on	top	

of	 an	 inverted	 light	 microscope	 (Axiovert	 200M,	 Carl	 Zeiss	 AG,	 Oberkochen,	

Germany),	and	was	allowed	to	settle	for	ten	minutes.	The	chamber	was	then	flushed	

with	relaxing	solution	to	wash	away	myofibrils	in	suspension,	leaving	only	myofibrils	

that	were	adherent	to	the	bottom	of	the	chamber.	

Myofibrils	were	visualized	under	a	100x	oil	objective,	and	video	data	were	captured	

with	 a	 CMOS	 camera	 (Rolera	 Bolt,	 QImaging	 Corp.,	 Surrey,	 BC,	 Canada).	 Once	 a	

myofibril	of	appropriate	length	was	identified	(three	to	eight	sarcomeres	in	length),	

it	was	fixed	to	a	glass	needle	controlled	with	a	piezomotor	on	one	end	and	a	silicon	

nitride	nano-scale	cantilever	with	a	known	stiffness	on	the	other.	The	cantilever	was	

used	to	measure	the	force	produced	by	the	myofibril	(Joumaa	et	al.,	2008a;	Leonard	

et	al.,	2010a).	

The	myofibril	was	positioned	at	a	length	corresponding	to	the	plateau	of	the	force-

length	 relationship	 (L0;	 in	 frog,	 this	 is	 a	 sarcomere	 length	of	 2.0-2.2	 µm)	 and	was	

stretched	at	a	speed	of	0.2	µm/sarcomere/s.	If	being	stretched	passively	(n=5),	the	
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myofibril	 remained	 in	 the	 relaxing	 solution	 for	 the	 duration	 of	 the	 test.	 If	 being	

stretched	actively	(n=5),	the	myofibril	was	activated	chemically	by	the	introduction	

of	the	calcium-rich	activating	solution	(see	Appendix	A)	with	a	tapered	micropipette	

in	the	vicinity	of	the	myofibril,	and	was	held	isometrically	at	L0	for	several	seconds	to	

allow	for	the	development	of	tension	prior	to	the	onset	of	stretching.	

3.2.4 Data	analysis	and	statistics	

Force	and	length	data	were	imported	into	MATLAB	(The	MathWorks,	Inc.,	Natick,	MA,	

USA)	for	analysis.	Because	precise	measurements	of	diameter	could	not	be	obtained	

in	whole	muscles,	failure	force	was	expressed	as	a	percentage	of	force	at	L0	and	then	

converted	 to	 stress	 assuming	 a	maximal	 stress	 of	 274.7	 kN/m2	 (2.8	 kg/cm2,	 from	

Gordon	et	al.,	1966a).	In	fibres,	forces	were	converted	to	stresses	by	normalizing	to	

the	cross-sectional	area	at	L0,	assuming	a	circular	cross-section.	Strain	was	calculated	

as	 the	 percent	 change	 in	 length	 from	 L0.	 Strains	 were	 converted	 into	 estimated	

average	 sarcomere	 lengths,	 assuming	 average	 sarcomere	 length	 at	 L0	was	 2.2	 μm	

(Gordon	 et	 al.,	 1966b).	 This	 was	 validated	 in	 whole	 muscles	 by	 comparing	 the	

estimated	 average	 sarcomere	 lengths	 at	 the	 cessation	 of	 stretch	 to	 the	 laser	

diffraction	results	measured	at	those	lengths	(Butterfield	et	al.,	2005).	

For	myofibrils,	force	and	sarcomere	length	were	calculated	offline	with	custom	video	

analysis	 software	 (Joumaa	 et	 al.,	 2008a;	 Joumaa	 et	 al.,	 2007).	 Average	 sarcomere	

length	 was	 calculated	 as	 the	 length	 of	 the	 myofibril	 divided	 by	 the	 number	 of	

sarcomeres.	 Forces	 were	 calculated	 using	 Hooke’s	 Law;	 that	 is,	 by	 knowing	 the	
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stiffness	of	the	cantilevers,	any	deflection	of	the	cantilever	is	proportional	to	the	force	

produced	by	the	myofibril.	Forces	were	converted	to	stresses	by	dividing	them	by	the	

cross-sectional	 area	 at	 L0,	 assuming	 a	 circular	 cross-section.	 Average	 sarcomere	

length	was	measured	directly	from	the	video.	

Stresses	in	active	and	passive	samples	in	all	three	preparations	were	compared	using	

a	split-plot	ANOVA.	If	a	significant	interaction	effect	between	the	two	factors	(length	

and	 activation)	was	 found,	 simple	 effects	 analysis	was	 performed	with	 univariate	

ANOVA	within	 each	 level	 of	 a	 factor.	 A	 significance	 level	 of	 α=0.05	was	 used,	 and	

multiple	comparisons	were	examined	with	an	unrestricted	least	significant	difference	

approach	(Saville,	1990).	

3.3 Results	

Myofibrils	could	be	pulled	consistently	to	average	sarcomere	lengths	of	6-7	μm.	The	

stresses	experienced	by	the	active	and	passive	groups	diverged	with	the	progression	

of	 stretch.	 Active	 myofibrils	 displayed	 persistently	 higher	 stresses	 than	 passive	

myofibrils,	despite	being	at	lengths	well	beyond	myofilament	overlap	(p<0.01;	Figure	

3-1).	
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Figure	 3-1.	 Active	 (l)	 and	 passive	 (n)	 stresses	 in	 myofibrils	 at	 average	

sarcomere	 lengths.	 Shaded	 area	 represents	 lengths	 beyond	 myofilament	

overlap.	 Error	 bars	 represent	 ±	 1	 standard	 deviation.	 Differences	 between	

active	and	passive	myofibrils	were	significant	all	lengths	(p<0.05).	

Permeabilized	 fibres	 could	 also	be	pulled	 to	 average	 sarcomere	 lengths	of	 7.0	μm	

consistently.	Active	fibres	also	displayed	significantly	greater	stresses	over	the	full	

range	 of	 lengths	 compared	 to	 passive	 fibres	 (p<0.05);	 however,	 the	 difference	

between	active	and	passive	fibres	was	not	as	great	as	the	difference	observed	in	the	

isolated	myofibrils	(Figure	3-2).	
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Figure	 3-2.	 Active	 (l)	 and	 passive	 (n)	 stresses	 in	 permeabilized	 fibres	 at	

estimated	average	sarcomere	lengths.	Shaded	area	represents	lengths	beyond	

myofilament	overlap.	Error	bars	represent	±	1	standard	deviation.	Differences	

between	active	and	passive	fibres	were	significant	at	all	lengths	(p<0.05).	

Figure	 3-2	 also	 shows	 a	 softening	 behavior	 (i.e.	 the	 increase	 in	 stress	 for	 a	 given	

increase	 in	 length	becomes	smaller)	of	 active	 fibres	as	 they	are	 stretched	 through	

lengths	of	3.0-4.0	μm.	This	stands	in	contrast	to	myofibrils,	which	showed	an	increase	

in	 stiffness	 over	 the	 same	 range	 of	 sarcomere	 lengths.	 A	 softening	 can	 also	 be	

observed	in	the	passive	fibres	at	longer	sarcomere	lengths	(at	4.0-5.0	μm);	however,	

this	 softening	 occurs	 at	 approximately	 the	 same	 stress	 (200	 kN/m2)	 as	 in	 active	

fibres.	This	results	in	a	convergence	of	active	and	passive	stresses	at	a	length	of	4.0	

μm	before	diverging	again	at	longer	sarcomere	lengths.	
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Whole	muscles	 could	not	be	 stretched	 to	 average	 sarcomere	 lengths	 as	 long	 as	 in	

myofibrils	 and	 skinned	 fibres.	 At	 lengths	 closer	 to	 the	 plateau	 of	 the	 force-length	

relationship	(2.2	μm	and	2.5	μm),	active	stresses	were	higher	than	passive	stresses	as	

expected	(p<0.01);	however,	no	significant	difference	was	observed	between	active	

and	passive	groups	with	the	progression	of	stretch	to	sarcomere	lengths	of	3.0	μm	

and	3.5	μm	(Figure	3-3).	

3.4 Discussion	

Stresses	 from	 the	 myofibrils	 were	 similar	 to	 the	 observations	 of	 Leonard	 et	 al.	

(2010b)	in	rabbit	psoas	myofibrils.	According	to	the	classical	cross-bridge	theory,	it	

should	be	expected	that	stresses	 in	the	active	and	passive	groups	would	not	differ	

when	 the	myofibril	 is	 stretched	 beyond	myofilament	 overlap,	 corresponding	 to	 a	

length	of	approximately	3.6	μm	in	frog	skeletal	muscle	(Gordon	et	al.,	1966b),	as	there	

can	be	no	cross-bridge	formation	between	actin	and	myosin	at	these	extremely	long	

lengths.	The	observations	shown	here	and	in	Leonard	et	al.	(2010b)	contradict	this	

expectation.	Active	myofibrils	produced	forces	two	to	three	times	greater	than	those	

produced	in	passive	myofibrils	at	a	sarcomere	length	of	6.0	μm.	
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Figure	3-3.	Active	(l)	and	passive	(n)	stresses	in	whole	muscles	at	estimated	

average	sarcomere	lengths.	Error	bars	represent	±	1	standard	deviation.	Active	

force	was	significantly	higher	than	passive	force	at	lengths	of	2.2	μm	and	2.5	μm	

(p<0.01).	At	lengths	of	3.0	μm	and	beyond,	there	was	no	significant	difference	

between	active	and	passive	stress	in	whole	muscles.	

Leonard	et	al.	(2010b)	showed	that	this	effect	was	attenuated	with	the	addition	of	2-

3	butanedione	monoxime	(BDM),	a	substance	that	prevents	myosin	from	undergoing	

its	power	stroke.	This	suggests	that	a	force-	or	cross-bridge-dependent	mechanism	is	

responsible	for	this	phenomenon.	Because	this	divergence	in	stress	is	persistent	at	

lengths	 beyond	 actin-myosin	 overlap,	 the	 responsible	 structure	 must	 span	 the	

sarcomere	to	bear	this	load.	The	most	likely	candidate	is	the	large	protein	titin.	Titin,	

which	joins	the	Z-disk	to	the	M-line	of	a	sarcomere,	acts	as	a	large	molecular	spring	

within	the	sarcomere	and	is	responsible	for	almost	all	of	the	passive	force	produced	
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in	a	myofibril	(Bartoo	et	al.,	1997).	There	are	two	possible	mechanisms	by	which	titin	

could	up-regulate	its	force	production:	either	by	an	increase	in	the	spring’s	stiffness	

or	by	an	increase	in	the	spring’s	displacement	from	its	equilibrium	(i.e.	a	reduction	in	

the	free-spring	length).	Titin	has	been	shown	to	change	its	stiffness	in	the	presence	of	

calcium	 (DuVall	 et	 al.,	 2013;	 Joumaa	 et	 al.,	 2008b;	 Labeit	 et	 al.,	 2003).	 The	 force	

produced	by	myofibrils	 treated	with	BDM	in	Leonard	et	al.	 (2010b)	show	a	minor	

increase	above	passively	stretched	myofibrils,	but	a	much	lower	force	compared	with	

untreated	actively	stretched	myofibrils.	A	similar	result	was	also	obtained	by	(Joumaa	

et	al.,	2008b)	in	which	myofibrils	were	stretched	in	an	activating	solution,	but	cross-

bridge	attachment	was	inhibited	by	removal	of	the	regulatory	protein	troponin	C.	In	

a	 different	 study,	 Leonard	 and	 Herzog	 (2010)	 showed	 that	 treatment	 with	 BDM	

abolished	any	difference	between	actively	and	passively	stretched	myofibrils.	This	

suggests	 that	 a	 change	 in	 titin	 stiffness	 likely	 accounts	 for	 a	 small	 amount	 of	 the	

augmentation	in	force	at	long	lengths,	if	any	at	all.	

The	second	possibility,	a	decrease	 in	 the	 free-spring	 length	of	 titin,	 is	possible	 if	a	

segment	of	titin	binds	to	another	structure	within	the	sarcomere	(Herzog,	2014a,	b).	

This	binding	would	result	in	a	greater	force	produced	for	a	given	displacement.	It	has	

been	shown	that	titin	PEVK	domains	can	bind	with	filamentous	actin	in	vitro	for	long	

periods	of	time	(Bianco	et	al.,	2007;	Linke	et	al.,	2002;	Nagy	et	al.,	2004;	Yamasaki	et	

al.,	2001).	If	this	interaction	occurred	in	situ	in	the	active	condition,	it	could	explain	

the	divergence	in	force	beyond	myofilament	overlap.	



	

	
	

38	

In	addition	to	abolishing	the	force	surplus	after	treatment	with	BDM	(i.e.	active	and	

passive	 forces	were	equivalent),	Leonard	and	Herzog	(2010)	also	showed	that	 the	

surplus	in	force	was	reduced	when	beginning	active	stretch	at	a	lower	isometric	force.	

This	was	achieved	by	activating	myofibrils	further	down	the	descending	limb	of	the	

force-length	relationship.	These	observations	suggest	that	the	mechanism	underlying	

this	phenomenon	is	either	force-	or	cross-bridge-dependent,	and	is	not	initiated	by	

activation	(calcium)	per	se.	

The	magnitude	of	the	divergence	in	stress	between	active	and	passive	conditions	was	

much	 less	 in	 permeabilized	 fibres	 than	 in	myofibrils.	 These	 fibres	 are	 principally	

composed	 of	 myofibrils,	 both	 in	 series	 and	 in	 parallel,	 bundled	 together	 by	 a	

permeabilized	sarcolemma	with	lateral	connections	between	adjacent	myofibrils	and	

between	myofibrils	 and	 the	 sarcolemma.	Damage	 of	 these	 connections,	 consisting	

largely	 of	 the	 protein	 desmin,	 could	 be	 responsible	 for	 the	 softening	 behavior	

observed	in	both	active	and	passive	fibres:	if	desmin	connections	are	broken	as	fibre	

stresses	approach	200	kN/m2,	a	change	in	the	rate	of	 increase	of	 force	may	result.	

Because	active	and	passive	fibres	will	achieve	this	stress	at	different	lengths	during	

stretch,	 softening	will	occur	at	different	 lengths.	 In	 this	case,	 the	softening	of	both	

active	and	passive	fibres	may	have	resulted	in	the	convergence	of	stresses	near	4	μm	

and	subsequent	divergence,	therefore	bringing	active	and	passive	stresses	closer	to	

one	another.	

Another	 possibility	 to	 explain	 the	 smaller	 difference	 between	 active	 and	 passive	

fibres	during	stretch	is	that	all	myofibrils	within	a	fibre	are	not	behaving	the	same;	
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that	 is,	 some	myofibrils	 are	 lengthening	more	 than	 (or	 at	 the	 expense	 of)	 others,	

resulting	in	an	average	behavior	that	does	not	differ	between	the	different	activation	

conditions	 as	 much	 as	 that	 observed	 in	 isolated	 myofibrils.	 This	 proposed	

heterogeneous	behavior	of	myofibrils	within	a	 fibre	could	be	related	to	the	above-

mentioned	possibility	of	desmin	damage:	compromised	desmin	connections	between	

myofibrils	 could	 result	 in	 myofibrils	 acting	 differently	 from	 one	 another	 during	

stretch.	

Whole	muscle	is	a	much	more	complicated	tissue,	composed	of	not	only	numerous	

fibres	in	parallel,	but	also	of	elastic	elements	like	tendon	and	aponeurosis	as	well	as	

an	extracellular	matrix.	It	seems	likely	that	as	stretch	progresses,	the	effects	of	stretch	

on	elastic	elements	and	the	extracellular	matrix	overshadow	the	effects	produced	by	

contractile	elements	observed	at	lower	structural	levels,	resulting	in	the	convergence	

of	 active	 and	 passive	 forces	 as	 the	 muscle	 is	 stretched	 towards	 the	 end	 of	 the	

descending	 limb	 of	 the	 force-length	 relationship;	 however,	 active	 and	 passive	

muscles	in	this	study	had	already	converged	at	lengths	of	3	μm.	If	a	linear	descending	

limb	of	the	force-length	relationship	is	assumed,	active	isometric	force	at	this	length	

should	be	approximately	55%	of	maximum	 isometric	 force	–	 substantially	greater	

than	the	passive	force	at	this	length.	Because	the	stretch	took	place	over	a	relatively	

long	time	(10-15	seconds),	a	systematic	effect	of	fatigue	may	be	affecting	the	results	

in	active	whole	muscles.	The	effect	of	fatigue	was	not	validated	in	this	study;	however,	

this	 results	 in	an	underestimation	of	active	 forces	at	 long	 lengths,	 and	 therefore	a	
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greater	 difference	 between	 active	 and	 passive	 forces	 may	 exist	 in	 whole	 muscle	

preparations	than	was	observed	in	this	study.	

A	 difference	 in	 force	 (or	 stress)	 between	 passive	 and	 active	 groups	 in	 any	 of	 the	

preparations	could	possibly	be	due	to	non-uniformities	in	sarcomere	length	(Morgan,	

1990).	According	to	this	theory,	a	weak	population	of	sarcomeres	rapidly	elongates	

(or	‘pops’)	while	a	strong	population	is	allowed	to	shorten	and	therefore	move	them	

up	the	descending	limb	of	the	force-length	relationship.	According	to	this	theory,	if	

this	occurs	on	 the	 ‘unstable’	negatively	sloped	descending	 limb	of	 the	 force-length	

relationship	(Hill,	1953),	it	could	result	in	both	elevated	active	force	production	and	

production	 of	 force	 at	 average	 sarcomere	 lengths	 beyond	 myofilament	 overlap	

(Figure	2-8).	This	theory	is	not	supported	in	the	context	of	this	study.	The	effects	of	

sarcomere	length	non-uniformities	should	decrease	with	the	progression	of	stretch,	

as	 more	 and	 more	 sarcomeres	 should	 eventually	 lengthen	 to	 accommodate	 the	

stretch.	In	both	myofibrils	and	permeabilized	fibres,	the	effect	of	continued	stretch	on	

force	resulted	in	in	a	continuing	divergence	between	active	and	passive	observations.	

If	sarcomere	popping	was	present,	examination	of	samples	under	microscopy	should	

show	 regions	 of	 very	 long	 sarcomeres	 flanked	 by	 shorter	 sarcomeres.	 Although	

variation	in	sarcomere	lengths	was	observed	along	the	length	of	most	samples	under	

light	and	electron	microscopy,	no	evidence	of	regions	of	popped	sarcomeres	could	be	

found.	The	results	of	this	study	therefore	suggest	that	popping	sarcomeres	cannot	be	

the	 explanation	 for	 the	 differences	 in	 force	 observed	 between	 active	 and	 passive	

muscle	force	at	long	lengths.	



	

	
	

41	

CHAPTER	FOUR: A	HIERARCHICAL	EXAMINATION	OF	FAILURE	IN	SKELETAL	

MUSCLE	

4.1 Introduction	

The	majority	of	studies	examining	the	effect	of	lengthening	on	skeletal	muscle	do	so	

by	imposing	a	strain	on	the	tissue	and	assessing	the	extent	of	injury	by	calculating	the	

deficit	 in	 isometric	 force	 post-stretch	 compared	 to	 pre-stretch.	 Studies	 have	 been	

performed	 on	 whole	 muscle	 (e.g.	 Nikolaou	 et	 al.,	 1987)	 intact	 single	 fibres	 (e.g.	

Balnave	et	al.,	1997),	permeabilized	fibres	(e.g.	Macpherson	et	al.,	1997),	and	single	

myofibrils	(Panchangam	and	Herzog,	2011).	This	force	deficit	is	often	accompanied	

by	disrupted	Z-lines,	and	misaligned	and	overstretched	sarcomeres	(Balnave	et	al.,	

1997).	Force	deficit	and	damage	has	been	observed	following	both	passive	and	active	

stretching	 of	 muscle;	 however,	 a	 limited	 number	 of	 studies	 have	 examined	

mechanical	properties	of	muscle	at	failure.	

Garrett	et	al.	(1987)	compared	mechanical	properties	of	passive	and	active	extensor	

digitorum	 longus	muscles	 in	New	Zealand	white	 rabbits	 stretched	 to	 failure.	They	

found	 that	 active	 muscles	 required	 a	 greater	 force-to-tear	 than	 their	 passive	

counterparts,	and	that	strain-to-tear	was	not	different	between	the	two	groups.	All	

muscles	 tore	 at	 the	 distal	myotendinous	 junction,	 with	 short	 remnants	 of	muscle	

fibres	being	left	at	the	site	of	failure.	This	study	defined	failure	as	a	visible	tear	in	the	

muscle;	 however,	 this	 definition	 fails	 to	 consider	 that	 irreversible	 damage	 to	 the	

muscle	may	be	 occurring	prior	 to	macroscopic	 visual	manifestations.	 Therefore,	 a	
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definition	that	considers	a	compromise	in	the	muscle’s	ability	to	generate	force	may	

be	more	appropriate	(i.e.	a	drop	in	force	during	stretch).	

Tidball	et	al.	(1993),	who	defined	failure	in	this	way,	found	that	the	forces	at	failure	

were	 greater	 in	 stimulated	 compared	 to	 non-stimulated	 muscle	 in	 frog	

semitendinosus.	 Strain-to-failure	 was	 vastly	 different	 between	 the	 two	 groups.	

Stimulated	muscles	failed	at	higher	strains	than	unstimulated	muscles.	Unstimulated	

muscles	 tended	 to	 fail	 within	 fibres	 at	 their	 Z-disks	 with	 some	 damage	 to	 the	

myotendinous	 junction,	while	 stimulated	muscles	 tended	 to	 fail	 exclusively	 in	 the	

basement	membrane	at	the	myotendinous	junction.	

Leonard	et	al.	(2010b)	showed	that	actively	failed	myofibrils	from	the	rabbit	psoas	

failed	 at	 much	 higher	 stresses	 than	 passively	 failed	 ones.	 Active	 and	 passive	

myofibrils	all	failed	at	similar	lengths	of	6-7	µm,	well	beyond	myofilament	overlap.	

These	 results	 are	 puzzling	 in	 that,	 despite	 being	 at	 a	 length	 beyond	myofilament	

overlap	where	cross-bridge	activity	is	presumably	non-existent,	higher	failure	forces	

persist	in	active	myofibrils	compared	to	passive	myofibrils.	

The	purpose	of	this	study	was	to	examine	how	mechanical	properties	of	failure	differ	

at	varying	levels	of	hierarchy	in	skeletal	muscle.	

4.2 Methods	

The	semitendinosus	muscle	from	the	frog	Rana	pipiens	was	selected	for	this	study.	All	

experimental	 procedures	 were	 approved	 by	 the	 University	 of	 Calgary	 Life	 and	
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Environmental	Sciences	Animal	Care	Committee.	Three	different	preparations	were	

used	 to	 examine	 failure:	 whole	 muscle,	 single	 permeabilized	 fibres,	 and	 isolated	

myofibrils.	

4.2.1 Whole	muscle	experiments	

Frogs	 (n=24)	 were	 anaesthetized	 by	 initial	 immersion	 in	 a	 0.3%	w/v	 solution	 of	

tricane	methanesulfonate	(MS-222),	and	then	maintained	by	wrapping	the	frog	in	MS-

222-soaked	gauze	strips.	An	incision	was	made	on	the	medial	aspect	of	the	ventral	

thigh	and	the	semitendinosus	was	bluntly	dissected	from	surrounding	muscles.	The	

distal	tendon	was	cut	away	from	the	tibia	and	tied	with	a	piece	of	#2	silk	suture.	The	

frog	was	placed	in	a	hammock	and	the	pelvis	was	fixed	in	a	stereotaxic	frame.	The	

muscle	was	 connected	 via	 the	 silk	 suture	 to	 a	 force	 transducer	 (LCFA-1K,	 Omega	

Engineering,	Inc.,	Stamford,	CT)	mounted	upon	a	linear	table	motor	(404LXR	Linear	

Table	Motor	and	GV6K	Servo	Controller,	Parker	Hannifin	Corp.,	Mayfield	Heights,	CT).	

A	custom	surface	stimulator	consisting	of	one	lead	surrounded	by	two	ground	wires	

was	placed	against	the	muscle,	spanning	the	length	of	the	muscle.	Activation	of	the	

muscle	 was	 achieved	 with	 electrical	 stimulation	 via	 a	 Grass	 S88	 stimulator	 at	 a	

voltage	1.5x	greater	than	that	required	to	evoke	a	maximum	twitch	response	of	the	

muscle.	 The	minimum	 frequency	 that	 resulted	 in	 a	 fused	 tetanic	 contraction	was	

selected	to	reduce	the	effects	of	fatigue,	ranging	from	20-30	Hz.	

A	force-length	relationship	was	determined	for	each	muscle	prior	to	failure	testing.	

One-second	tetani	were	performed	across	a	range	of	lengths,	and	a	quadratic	spline	
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was	 fit	 to	 the	active	 force	values	 to	approximate	optimal	 length	 (L0)	 and	maximal	

force	(F0).	Active	muscles	were	brought	to	L0,	stimulated	as	described	above,	and	held	

isometrically	 for	 0.5	 seconds	 to	 allow	 tension	 to	 develop.	 The	 muscle	 was	 then	

stretched	at	a	rate	of	5%	muscle	length	per	second	until	a	drop	in	force	of	more	than	

2%	was	observed	 (defined	 as	 failure),	 at	which	point	 the	motor	was	 stopped	 and	

muscles	were	held	at	this	final	length.	The	protocol	for	passive	muscles	was	the	same	

as	for	active	muscles,	except	the	stimulator	was	turned	off	prior	to	the	failure	trial.	

Force	and	motor	position	data	were	collected	at	a	frequency	of	2000	Hz	with	WinDaq	

Data	Acquisition	Software	(DATAQ	Instruments,	Inc.,	Akron,	OH).	

Following	sacrifice,	a	custom	built	acrylic	bath	was	placed	around	the	frog’s	leg	and	

the	apparatus,	which	was	then	filled	with	10%	neutral	buffered	formalin	to	fix	the	

muscle	at	its	failure	length.	After	one	hour	of	immersion	in	formalin,	the	muscle	was	

removed	 from	 the	 leg	 and	 placed	 in	 a	 tube	 of	 formalin	 for	 further	 fixation.	 Both	

passive	and	active	groups	for	each	muscle	were	subdivided	for	post	hoc	analysis.	

Muscles	selected	for	sarcomere	length	analysis	were	processed	in	30%	nitric	acid	and	

then	glycerol	to	begin	the	breakdown	of	connective	tissues.	Each	muscle	was	divided	

longitudinally	 into	 ten	 approximately	 equal	 sections;	 a	 single	 fascicle	 was	

mechanically	isolated	from	each	section	and	was	mounted	on	a	slide	with	glycerol.	

The	 fascicle	was	 then	placed	under	a	monochromatic	He-Ne	 laser	 (5	mW,	0.8	mm	

beam	diameter,	633	nm	wavelength;	 JDS	Uniphase	Corp.,	Milpitas,	CA)	 to	evaluate	

average	 sarcomere	 lengths	 (Butterfield	 et	 al.,	 2005)	 by	 measuring	 the	 distance	
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between	the	zero-	and	first-order	diffraction	bands.	This	was	performed	at	five	points	

along	the	length	of	each	fascicle.	

Muscles	selected	for	histology	were	processed	in	graded	ethanol	(70%,	80%,	100%)	

and	xylene,	embedded	in	paraffin,	and	cut	into	7-8	µm	sections.	These	sections	were	

mounted	on	slides,	rehydrated	through	the	reverse	of	the	graded	ethanol	protocol,	

and	stained	with	Gomori	 trichrome	(hematoxylin,	 chromotrope	2R,	and	 fast	green	

FCF).	These	samples	were	 then	evaluated	under	 light	microscopy	 for	 indicators	of	

damage	within	the	muscle.	

Small	 samples	 from	 muscles	 selected	 for	 evaluation	 with	 transmission	 electron	

microscopy	were	 dissected	 from	 the	 proximal	 end,	mid	 belly,	 and	 distal	 end	 and	

immersed	 overnight	 in	 a	 fixative	 solution	 (1.6%	 paraformaldehyde,	 2.5%	

glutaraldehyde,	 0.1	 M	 cacodylate	 buffer,	 pH	 7.4).	 Samples	 were	 post-fixed	 in	 1%	

osmium	 tetroxide	 buffered	with	 cacodylate	 for	 one	 hour,	 dehydrated	 in	 a	 graded	

series	of	ethanol,	and	embedded	in	Spurr’s	resin.	Ultrathin	sections	(70	nm)	were	cut	

with	a	Reichert-Jung	Ultracut	E	microtome	using	a	diamond	knife	and	stained	with	

1%	aqueous	uranyl	 acetate	 and	Reynold’s	 lead	 citrate.	 Sections	were	qualitatively	

evaluated	with	a	 transmission	electron	microscope	(80	kV;	Hitachi	H7650,	Hitachi	

High-Technologies	 Corp.,	 Japan)	 and	 images	were	 captured	with	 a	 digital	 camera	

(AMT	16000,	Advanced	Microscopy	Techniques,	Corp.,	Woburn,	MA).	
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4.2.2 Permeabilized	fibre	experiments	

Permeabilized	fibres	were	prepared	similar	to	Joumaa	and	Herzog	(2014).	Following	

sacrifice	of	 the	 frog,	 strips	of	 the	semitendinosus	muscle	were	separated	 from	the	

muscle	and	tied	to	sticks	at	 their	 in	vivo	 length.	Samples	were	placed	 in	a	relaxing	

solution	 (see	 Appendix	 A)	with	 protease	 inhibitors	 (cOmplete,	 Roche	Diagnostics,	

Montreal,	 QC,	 Canada)	 on	 ice	 for	 four	 hours,	 after	 which	 fresh	 solution	 was	

substituted	 and	 samples	 were	 stored	 on	 ice	 overnight.	 Twenty-four	 hours	 after	

collection,	samples	were	placed	in	a	50:50	mixture	of	relaxing	solution	and	glycerol	

for	one	hour.	The	50:50	solution	was	replaced,	and	samples	were	place	in	the	freezer	

at	-20°C	for	two	weeks.	

Single	fibres	were	mechanically	isolated	from	the	bundles	of	muscle	and	transferred	

into	 the	 experimental	 bath	 containing	 relaxing	 solution.	 One	 end	 of	 the	 fibre	was	

wrapped	around	a	hook	of	a	length-controlling	rotational	motor	and	the	other	was	

wrapped	around	a	hook	on	a	 force	transducer	(Model	400A,	Aurora	Scientific	 Inc.,	

Aurora,	ON,	Canada).	The	relaxing	solution	was	removed	from	the	bath	and	the	fibre	

was	glued	to	each	hook	by	applying	a	small	piece	of	cellulose	acetate	and	exposing	it	

to	acetone.	The	relaxing	solution	was	re-introduced,	and	the	fibre	sat	at	slack	length	

for	five	minutes	to	allow	the	glue	to	set.	

The	fibre	was	positioned	at	optimal	length	(2.2	µm	sarcomere	length,	confirmed	with	

He-Ne	 laser	 diffraction),	 and	 the	 fibre’s	 length	 (L0)	 and	 diameter	were	measured.	

Activation	of	the	fibre	was	achieved	chemically	by	moving	it	into	a	bath	containing	a	
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rinsing	solution	(see	Appendix	A)	followed	by	a	bath	containing	activating	solution	

(see	 Appendix	 A).	 Fibres	 that	 were	 failed	 actively	 (n=12)	 were	 left	 in	 activating	

solution	 for	 the	duration	of	 the	 test,	 and	were	held	 isometrically	 at	 L0	 for	 several	

seconds	 prior	 to	 stretching	 to	 allow	 for	 the	 development	 of	 steady	 state	 tension.	

Fibres	 that	 were	 failed	 passively	 (n=12)	 were	 activated	 isometrically	 for	 several	

seconds,	and	then	placed	back	into	the	relaxing	solution	to	abolish	active	forces	prior	

to	the	onset	of	stretch.	All	fibres	were	stretched	at	a	speed	of	25%	L0	until	failure.	Data	

were	 collected	 at	 10	 kHz	 (Model	 600A	 Digital	 Controlled,	 Aurora	 Scientific	 Inc.,	

Aurora,	ON,	Canada).	

Since	 most	 fibres	 that	 were	 stretched	 to	 failure	 eventually	 ripped	 apart	 prior	 to	

fixation	in	formalin,	another	group	of	fibres	were	strained	to	130%	L0,	corresponding	

to	a	sarcomere	length	of	approximately	5	µm,	and	immersed	in	a	fixative	to	preserve	

them	for	EM	imaging	(as	described	above).	

4.2.3 Myofibril	experiments	

Semitendinosus	muscle	samples	were	collected	as	described	for	the	permeabilized	

fibres.	Following	collection,	the	muscle	was	placed	in	a	rigor	solution	(see	Appendix	

A)	 containing	 protease	 inhibitors	 (cOmplete,	 Roche	 Diagnostics,	 Montreal,	 QC,	

Canada)	 for	 several	 hours	 before	 being	 transferred	 into	 a	 50:50	 rigor:glycerol	

solution	overnight.	The	following	morning,	the	50:50	solution	was	exchanged	and	the	

samples	were	put	in	a	freezer	for	two	weeks	at	-20°C.	Muscle	was	removed	from	the	

freezer	and	rinsed	with	rigor	solution	for	several	hours	before	use.	A	small	piece	of	
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the	muscle	was	cut	away	and	homogenized	in	a	rigor	solution	to	yield	a	slurry	of	cell	

debris	and	viable	myofibrils	suspended	within	the	solution.	A	small	amount	of	 the	

slurry	was	placed	in	an	experimental	chamber	mounted	on	top	of	an	inverted	light	

microscope	(Axiovert	200M,	Carl	Zeiss	AG,	Oberkochen,	Germany),	and	was	allowed	

to	 settle	 for	 ten	minutes.	The	 chamber	was	 then	 flushed	with	 relaxing	 solution	 to	

wash	away	myofibrils	in	suspension,	leaving	only	myofibrils	that	were	adherent	to	

the	bottom	of	the	chamber.	

Myofibrils	were	visualized	under	a	100x	oil	objective,	and	video	data	were	captured	

with	 a	 CMOS	 camera	 (Rolera	 Bolt,	 QImaging	 Corp.,	 Surrey,	 BC,	 Canada).	 Once	 a	

myofibril	of	appropriate	length	was	identified	(three	to	eight	sarcomeres	in	length),	

it	was	fixed	to	a	glass	needle	controlled	with	a	piezomotor	at	one	end	and	a	silicon	

nitride	nano-scale	cantilever	with	a	known	stiffness	at	the	other.	The	cantilever	was	

used	to	measure	the	force	produced	by	the	myofibril.	

The	myofibril	was	positioned	at	a	length	corresponding	to	the	plateau	of	the	force-

length	relationship	(L0;	in	frog,	this	is	a	sarcomere	length	of	2.0-2.2	µm),	and	was	then	

stretched	to	failure	at	a	speed	of	0.2	µm/sarcomere/s.	If	being	failed	passively	(n=5),	

the	myofibril	remained	in	the	relaxing	solution	for	the	duration	of	the	test.	If	being	

failed	actively	(n=5),	the	myofibril	was	activated	chemically	by	the	introduction	of	a	

calcium-rich	activating	solution	(see	Appendix	A)	with	a	tapered	micropipette	in	the	

vicinity	of	the	myofibril,	and	was	held	isometrically	at	L0	for	several	seconds	to	allow	

for	the	development	of	tension	prior	to	the	onset	of	stretching.	
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4.2.4 Data	analysis	and	statistics	

Force	and	length	data	were	imported	into	MATLAB	(The	MathWorks,	Inc.,	Natick,	MA,	

USA)	 for	 analysis.	 Force	 at	 failure	was	 found	 by	 determining	 the	maximum	 value	

attained	in	force	prior	to	the	appearance	of	a	negative	slope	on	the	force-time	trace.	

In	whole	muscles,	because	a	precise	measurement	of	muscle	diameter	could	not	be	

obtained,	 failure	 force	 was	 expressed	 as	 a	 percentage	 of	 force	 at	 L0	 and	 then	

converted	to	stress	assuming	an	maximal	stress	of	274.7	kN/m2	(2.8	kg/cm2,	 from	

Gordon	et	al.,	1966a).	In	fibres,	forces	were	converted	to	stresses	by	normalizing	to	

their	 cross-sectional	 area	 at	 L0,	 assuming	 a	 circular	 cross-section.	 The	 motor	

displacement	corresponding	to	the	failure	point	in	both	whole	muscle	and	isolated	

fibre	experiments	were	added	to	the	initial	length	(i.e.	L0)	to	determine	the	length	at	

failure.	Strain	at	failure	was	then	calculated	as	the	percent	change	in	length	from	L0.	

Estimated	 sarcomere	 lengths	 at	 failure	 were	 calculated	 from	 strain	 at	 failure,	

assuming	an	average	sarcomere	length	of	2.2	μm	at	the	beginning	of	the	ramp	stretch.	

These	 estimated	 sarcomere	 lengths	 were	 compared	 with	 sarcomere	 lengths	

measured	 with	 laser	 diffraction	 to	 determine	 if	 sarcomere	 lengths	 could	 be	

interpolated	during	the	ramp	stretch.	For	myofibril	data,	force	and	sarcomere	length	

were	 calculated	 offline	 with	 custom	 video	 analysis	 software.	 Average	 sarcomere	

length	 was	 calculated	 as	 the	 length	 of	 the	 myofibril	 divided	 by	 the	 number	 of	

sarcomeres.	 Forces	 were	 calculated	 using	 Hooke’s	 Law;	 that	 is,	 by	 knowing	 the	

stiffness	 of	 the	 cantilever,	 deflection	 of	 the	 cantilever	 is	 proportional	 to	 the	 force	

produced	by	the	myofibril.	Forces	were	then	converted	to	stresses	by	dividing	by	the	
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cross-sectional	 area	 at	 L0,	 assuming	 a	 circular	 cross-section.	 Average	 sarcomere	

length	was	measured	directly	from	the	video.	

Failure	stress	and	sarcomere	lengths	were	compared	with	2x3	factorial	ANOVA	(with	

the	two	activation	conditions	and	the	three	different	preparations	as	the	fixed	factors,	

respectively).	 If	 the	 initial	 factorial	ANOVA	showed	significant	 interactions	existed	

between	the	two	fixed	factors,	simple	effects	were	examined	with	univariate	ANOVA	

within	each	 level	of	a	 factor.	A	significance	 level	of	α=0.05	was	used,	and	multiple	

comparisons	 were	 examined	 with	 an	 unrestricted	 least	 significant	 difference	

approach	(Saville,	1990).	

Loading	 energy	 was	 calculated	 by	 trapezoidal	 numerical	 integration	 of	 force	 and	

displacement	data	from	the	onset	of	stretch	to	the	failure	point.	Loading	energies	at	

failure	were	compared	between	active	and	passive	conditions	within	a	preparation	

with	one-way	analyses	of	variance.	The	level	of	significance	was	set	at	α=0.05.	

Light	microscopy	images	for	whole	muscles	were	examined	and	quantified	according	

to	 the	percentage	of	contractile	area	containing	damage.	Damage	was	defined	as	a	

loss	of	regular	striation	pattern.	This	analysis	was	performed	in	randomly	sampled	

images	in	proximal,	middle,	and	distal	areas	of	the	muscle,	on	selected	slides	spanning	

the	breadth	of	 the	muscle.	 Control	muscles	 that	were	not	 subjected	 to	 the	 stretch	

protocol	were	also	fixed	and	analyzed.	Groups	were	compared	statistically	with	a	3x3	

factorial	ANOVA	(fixed	factors	included	the	three	groups	–	active,	passive,	and	control	

–	 as	well	 as	 the	 site	 from	which	 the	 image	was	 obtained	 –	 proximal,	middle,	 and	
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distal).	 In	 the	 event	 of	 a	 significant	 interaction,	 simple	 effects	 were	 examined	 as	

described	above.	The	level	of	significance	was	set	at	α=0.05.	

Images	obtained	from	electron	microscopy	were	evaluated	qualitatively	for	signs	of	

damage.	 Indicators	 of	 damage	 included	 streaming	 and/or	 broadened	 Z-lines,	

sarcomere	misalignment,	 and	 loss	 of	 normal	 sarcomere	 banding	 pattern.	 Samples	

were	also	examined	along	their	 length	 for	evidence	of	popped	sarcomeres;	 that	 is,	

sarcomeres	at	lengths	beyond	myofilament	overlap	flanked	by	substantially	shorter	

sarcomeres.	Electron	microscopy	images	were	not	analyzed	quantitatively	due	to	the	

limited	area	that	could	be	examined	within	a	muscle	(i.e.	it	could	not	be	ensured	that	

the	small	areas	were	representative	of	the	muscle	as	a	whole).		

4.3 Results	

4.3.1 Mechanical	data	

Exemplar	stress-time	histories	are	shown	in	Figure	4-1.	Failure	was	achieved	during	

ramp	stretches,	and	can	be	observed	as	a	2%	drop	in	force	towards	the	end	of	each	

trial.	 Failure	 in	 myofibrils	 occurred	 at	 significantly	 higher	 stresses	 in	 the	 active	

condition	compared	to	passive	(Figure	4-2;	p<0.01).	Active	myofibrils	also	failed	at	

significantly	shorter	sarcomere	lengths	compared	to	passive	counterparts	(Figure	4-

3).	 Loading	 energy	 was	 significantly	 higher	 in	 active	 myofibrils	 compared	 with	

passive	myofibrils	(Figure	4-4;	p=0.05).	
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Figure	 4-1.	 Exemplar	 force-time	 traces	 for	 (a)	 whole	 muscles,	 (b)	

permeabilized	fibres,	and	(c)	myofibrils.	Active	trials	are	in	blue	and	

passive	trials	are	in	red.	In	figures	(a)	and	(b),	failure	was	defined	as	

the	 drop	 in	 stress	 towards	 the	 end	 of	 the	 trial.	 Figure	 (c)	 was	

reproduced	 from	 calculated	 forces	measured	 from	video	 data,	 and	

the	 failure	 point	 is	 the	 last	 point	 on	 the	 curve.	 The	 estimated	

sarcomere	 length	 has	 been	 added	 on	 a	 secondary	 x-axis	 over	 the	

duration	of	the	ramp	stretch.	
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Figure	 4-2.	 Mean	 failure	 stresses	 of	 active	 and	 passive	 samples	 at	 three	

hierarchical	 levels.	Failure	stresses	differed	significantly	between	active	and	

passive	 samples	 in	 both	myofibrils	 and	 permeabilized	 fibres.	 No	 significant	

difference	was	observed	between	passive	and	active	groups	in	whole	muscles.	

Error	bars	represent	one	standard	deviation	(*	p<0.05;	**	p<0.01).	

Active	permeabilized	fibres	failed	at	greater	stresses	than	passive	fibres	(Figure	4-2;	

p<0.05);	 however,	 this	 difference	 was	 markedly	 less	 than	 the	 difference	 seen	 in	

myofibrils.	No	significant	difference	between	the	groups	was	observed	 in	 terms	of	

strain-to-failure,	 and	 therefore	 average	 sarcomere	 length	 at	 failure	 (Figure	 4-3).	

Loading	energy	was	slightly	higher	in	the	active	fibres	compared	to	passive	fibres;	

however,	 this	 difference	 was	 not	 significant	 (Figure	 4-4).	 Electron	 microscopy	

showed	severe	damage	to	the	structures	within	the	cell.	In	both	active	and	passive	

fibres	 that	were	 fixed	 for	 EM	 following	 a	 strain	 of	 1.3	 (i.e.	 at	 a	 sarcomere	 length	
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corresponding	to	approximately	5	μm),	a	periodic	dark	pattern	–	presumably	A-band	

remnants	 –	was	 observable	 along	 the	 length;	 however,	with	 the	 exception	 of	 one	

passively	failed	fibre,	no	normal	sarcomere	structure	was	observable	(Figure	4-7).	In	

the	one	exception,	the	only	distinguishable	features	remaining	were	Z-lines.	These	Z-

lines	were	widened	compared	to	controls,	and	meandered	severely	when	examining	

them	across	the	fibre	(Figure	4-7c).	

Unlike	myofibrils	 and	permeabilized	 fibres,	whole	muscle	 stress	 at	 failure	did	not	

differ	 between	 active	 and	 passive	 conditions	 (Figure	 4-2).	 Sarcomere	 lengths	 at	

failure,	measured	with	laser	diffraction,	were	3.7	μm	and	3.4	μm	in	active	and	passive	

muscles,	 respectively.	 If	 it	 is	 assumed	 that	 sarcomere	 lengths	 at	 the	 onset	 of	 the	

stretch	(i.e.	at	optimal	length)	were	at	2.2	μm,	sarcomere	strains	at	failure	(measured	

with	laser	diffraction)	were	comparable	to	whole	muscle	strains	–	68.5%	vs.	64.9%,	

respectively	 for	 active	 and	 54.2%	 vs.	 54.6%,	 respectively	 for	 passive.	 It	 therefore	

appears	that	in	this	muscle	there	is	a	direct	linear	relationship	between	whole	muscle	

strains	and	sarcomere	strains,	and	therefore	sarcomere	lengths	can	be	interpolated	

from	nominal	muscle	strain.	There	was	no	statistical	difference	in	strain-to-failure	or	

sarcomere	 length	 at	 failure	 between	 active	 and	 passive	muscles	 (Figure	 4-3)	 The	

loading	energy	was	significantly	higher	in	the	active	group	compared	to	the	passive	

group	(Figure	4-4;	p<0.01).	
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Figure	 4-3.	Mean	 average	 sarcomere	 lengths	 at	 failure	 of	 passive	 and	 active	

samples	 at	 three	 hierarchical	 levels.	 Sarcomere	 lengths	 in	 myofibrils	 were	

measured	 directly	 with	 video	 analysis	 software.	 Sarcomere	 lengths	 in	

permeabilized	 fibres	were	estimated	 from	fibre	strain.	Sarcomere	 lengths	 in	

whole	muscles	were	estimated	with	laser	diffraction	of	dissected	fascicles	fixed	

at	 failure	 length.	 Myofibrils	 and	 permeabilized	 fibres	 failed	 at	 substantially	

longer	 sarcomere	 lengths	 than	 whole	 muscles	 prior	 to	 failure.	 Significant	

differences	 between	 active	 and	 passive	 groups	 within	 a	 preparation	 were	

observed	only	in	myofibrils.	Error	bars	represent	one	standard	deviation	(**	

p<0.01).	
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Figure	 4-4.	 Loading	 energy	 of	 active	 and	 passive	 samples	 from	 myofibrils,	

permeabilized	fibres,	and	whole	muscles.	The	vertical	axis	for	each	preparation	

varies	in	magnitude.	Active	samples	consistently	required	more	loading	energy	

to	fail	compared	with	passive	samples	(*p<0.05,	**p<0.01);	however,	this	was	

only	statistically	significant	in	whole	muscles	and	in	myofibrils.	

4.3.2 Histology	and	transmission	electron	microscopy	

Both	 active	 and	 passive	 samples	 viewed	 under	 light	 microscopy	 showed	

misalignment	 of	 sarcomeres	 and	 areas	 of	 complete	 sarcomere	 disruption	 (Figure	

4-5).	 Active	muscles	 displayed	 a	 greater	 amount	 of	 damage	 compared	 to	 passive	

muscles	(Figure	4-6;	p<0.01).	Furthermore,	the	proximal	regions	of	the	muscles	had	

greater	areas	of	damage	on	average	when	compared	with	middle	or	distal	regions	

(p<0.01).	 Under	 electron	 microscopy,	 passive	 muscles	 showed	 minor	 sarcomere	

misalignment,	Z-line	streaming,	and	poor	A-band	quality	compared	to	controls.	Some	

samples	did	not	differ	from	controls,	and	there	were	no	obvious	differences	between	

samples	 taken	 from	 proximal,	 middle,	 and	 distal	 regions.	 Active	 muscles	 showed	

similar	 damage	 indicators	 as	 passive	 muscles	 (Z-line	 streaming,	 misaligned	

sarcomeres,	poor	quality	A-bands,	broadened	Z-lines)	(Figure	4-8).	
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Figure	4-5.	Light	microscope	images	of	semitendinosus	muscle	sections	stained	

with	Masson’s	trichrome	(100x	magnification).	Images	are	shown	in	grayscale	

for	better	contrast	of	striations.	Arrow	heads	indicate	areas	of	interest.	Control	

images	(a-c)	showed	regular	striation	patterns;	however,	occasional	areas	of	

sarcomere	disruption	were	observed	(c).	Passively	failed	muscles	(d-f)	showed	

varying	degrees	of	damage,	including	streaming	Z-lines	and	minor	sarcomere	

disruption	 (e)	 to	 areas	 of	 complete	 sarcomere	 disruption	 (f).	 Actively	 failed	

muscles	(g-i)	muscles	displayed	the	same	damage	indicators	as	passively	failed	

muscles,	but	were	more	severe	and	at	times	progressed	to	the	point	where	no	

sarcomere	pattern	could	be	identified	(i).	
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Figure	 4-6.	 Boxplot	 of	 damage	 scores	 for	 whole	 semitendinosus	 muscles.	

Images	were	obtained	 from	proximal,	middle,	and	distal	areas	of	 the	muscle	

from	histological	 samples	across	 the	muscle	breadth	and	damaged	area	was	

calculated	as	a	percentage	of	the	contractile	material	within	images.	Black	lines	

within	boxes	denote	the	median	damage	score,	outliers	(i.e.	values	greater	than	

1.5	times	the	interquartile	range)	are	indicated	with	´	(*	p<0.05).	
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Figure	4-7.	Transmission	electron	micrographs	of	isolated	single	fibres.	In	(a),	

an	unstretched	(control)	fibre;	in	(b),	a	passively	stretched	fibre;	and	in	(c),	an	

actively	 stretched	 fibre.	 Fibres	 were	 strained	 nominally	 by	 130%	 L0,	

corresponding	 to	 a	 mean	 sarcomere	 length	 of	 approximately	 5	 μm.	 The	

micrograph	 shown	 in	 (b)	 is	 the	 only	 passively	 stretched	 fibre	 that	 showed	

normal	sarcomere	structure	(in	this	case,	Z-lines	can	be	observed).	All	other	

passively	stretched	fibres	were	similar	in	appearance	to	(c).	Images	were	taken	

at	2000x	magnification	(the	scale	bar	 in	each	 image	represents	a	 length	of	2	

μm).	

	

Figure	4-8.	Transmission	electron	micrographs	of	samples	taken	from	whole	

semitendinosus	 muscle.	 In	 (a),	 a	 control	 muscle;	 in	 (b),	 a	 passively	 failed	

muscle;	 and	 in	 (c),	 an	 actively	 failed	 muscle.	 Images	 are	 taken	 at	 2000x	

magnification.	The	scale	bars	in	all	images	represent	a	length	of	2	μm.	



	

	

	

60	

4.4 Discussion	

The	results	on	isolated	myofibrils	from	the	frog	semitendinosus	confirm	the	results	

of	 Leonard	 et	 al.	 (2010b);	 that	 is,	 active	myofibrils	 exhibit	 a	 significantly	 greater	

failure	stress	than	passively	failed	myofibrils.	This	result	cannot	be	explained	in	the	

context	of	 the	classical	cross-bridge	 theory	of	contraction.	Both	active	and	passive	

myofibrils	 failed	 at	 extremely	 long	 lengths,	well	 beyond	 the	 range	of	myofilament	

overlap.	In	accordance	with	the	cross-bridge	theory,	one	would	expect	that	after	all	

sarcomeres	 within	 a	 myofibril	 were	 stretched	 to	 a	 length	 beyond	 myofilament	

overlap,	both	active	and	passive	myofibrils	would	exhibit	the	same	amount	of	force	

(i.e.	failure	stress	would	be	predicted	to	be	the	same	in	active	and	passive	myofibrils	

at	these	failure	lengths).	As	discussed	in	the	previous	chapter,	the	likely	candidate	for	

the	augmentation	in	force	of	active	myofibrils	compared	to	passive	ones	is	titin,	either	

by	increasing	its	stiffness	during	activation	(DuVall	et	al.,	2013;	Joumaa	et	al.,	2008b;	

Labeit	et	al.,	2003)	or	by	a	decrease	in	its	free-spring	length	via	binding	with	actin	

during	 activation	 (Bianco	 et	 al.,	 2007;	 Kellermayer	 et	 al.,	 1997;	Nagy	 et	 al.,	 2004;	

Yamasaki	et	al.,	2001).	

Notwithstanding	 the	 differences	 in	 failure	 stress	 between	 active	 and	 passive	

myofibrils,	both	groups	failed	at	lengths	beyond	myofilament	overlap.	This	restricts	

the	possible	sites	of	failure	to	only	a	few	locations:	the	titin	filaments	(either	at	 its	

attachment	sites	to	the	A-band	or	the	Z-line,	or	along	the	I-band	segment)	or	within	

the	Z-line	itself.	It	is	not	possible	to	resolve	between	these	possibilities	in	this	study,	

but	might	 be	made	 possible	with	 higher	 resolution	 real-time	 imaging	 or	with	 the	
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assistance	 of	 technologies	 to	 highlight	 these	 areas	 of	 the	 sarcomere	 (for	 example,	

immunofluorescent	imaging).	

As	this	model	of	failure	was	scaled	up	to	the	cellular	level	(i.e.	permeabilized	fibres),	

a	 difference	 between	 active	 and	 passive	 failure	 stress	 persisted;	 however,	 this	

difference	 was	 reduced	 compared	 to	 myofibrils,	 even	 though	 sarcomeres	 within	

fibres	 were	 strained	 to	 comparable	 lengths	 as	 myofibrils.	 The	 reason	 for	 the	

differences	in	failure	stress	between	these	two	hierarchical	levels	is	unknown.	We	can	

speculate	 that	 the	 lower	 failure	 stress	 could	 represent	 a	 failure	 in	 the	 lateral	

connections	 between	 myofibrils	 within	 the	 fibre,	 or	 a	 failure	 of	 the	 connections	

between	myofibrils	and	the	sarcolemma.	The	protein	desmin,	which	is	found	at	the	Z-

disks,	is	the	primary	protein	that	links	adjacent	myofibrils	to	each	other	and	to	the	

sarcolemma	(Paulin	and	Li,	2004).	If	desmin	is	damaged	during	stretch,	transmission	

of	forces	along	the	fibre	could	be	compromised	and	contribute	to	the	lower	absolute	

forces	 observed	 in	 permeabilized	 fibres	 compared	 to	 myofibrils.	 Furthermore,	 if	

damage	to	desmin	is	accelerated	in	the	active	condition	due	to	local	stresses	induced	

by	contraction,	this	may	reduce	force	disproportionally	in	active	compared	to	passive	

fibres.	 Despite	 the	 differences	 in	 force	 between	 the	 two	 preparations,	 it	 seems	

reasonable	to	contend	that	because	both	myofibrils	and	permeabilized	fibres	fail	at	

similar	 sarcomere	 lengths	and	stresses,	 the	basic	mechanism	of	ultimate	 failure	 is	

similar	between	the	two	preparations.	

Electron	 micrographs	 of	 fibres	 at	 a	 nominal	 strain	 of	 1.3	 showed	 substantial	

disruption	 in	 sarcomere	 pattern.	 In	 all	 but	 one	 case,	 no	 recognizable	 sarcomere	
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pattern	was	visible.	In	the	one	passively	stretched	fibre	that	did	show	a	recognizable	

pattern,	 the	Z-lines	meandered	and	were	severely	widened.	 In	all	 stretched	 fibres,	

periodic	dark	bands	(likely	representing	A-bands)	also	meandered	and	sometimes	

became	discontinuous	with	the	surrounding	areas.	The	strain	 imposed	upon	these	

fibres	translates	to	a	sarcomere	length	of	approximately	5	μm.	The	images	suggest	

that	 such	 extreme	 stretches	 result	 in	 disruption	 of	 the	 contractile	 apparatus,	 and	

could	therefore	compromise	force-generating	capacity.	The	observed	discontinuities	

in	dark	bands	may	further	suggest	damaged	lateral	connections	between	myofibrils	

within	the	cell	that	result	in	misalignment	of	sarcomeres.	

At	the	highest	level	of	hierarchy,	the	whole	muscle,	a	much	different	picture	emerges	

than	at	the	lower	levels	examined:	the	amount	of	strain	achieved	prior	to	failure	is	

much	lower	compared	to	isolated	fibres	or	myofibrils,	and	any	difference	in	failure	

stress	between	active	and	passive	groups	was	abolished.	The	complexity	 in	whole	

muscle	is	much	greater	compared	to	the	lower	structural	levels,	consisting	of	many	

fibres	in	parallel	amongst	an	extracellular	matrix	with	series	elastic	elements	on	each	

end.	Because	isolated	fibres	are	capable	of	being	strained	to	a	much	greater	extent	

than	whole	muscles	before	 failure,	 there	 exists	 two	possibilities:	 fibres	within	 the	

whole	muscle	are	failing	at	shorter	lengths	compared	to	isolated	fibres	(perhaps	due	

to	 interactions	 with	 their	 local	 extracellular	 matrix),	 and/or	 the	 failure	 in	 whole	

muscles	 is	 occurring	outside	of	 the	 fibres	 (in	 the	 extracellular	matrix	 or	 in	 elastic	

elements	such	as	aponeurosis).	
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The	largest	difference	between	active	and	passive	samples	in	loading	energy	was	seen	

at	the	whole	muscle	level	–	active	muscles	required	2.5x	more	energy	to	fail	compared	

to	 passive	 muscles,	 despite	 failing	 at	 similar	 forces	 and	 strains.	 Higher	 loading	

energies	were	also	observed	in	both	the	active	permeabilized	fibres	and	the	active	

myofibrils;	however,	the	difference	between	active	and	passive	permeabilized	fibres	

was	not	significant,	perhaps	due	in	part	to	the	slightly	higher	strain	to	failure	in	the	

passive	fibres.	The	difference	in	loading	energy	between	active	and	passive	muscles	

can	be	attributed	 to	 the	higher	 forces	generated	by	active	muscles	 throughout	 the	

duration	 of	 stretch;	 the	 integral	 of	 force	 with	 respect	 to	 displacement	 was	

significantly	greater	than	the	energy	expected	from	the	force	and	strain	values	alone	

at	failure.	This	ability	of	active	muscle	to	have	more	work	done	to	it	prior	to	failure	

may	serve	to	protect	muscles	from	injury	due	to	stretch	(Garrett	et	al.,	1987).	

Intracellular	 damage	 in	 whole	 muscles,	 visualized	 with	 both	 light	 and	 electron	

microscopy,	 appeared	 to	 be	more	 severe	 in	 samples	 from	 actively	 failed	muscles	

compared	with	passively	failed	whole	muscles.	Local	stresses	induced	by	activation	

may	exacerbate	subcellular	damage	when	compared	to	passive	muscles,	resulting	in	

greater	misalignment	of	sarcomeres	and	greater	Z-line	streaming.	These	sarcomere	

misalignments	 may	 also	 indicate	 damage	 to	 the	 protein	 desmin.	 Actively	 failed	

muscles	 showed	more	 damage	 in	 histology	 samples	 taken	 from	proximal	 regions,	

which	may	be	due	to	stress	concentrations	in	areas	where	the	muscle	tapers	away	

from	the	broader	mid	belly.	On	the	face	of	it,	this	observation	is	in	disagreement	with	

Garrett	 et	 al.	 (1987),	 who	 showed	 that	 stretched	 muscles	 tore	 at	 the	 distal	
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myotendinous	junction.	The	difference	between	this	study	and	Garrett’s	might	reside	

in	the	definition	of	failure;	that	is,	the	site	of	muscle	tear	might	not	correlate	with	the	

site	of	initial	failure	when	a	force	drop	occurs.	

Images	obtained	with	electron	microscopy	showed	much	greater	damage	in	samples	

taken	 from	 permeabilized	 fibres	 compared	 to	 whole	 muscles.	 This	 result	 is	 not	

unexpected,	 given	 the	 dramatically	 greater	 strain-to-failure	 experienced	 by	 the	

isolated	fibre	preparation.	The	EM	images	and	mechanical	data	suggest	that	whole	

muscle	failure,	as	defined	in	this	model,	is	not	occurring	as	a	result	of	damage	to	the	

myofibrillar	system.	Isolated	fibres	and	myofibrils	are	capable	of	being	stretched	to	a	

much	greater	extent	than	whole	muscle	prior	to	failure.	We	suggest	a	combination	of	

factors	contribute	to	failure	at	the	level	of	the	whole	muscle.	This	includes	both	focal	

damage	 of	 the	 contractile	 system	 caused	 by	 localized	 heterogeneities	 that	 are	

exacerbated	with	activation,	as	well	as	damage	occurring	outside	of	the	fibres,	likely	

in	either	the	extracellular	matrix	or	at	the	myotendinous	junction.	
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CHAPTER	FIVE: EFFECT	OF	COMPLIANCE	ON	WHOLE	MUSCLE	BEHAVIOUR		

5.1 Introduction	

Eccentric	contractions	are	known	to	cause	muscle	damage.	This	has	been	observed	

on	 levels	 of	 muscle	 ranging	 from	 whole	 muscle	 to	 isolated	 myofibrils.	 Studies	

examining	 muscle	 damage	 generally	 focus	 on	 small	 magnitude	 cyclic	 loading	

(Balnave	et	al.,	1997;	Fridén	et	al.,	1983;	Lieber	et	al.,	1991;	McCully	and	Faulkner,	

1986).	 Repeated	 passive	 muscle	 stretch	 is	 also	 known	 to	 result	 in	 damage.	 This	

damage	 manifests	 as	 sarcomere	 disruption	 (misalignment,	 smeared	 A-bands,	

streaming	or	broadened	Z-lines),	cytoskeletal	disruption,	and	edema	(Friden	et	al.,	

1984;	 Fridén	 et	 al.,	 1981).	 Functionally,	 this	 damage	 results	 in	 a	 deficit	 in	 force	

generating	capacity	of	the	muscle.	

Few	studies	have	been	performed	to	evaluate	 the	effects	of	 large	amplitude	single	

insults.	Those	that	have	looked	at	damage	following	single	large	magnitude	stretches	

tend	to	pull	the	muscle	until	devastating	failure	occurs	in	the	form	of	a	visible	tear	in	

the	muscle	belly	(e.g.	Garrett	et	al.,	1987).	These	studies	generally	agree	that	active	

muscle	 requires	 a	 greater	 force-to-tear	 compared	 to	 passive	 muscle.	 Results	 on	

strain-to-failure	are	conflicting,	with	some	studies	stating	that	there	is	no	difference	

between	passive	and	active	conditions	(e.g.	Garrett	et	al.,	1987)	while	others	note	that	

active	muscles	fail	at	a	higher	magnitude	of	strain	(e.g.	Tidball	et	al.,	1993).	

These	studies	generally	fail	to	consider	that,	during	large	amplitude	single	stretches,	

significant	damage	affecting	the	ability	of	the	muscle	to	produce	tension	may	precede	
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visible	manifestations	 of	 damage	 such	 as	 tearing.	 It	 therefore	 follows	 that	 a	more	

functional	definition	of	failure	should	be	used;	that	is,	to	define	mechanical	failure	as	

a	compromised	ability	of	the	muscle	to	produce	force.	Turning	to	a	more	functional	

definition	 of	 failure	 may	 also	 necessitate	 considerations	 of	 functional	 mechanical	

properties	of	individual	muscles,	such	as	passive	muscle	compliance.	

The	purpose	of	this	study	was	to	compare	the	failure	properties	of	two	muscles	in	the	

frog	 Rana	 pipiens	 that	 possess	 very	 different	 passive	 compliances:	 the	 more	

compliant	 semitendinosus	 and	 the	 less	 compliant	 tibialis	 anterior.	 Failure	 was	

defined	 as	 a	 decrease	 in	 total	 force	 during	 stretch.	Muscles	were	 stretched	 either	

actively	or	passively	to	failure	and	then	assessed	for	damage.	

5.2 Methods	

5.2.1 Experimental	setup	

Two	muscles	from	the	frog	Rana	pipiens	possessing	different	passive	properties	were	

selected	 for	 this	 study:	 the	 medial	 head	 of	 the	 tibialis	 anterior	 and	 the	

semitendinosus.	 The	 semitendinosus	 is	 a	 compliant	muscle	with	 “normal”	 passive	

force	properties,	whereas	the	medial	head	of	the	tibialis	anterior	has	unusually	high	

passive	forces	at	short	muscle	and	sarcomere	lengths	(Figure	5-1).	All	experimental	

procedures	 were	 approved	 by	 the	 University	 of	 Calgary	 Life	 and	 Environmental	

Sciences	Animal	Care	Committee.	
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Frogs	 were	 anaesthetized	 by	 initial	 immersion	 in	 a	 0.3%	w/v	 solution	 of	 tricane	

methanesulfonate	(MS-222),	and	then	maintained	by	wrapping	the	frog	in	MS-222-

soaked	gauze	strips.	The	target	muscle	was	isolated	from	surrounding	tissues,	frogs	

were	placed	in	a	hammock,	and	the	proximal	joint	was	fixed	in	a	stereotaxic	frame.	

The	 target	 muscle	 was	 connected	 to	 a	 force	 transducer	 (LCFA-1K,	 Omega	

Engineering,	 Inc.,	 Stamford,	 CT)	mounted	 on	 a	 linear	 table	motor	 (404LXR	Linear	

Table	Motor	and	GV6K	Servo	Controller,	Parker	Hannifin	Corp.,	Mayfield	Heights,	CT).	

Specifically,	 for	the	semitendinosus,	a	cut	on	the	medial	aspect	of	the	ventral	thigh	

exposed	 the	 muscle	 group,	 and	 the	 semitendinosus	 was	 bluntly	 dissected	 from	

surrounding	 muscles.	 The	 distal	 tendon	 was	 cut	 away	 from	 the	 tibia	 and	 was	

connected	 to	 the	 force	 transducer	 via	 a	 piece	 of	 #2	 silk	 suture.	 A	 custom	 surface	

stimulator	consisting	of	one	lead	surrounded	by	two	ground	wires	was	placed	against	

the	muscle,	spanning	the	length	of	the	muscle.	For	the	tibialis	anterior,	a	cut	on	the	

medial	 aspect	 of	 the	 ventral	 shank	 exposed	 the	 muscle,	 which	 was	 then	 bluntly	

dissected	 from	 surrounding	 muscles	 and	 the	 lateral	 head	 transected.	 The	 distal	

tendon	was	 severed	with	 a	 remnant	 piece	 of	 tarsal	 bone	 and	held	 directly	 by	 the	

clamp	on	the	force	transducer.	A	cut	on	the	dorsal	thigh	was	made	to	access	the	sciatic	

nerve,	which	was	grasped	with	two	hook-shaped	electrodes	to	stimulate	the	muscle	

group.	In	both	cases,	activation	of	the	muscle	was	achieved	with	electrical	stimulation	

via	 a	Grass	 S88	 stimulator	 at	 a	 voltage	1.5x	greater	 than	 that	 required	 to	 evoke	a	

maximum	twitch	response	of	the	muscle.	The	minimum	frequency	that	resulted	in	a	

fused	tetanic	contraction	was	selected	to	reduce	the	effects	of	fatigue,	ranging	from	

20-30	Hz.	
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5.2.2 Mechanical	testing	

A	force-length	relationship	was	determined	for	each	muscle	prior	to	failure	testing	

(Figure	5-1).	One-second	isometric	tetani	were	performed	across	a	range	of	lengths,	

and	a	quadratic	spline	was	fit	to	the	active	force	values	to	approximate	optimal	length	

(L0)	 and	 maximal	 force	 (F0).	 To	 reduce	 the	 effects	 of	 fatigue,	 the	 number	 of	

contractions	 to	 find	 optimal	 muscle	 length	 were	 minimized	 as	 much	 as	 possible.	

Active	muscles	(n=12	for	each	muscle)	were	brought	to	L0,	stimulated	as	described	

above,	and	held	isometrically	for	0.5	seconds	to	allow	tension	to	develop.	The	muscle	

was	then	stretched	at	a	rate	of	5%	muscle	length	per	second	until	a	drop	in	force	of	

more	than	2%	was	observed	(Figure	5-2),	at	which	point	the	motor	was	stopped	and	

muscles	were	held	at	this	final	length.	The	protocol	for	passive	muscles	(n=12	for	each	

muscle)	was	the	same	as	for	active	muscles,	except	the	stimulator	was	turned	off	prior	

to	 the	 failure	 trial.	Force	and	motor	position	data	were	collected	at	a	 frequency	of	

2000	Hz	with	WinDaq	Data	Acquisition	Software	(DATAQ	Instruments,	Inc.,	Akron,	

OH).	

5.2.3 Post-processing	

Following	sacrifice,	a	custom	built	acrylic	bath	was	placed	around	the	frog’s	leg	and	

the	apparatus,	which	was	then	filled	with	10%	neutral	buffered	formalin.	Following	

one	hour	of	immersion	in	formalin,	the	muscle	was	removed	from	the	leg	and	placed	

in	 a	 tube	of	 formalin	 for	 further	 fixation.	Both	passive	 and	 active	 groups	 for	 each	

muscle	were	subdivided	for	post	hoc	analysis.	
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Muscles	selected	for	histology	were	processed	in	graded	ethanol	(70%,	80%,	100%)	

and	xylene,	embedded	in	paraffin,	and	cut	into	7-8	µm	sections.	These	sections	were	

mounted	on	slides,	rehydrated	through	the	reverse	of	the	graded	ethanol	protocol,	

and	stained	with	Gomori	 trichrome	(hematoxylin,	 chromotrope	2R,	and	 fast	green	

FCF).	These	samples	were	 then	evaluated	under	 light	microscopy	 for	 indicators	of	

damage	within	the	muscle.	

Small	 samples	 from	 muscles	 selected	 for	 evaluation	 with	 transmission	 electron	

microscopy	were	 dissected	 from	 the	 proximal	 end,	mid	 belly,	 and	 distal	 end	 and	

transferred	 into	a	 fixative	 solution	 (1.6%	paraformaldehyde,	2.5%	glutaraldehyde,	

0.1	M	cacodylate	buffer,	pH	7.4).	Samples	were	post-fixed	in	1%	osmium	tetroxide	

buffered	with	cacodylate	for	one	hour,	dehydrated	in	a	graded	series	of	ethanol,	and	

embedded	in	Spurr’s	resin.	Ultrathin	sections	(70	nm)	were	cut	with	a	Reichert-Jung	

Ultracut	E	microtome	using	a	diamond	knife	and	stained	with	1%	aqueous	uranyl	

acetate	 and	 Reynold’s	 lead	 citrate.	 Sections	 were	 qualitatively	 evaluated	 with	 a	

transmission	electron	microscope	(80	kV;	Hitachi	H7650,	Hitachi	High-Technologies	

Corp.,	Japan)	and	images	were	captured	with	a	digital	camera	(AMT	16000,	Advanced	

Microscopy	Techniques,	Corp.,	Woburn,	MA).	

5.2.4 Data	analysis	and	statistics	

Force	and	length	data	were	imported	into	MATLAB	(The	MathWorks,	Inc.,	Natick,	MA,	

USA)	for	analysis.	Force	at	failure	was	found	by	determining	the	maximum	value	of	

the	force	data	prior	to	the	force	drop	during	lengthening.	Force	at	failure	was	then	
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normalized	 to	 F0	 and	 expressed	 as	 a	 percent	 of	 F0.	 The	 motor	 displacement	

corresponding	to	the	failure	point	was	added	to	the	muscle’s	initial	length	(i.e.	L0)	to	

determine	the	length	at	failure.	Strain	at	failure	was	then	calculated	as	the	percent	

change	 in	 length	 from	L0.	 Failure	 energy	was	 calculated	 by	 trapezoidal	 numerical	

integration	from	the	onset	of	stretch	to	the	failure	point.	

Failure	force,	 failure	strain,	and	loading	energy	were	compared	using	2x2	factorial	

analyses	of	variance	(the	two	activation	conditions	and	the	two	different	muscles	as	

the	fixed	factors).	In	the	presence	of	a	significant	interaction	effect	between	the	two	

fixed	factors,	simple	main	effects	were	examined	with	univariate	ANOVA	within	each	

level	of	a	factor.	The	level	of	significance	was	set	at	α=0.05.	

Light	microscopy	images	were	examined	and	quantified	according	to	the	percentage	

of	 contractile	 area	 containing	 damage.	 Damage	 was	 defined	 as	 a	 loss	 of	 regular	

striation	 pattern.	 This	 was	 performed	 in	 randomly	 sampled	 images	 in	 proximal,	

middle,	and	distal	areas	of	each	muscle,	on	selected	slides	spanning	the	breadth	of	

each	muscle.	Control	muscles	that	were	not	subjected	to	the	stretch	protocol	were	

also	analyzed.	Groups	were	compared	statistically	with	a	2x3	factorial	ANOVA	(fixed	

factors	included	muscle	type	–	semitendinosus	and	tibialis	anterior	–	and	the	three	

treatment	 groups	 –	 active,	 passive,	 and	 control).	 In	 the	 event	 of	 a	 significant	

interactions,	 simple	effects	analysis	was	performed	with	univariate	ANOVA	within	

each	 level	 of	 a	 factor.	 A	 significance	 level	 of	 α=0.05	 was	 used,	 and	 multiple	

comparisons	 were	 examined	 with	 an	 unrestricted	 least	 significant	 difference	

approach	(Saville,	1990).	
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Images	obtained	from	electron	microscopy	were	evaluated	qualitatively	for	signs	of	

damage.	 Indicators	 of	 damage	 included	 streaming	 and/or	 broadened	 Z-lines,	

sarcomere	misalignment,	 and	 loss	 of	 normal	 sarcomere	 banding	 pattern.	 Samples	

were	also	examined	along	their	 length	 for	evidence	of	popped	sarcomeres;	 that	 is,	

sarcomeres	at	lengths	beyond	myofilament	overlap	flanked	by	substantially	shorter	

sarcomeres.	

5.3 Results	

5.3.1 Mechanical	data	

Force-length	curves	for	both	the	tibialis	anterior	and	semitendinosus	muscles	can	be	

seen	in	Figure	5-1.	Because	of	the	need	both	to	minimize	the	effects	of	fatigue	prior	to	

the	 stretch	 trial	 and	 to	 avoid	 early	 damage	 at	 longer	 muscle	 lengths,	 only	 short	

segments	of	the	total	force	length-relationship	were	examined.	Of	interest	is	the	vast	

difference	in	passive	forces	observed	across	the	range	of	motion,	with	the	TA	having	

significantly	higher	passive	 forces	 than	 the	ST.	Although	 there	was	a	great	deal	of	

variability	 of	 passive	 forces	 among	 TA	 muscles,	 passive	 forces	 often	 equaled	 or	

exceeded	maximal	active	 force	production	at	TA	optimal	 length.	This	high	passive	

force	can	also	be	seen	in	the	exemplar	force-time	history	for	the	failure	test	(Figure	

5-2).	
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Figure	 5-1.	 Active	 (•)	 and	 passive	 (�)	 force-length	 curves	 for	 the	

semitendinosus	(left)	and	tibialis	anterior	(right)	muscles.	Passive	forces	in	the	

tibialis	 anterior	 muscles	 were	 very	 high,	 often	 equaling	 or	 exceeding	 the	

maximum	active	isometric	force	at	L0.	

	

Figure	5-2.	Raw	data	tracings	for	the	semitendinosus	(left)	and	tibialis	anterior	

(right)	failure	tests.	Active	trials	are	in	blue	and	passive	trials	are	in	red.	The	

drop	in	force	towards	the	end	of	the	tracings	represents	the	point	of	failure	for	

each	trial.	 In	the	tibialis	anterior,	high	passive	forces	can	be	observed	as	the	

intercept	of	the	data	with	the	vertical	axis	prior	to	activation	or	stretching.	Data	

were	truncated	to	show	only	activation	(when	applicable)	and	the	stretching	

trial.	
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Normalized	 failure	 forces	 did	 not	 differ	 significantly	 between	 active	 and	 passive	

groups	for	either	muscle;	however,	 the	difference	 in	 failure	force	between	the	two	

muscles	was	significant,	with	the	tibialis	anterior	muscles	producing	relatively	more	

force	than	the	semitendinosus	(p<0.01;	Figure	5-3).	Failure	strains	were	almost	an	

order	of	magnitude	higher	in	the	semitendinosus	muscle	compared	with	the	tibialis	

anterior	 (p<0.01;	 Figure	 5-4).	 There	 was	 also	 a	 significant	 difference	 in	 strain	

between	active	and	passive	conditions	in	the	semitendinosus	muscle	(p<0.01).	The	

loading	 energy	 was	 significantly	 higher	 in	 the	 active	 semitendinosus	 muscles	

compared	to	the	passive	semitendinosus	and	tibialis	anterior	muscles	(p<0.05;	Figure	

5-5).	There	was	no	statistical	difference	in	loading	energy	between	active	and	passive	

tibialis	anterior	muscle.	

	

Figure	5-3.	Normalized	active	and	passive	failure	forces	for	semitendinosus	and	

tibialis	anterior	muscles.	The	tibialis	anterior	muscles	failed	at	higher	forces	

0
100
200
300
400
500
600
700
800
900
1000

Semitendinosus Tibialis	Anterior

Fo
rc
e	
[%

F 0
]

Active
Passive

**



	

	

	

74	

than	the	semitendinosus	muscles	in	both	active	and	passive	conditions.	There	

was	no	significant	difference	between	active	and	passive	groups	of	 the	same	

muscle.	Error	bars	represent	one	standard	deviation	(**p<0.01).	

	

	

Figure	5-4.	Nominal	strains	at	failure	for	active	and	passive	semitendinosus	and	

tibialis	 anterior	 muscles.	 The	 semitendinosus	 and	 tibialis	 anterior	 muscles	

differed	 significantly	 in	 strain-to-failure.	 Active	 and	 passive	 semitendinosus	

muscles	were	also	 significantly	different.	 Error	bars	 represent	one	 standard	

deviation	(**p<0.01).	
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Figure	5-5.	Loading	energy	of	the	semitendinosus	and	tibialis	anterior	muscles	

during	 stretch	 to	 failure	 under	 active	 and	 passive	 conditions.	 The	 active	

semitendinosus	 muscle	 required	 significantly	 more	 loading	 energy	 to	 fail	

compared	to	the	other	groups	(*p<0.05).	

5.3.2 Histology	and	transmission	electron	microscopy	

Active	and	passive	samples	from	both	the	semitendinosus	(Figure	5-6)	and	the	tibialis	

anterior	 (Figure	 5-7)	 muscles	 viewed	 under	 light	 microscopy	 showed	 areas	 of	

sarcomere	misalignments	and	disrupted	sarcomere	pattern.	Active	semitendinosus	

muscles	had	higher	damage	scores	than	all	other	groups	(p<0.01;	Figure	5-8).	The	

amount	 of	 damaged	 area	 in	 active	 semitendinosus	 muscles	 was	 greater	 than	 in	

passive	 ones	 (p<0.05);	 however,	 no	 significant	 difference	 was	 observed	 between	

active	and	passive	tibialis	anterior	muscles.	
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Figure	5-6.	Light	microscope	images	of	semitendinosus	muscle	sections	stained	

with	Masson’s	trichrome	(100x	magnification).	Images	are	shown	in	grayscale	

for	better	contrast	of	striations.	Control	images	(a	&	b)	showed	regular	striation	

patterns.	Passively	failed	muscles	(c	&	d)	varied	in	appearance,	ranging	from	

appearing	similar	to	controls	(c)	to	severe	loss	of	striation	pattern	(d).	Actively	

failed	muscles	(e	&	f)	showed	more	severe	indications	of	damage.	All	 images	

showed	 damage	 ranging	 from	 severe,	widespread	misalignment	 to	 smeared	

and	completely	disrupted	striation.	
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Figure	5-7.	Light	microscope	images	of	tibialis	anterior	muscle	sections	stained	

with	Masson’s	trichrome	(100x	magnification).	Images	are	shown	in	grayscale	

for	better	contrast	of	striations.	Control	images	(a	&	b)	showed	regular	striation	

patterns.	 Passively	 failed	 muscles	 (c	 &	 d)	 showed	 minor	 sarcomere	

misalignments,	but	appeared	similar	to	control	images.	Actively	failed	muscles	

(e	&	f)	also	displayed	minor	misalignments.	Image	(f)	displays	the	most	severe	

area	 of	 damage	 observed	 for	 the	 tibialis	 anterior	 samples,	 with	 areas	 of	

striation	disruption	apparent.	
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Figure	5-8.	Boxplot	of	damage	scores	for	semitendinosus	and	tibialis	anterior	

muscles.	 Damaged	 area	 was	 calculated	 as	 a	 percentage	 of	 the	 contractile	

material	within	images.	Black	lines	within	the	boxes	denote	the	median	damage	

score,	outliers	(i.e.	values	greater	than	1.5	times	the	interquartile	range)	are	

indicated	with	´	(*p<0.05,	**p<0.01).	

Electron	microscopy	of	samples	from	the	semitendinosus	also	showed	indicators	of	

damage,	such	as	broadened	Z-lines,	poor	quality	A-bands,	or	complete	disruption	of	

sarcomere	 pattern	 (Figure	 5-9).	 Active	 samples	 tended	 to	 show	 more	 severe	

indicators	of	damage	than	passive	samples.	Images	obtained	from	active	and	passive	

tibialis	 anterior	muscles	 showed	 evidence	 of	 sarcomere	misalignments	 and	 Z-line	

streaming	in	most	samples	from	all	regions	(Figure	5-10).	
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In	 both	 types	 of	 muscle	 and	 in	 both	 activating	 conditions,	 sarcomere	 length	

heterogeneities	were	observed	throughout	the	muscle.	Many	areas	showed	evidence	

of	overextended	sarcomeres;	however,	 these	 regions	of	 long	 sarcomeres	were	not	

flanked	on	either	end	by	regions	of	substantially	shorter	sarcomeres.	

	

Figure	 5-9.	 Transmission	 electron	 micrographs	 from	 samples	 of	 the	

semitendinosus	muscle	failed	under	passive	(top	row)	and	active	(bottom	row)	

conditions.	Samples	were	taken	from	three	regions	of	 the	muscle	–	proximal	

(left	column),	mid	belly	(middle	column),	and	distal	(right	column).	All	regions	

and	activating	conditions	showed	signs	of	damage.	Scale	bars	represents	2	μm.	
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Figure	5-10.	Transmission	electron	micrographs	 from	samples	of	 the	 tibialis	

anterior	 muscle.	 Samples	 were	 taken	 from	 three	 regions	 of	 the	 muscle	 –	

proximal	(left	column),	mid	belly	(middle	column),	and	distal	(right	column).	

Both	 passive	 (top	 row)	 and	 active	 (bottom	 row)	 samples	 showed	 signs	 of	

damage,	including	streaming	Z-lines	and	sarcomere	misalignment.	Scale	bars	

represents	1	μm.	

5.4 Discussion	

The	results	of	this	study	indicate	that	more	compliant	(i.e.	less	stiff)	muscles	can	be	

stretched	to	a	much	greater	extent	than	less	compliant	muscles	prior	to	failure.	This	

result	 seems	 intuitive,	 since	 stiffer	muscles	will	develop	greater	 forces	 for	a	given	

strain	compared	to	more	compliant	muscles.	

In	the	semitendinosus,	 the	force	required	to	fail	 the	muscle	did	not	differ	between	

active	and	passive	conditions;	however,	active	muscles	required	additional	strain	to	

achieve	 failure.	 Despite	 the	 myotendinous	 unit	 being	 held	 isometrically	 prior	 to	

stretch,	 a	 certain	 amount	 of	 internal	 shortening	 of	 the	 contractile	 system	 upon	



	

	

	

81	

activation	 is	expected	at	 the	expense	of	more	compliant	connective	tissues.	This	 is	

likely	 the	 explanation	 for	 the	 difference	 in	 strain-to-failure	 between	 active	 and	

passive	semitendinosus	muscles,	and	may	account	for	part	of	the	difference	seen	in	

loading	energy	between	 the	 two	conditions.	 If	 this	were	 indeed	 the	 case,	 it	would	

suggest	 that	 both	 active	 and	 passive	 semitendinosus	 muscles	 failed	 at	 similar	

sarcomere	 lengths.	 In	 the	 tibialis	 anterior	 muscle,	 these	 differences	 in	 strain-to-

failure	 and	 loading	 energy	 between	 the	 two	 conditions	 were	 not	 observed.	 As	

demonstrated	 by	 the	 force-length	 curves	 in	 Figure	 5-1,	 the	 passive	 forces	 in	 the	

tibialis	anterior	muscles	at	the	onset	of	stretch	(i.e.	at	optimal	length)	were	equal	to	

or	exceeded	the	maximum	active	isometric	force.	This	low	passive	compliance	should	

mitigate	 internal	shortening	of	 the	contractile	apparatus	upon	activation,	and	thus	

reduce	the	differences	that	are	otherwise	apparent	between	activation	conditions	in	

strain	and	loading	energy.	

Light	and	electron	microscopy	showed	only	minor	damage	to	the	contractile	system	

of	 tibialis	 anterior	 muscle	 samples,	 whereas	 the	 semitendinosus	 showed	 more	

substantial	signs	of	damage.	The	tibialis	anterior	muscle	was	strained	to	a	relatively	

small	 amount	 before	 failure	 (7-9%	 nominal	 strain	 on	 average)	 compared	 to	 the	

strains	experienced	by	the	semitendinosus	(55-65%	nominal	strain	on	average).	The	

small	 amount	of	 strain	experienced	by	 the	 tibialis	 anterior	muscles	was	 likely	not	

great	 enough	 to	 cause	 substantial	 damage	 to	 the	 contractile	 apparatus	within	 the	

muscle	 fibres	 as	 was	 seen	 in	 the	 semitendinosus.	 It	 therefore	 seems	 likely	 that	

damage	causing	 failure	during	stretch	 in	 the	 tibialis	anterior	occurs	outside	of	 the	



	

	

	

82	

cells.	 It	 is	 possible	 that	 this	 damage	 occurs	 in	 the	 myotendinous	 junction,	 in	 the	

connections	between	cells’	sarcolemma	and	their	local	extracellular	matrix,	or	in	the	

extracellular	matrix	itself.	

A	prevalent	theory	of	muscle	injury	is	the	sarcomere	length	non-uniformity	theory	

(Morgan,	1990).	According	to	this	theory,	not	all	sarcomeres	behave	the	same	during	

stretch.	Some	sarcomeres	will	remain	isometric	or	lengthen	slightly	while	a	separate	

population	 of	 sarcomeres	 accommodates	 the	 majority	 of	 the	 stretch	 and	 ‘pop’,	

resulting	in	damage	to	the	contractile	apparatus.	This	theory	is	based	upon	the	idea	

that	the	descending	limb	of	the	force-length	relationship	is	unstable	(e.g.	Hill,	1953;	

Morgan	et	al.,	2000;	Zahalak,	1997),	and	stretch	along	this	curve	results	in	a	drastic	

positive	feedback	loop	that	exacerbates	sarcomere	length	heterogeneities;	however,	

the	negative	slope	for	the	descending	limb	of	the	force-length	relationship	describes	

isometric	behavior	in	skeletal	muscle,	and	should	therefore	not	be	taken	as	evidence	

of	 dynamic	 instability	 during	 movement	 through	 this	 range	 of	 the	 relationship.	

Notwithstanding	this	reservation,	several	results	in	this	study	suggest	that	popped	

sarcomeres	 cannot	 be	 responsible	 for	 failure.	According	 to	 the	popped	 sarcomere	

theory,	 one	 should	 expect	 that	heterogeneities	 are	 intensified	by	 activation	 (more	

specifically,	 by	 active	 stretching)	 and	 therefore,	 active	 muscles	 should	 be	 more	

susceptible	to	failure	than	passive	muscles.	However,	the	results	of	this	study	show	

that	 nominal	 strain	 at	 failure	was	 either	 not	 different	 between	 active	 and	passive	

conditions,	or	was	higher	in	the	active	case.	Finally,	examination	of	muscle	samples	
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under	 light	 and	 electron	 microscopy	 showed	 no	 qualitative	 evidence	 of	 popped	

sarcomeres	(i.e.	long	sarcomeres	flanked	by	shorter	ones).	

The	mechanical	results	suggest	that	a	complex	interaction	exists	between	stress	and	

strain	to	result	 in	 failure.	 It	 therefore	seems	more	appropriate	 to	consider	 loading	

energy	when	examining	failure	of	muscle.	It	has	been	suggested	that	activation	plays	

a	protective	role	in	muscle	(Garrett	et	al.,	1987);	that	is,	active	muscle	is	able	to	absorb	

more	 energy	 than	 passive	 muscle.	 The	 results	 presented	 in	 this	 study	 from	 the	

semitendinosus	 muscle	 are	 consistent	 with	 this	 observation,	 with	 active	 muscles	

experiencing	on	average	more	 than	double	 the	 loading	energy	of	passive	muscles.	

This	 behavior	 was	 not	 observed	 in	 the	 tibialis	 anterior	 muscle,	 likely	 due	 to	 the	

predominance	of	passive	 forces	 across	 the	 range	of	motion	examined	–	 the	 active	

force	contributed	very	little	to	the	total	force	throughout	the	stretch,	resulting	in	a	

reduction	in	the	difference	between	active	and	passive	groups.	

It	should	be	acknowledged	that	the	force-length	relationship	for	the	tibialis	anterior	

is	unlike	any	other	skeletal	muscle	that	the	authors	are	aware	of.	The	passive	forces	

exhibited	by	this	muscle	at	the	measured	plateau	of	the	force-length	curve	were	equal	

to	 (or	 sometimes	 exceeded)	 the	maximum	active	 isometric	 force	produced	by	 the	

muscle.	 Though	on	 the	 face	 of	 it	 this	 seems	disadvantageous,	 it	may	 represent	 an	

interesting	functional	adaptation	that	warrants	further	investigation.	
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CHAPTER	SIX: DISCUSSION	AND	SUMMARY	

6.1 Divergent	active	and	passive	forces	

The	behavior	of	the	semitendinosus	muscle	at	long	lengths	differs	depending	on	the	

state	 of	 activation	 of	 the	 muscle,	 especially	 at	 lower	 levels	 of	 hierarchy	 (i.e.	

myofibrils).	Data	on	myofibrils	show	that	stresses	are	significantly	higher	following	

stretch	in	the	active	state	compared	with	the	passive	state.	The	divergence	in	force-

generating	capacity	between	the	two	groups	is	persistent	along	the	entire	range	of	

lengths	up	to	failure,	and	remains	despite	being	beyond	myofilament	overlap.	This	

difference	between	active	and	passive	groups	cannot	be	explained	in	the	context	of	

the	cross-bridge	theory.	That	these	differences	between	passive	and	active	samples	

are	persistent	despite	them	being	at	lengths	beyond	myofilament	overlap	suggests	a	

dependence	 of	 active	 force	 upon	 activation,	 force	 production,	 or	 cross-bridge	

formation	prior	to	being	stretched	beyond	overlap.	

Several	possibilities	exist	that	could	explain	divergences	in	force	between	the	active	

and	passive	conditions	at	lengths	beyond	myofilament	overlap.	These	can	be	broken	

down	 into	 two	 categories:	 cross-bridge-based	 and	 non-cross-bridge-based	

explanations	

6.1.1 Cross-bridge-based	explanations	

Cross-bridge-based	explanations	can	be	argued	on	the	premise	that,	despite	being	at	

an	 average	 sarcomere	 length	 beyond	 myofilament	 overlap,	 residual	 cross-bridge	
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interactions	are	able	to	form.	This	can	conceptually	occur	if	filaments	are	not	rigid,	if	

myosin	 is	 not	 completely	 confined	 within	 the	 A-band	 of	 the	 sarcomere,	 or	 if	

heterogeneities	in	sarcomere	length	allow	the	maintenance	of	myofilament	overlap.	

It	is	possible	that	upon	activation,	actin	and/or	myosin	filaments	are	not	rigid;	rather	

they	elongate	in	response	to	active	force	production.	This	would	allow	for	active	force	

production	at	lengths	beyond	those	predicted	by	the	force-length	relationship	based	

on	rigid	filaments	of	a	given	length;	however,	extensibility	of	both	actin	and	myosin	

filaments	have	been	shown	to	be	less	than	1%	at	L0	(Wakabayashi	et	al.,	1994).	This	

small	amount	of	extensibility	cannot	account	for	the	divergence	in	force	at	sarcomere	

lengths	 as	 long	 as	 7	 μm,	 nor	 can	 it	 explain	 the	 large	magnitude	 of	 the	 difference	

observed	between	active	and	passive	myofibrils.	

Our	current	understanding	of	the	structure	of	the	sarcomere	confines	myosin	dimers	

to	 the	 thick	 filament,	 forming	 the	 A-band	 (Huxley	 and	 Hanson,	 1954).	 If	 myosin	

dimers	 reside	 outside	 of	 the	 larger	 collection	 within	 the	 A-band,	 or	 are	 pulled	

outwardly	with	eccentric	contraction,	the	force	that	they	generate	during	activation	

may	contribute	to	additional	 force	beyond	obvious	myofilament	overlap	(provided	

that	 they	 remain	 connected	 to	 the	 A-band	 and	 conduct	 their	 force	 across	 the	

sarcomere).	 This,	 however,	 is	 a	 speculative	 mechanism	 that	 might	 warrant	

investigation	 with	 high-resolution	 electron	 microscopy	 and/or	 X-ray	 diffraction	

studies.	
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Another	possible	explanation	 for	differences	observed	between	active	and	passive	

stress	 is	 the	 sarcomere	 length	 non-uniformity	 theory.	 According	 to	 this	 theory,	 a	

population	of	weaker	sarcomeres	will	take	up	most	or	all	of	the	imposed	strain	while	

others	 will	 lengthen	 only	 slightly	 or	 act	 isometrically	 (Figure	 2-8).	 These	 two	

populations	of	sarcomeres	will	come	into	equilibrium	with	each	other,	with	shorter	

ones	generating	a	force	dictated	by	the	force-length	relationship	in	the	overlap	region	

and	 the	 longer	 ones	 being	 supported	 almost	 exclusively	 by	 passive	 forces.	

Qualitatively,	 this	 should	 appear	 as	 relatively	 short	 sarcomeres	 flanked	 by	 long	

“popped”	sarcomeres	at	some	point	serially	down	the	length	of	a	myofibril.	Although	

in	these	studies	heterogeneities	existed	throughout	muscle	samples,	no	evidence	of	

popped	sarcomeres	was	observed	either	histologically	or	under	electron	microscopy	

in	whole	muscles	and	permeabilized	fibres,	nor	were	gross	heterogeneities	observed	

during	stretches	of	myofibrils.	Furthermore,	the	strains	experienced	by	both	isolated	

myofibrils	 and	 permeabilized	 fibres	 were	 large	 enough	 to	 be	 confident	 that	 all	

sarcomeres	 were	 beyond	myofilament	 overlap	 at	 failure.	 Finally,	 the	 active	 force	

produced	at	any	length	on	the	descending	limb	of	the	force-length	relationship	should	

not	exceed	the	active	force	at	optimal	length,	as	this	represents	the	point	of	maximum	

actin-myosin	overlap,	by	definition.	Data	in	myofibrils	and	permeabilized	fibres	show	

active	 force	 much	 greater	 than	 maximal	 force	 at	 lengths	 corresponding	 to	 the	

descending	 limb	 of	 the	 force-length	 relationship.	 It	 is	 therefore	 unlikely	 that	 this	

theory	can	explain	the	differences	observed.	
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6.1.2 Non-cross-bridge-based	explanations	

According	to	our	understanding	of	muscle	 function	at	 the	most	basic	 level	(i.e.	 the	

sarcomere),	the	only	structure	that	spans	the	entire	sarcomere	and	would	be	capable	

of	supporting	large	forces	beyond	myofilament	overlap	is	titin.	Titin	is	a	structure	that	

is	situated	outside	of	the	contractile	apparatus,	and	can	therefore	account	for	these	

interesting	differences	without	violation	of	basic	observations	in	muscle	mechanics	

such	as	 the	 force-length	relationship.	Titin	 is	known	to	 increase	 its	stiffness	 in	 the	

presence	of	calcium,	specifically	in	its	PEVK	region	(Fujita	et	al.,	2004;	Joumaa	et	al.,	

2008b)	and	in	selected	Ig	domains	(DuVall	et	al.,	2013).	Stiffening	of	these	segments	

could	result	in	an	enhancement	in	its	force	response	for	a	given	stretch.	

A	 similar	 stiffening	 effect	 on	 titin’s	 PEVK	 region	 has	 been	 shown	 upon	

phosphorylation	by	protein	kinase	C	(PKC)	(Hidalgo	et	al.,	2009).	Although	this	has	

been	 shown	 on	 cardiac	 muscle,	 the	 PEVK	 element	 containing	 the	 PKC	

phosphorylation	site	is	also	expressed	in	skeletal	muscle	titin	isoforms,	and	is	highly	

conserved	between	species.	It	is	therefore	likely	that	this	effect	is	also	occurring	in	

frog	skeletal	muscle.	

Leonard	 et	 al.	 (2010b)	 showed	 a	 similar	 difference	 between	 active	 and	 passive	

myofibrils	from	the	rabbit	psoas	as	was	observed	in	chapter	three.	When	cross-bridge	

formation	was	 inhibited	with	BDM,	 active	myofibrils	 continued	 to	produce	higher	

stresses	 than	 passive	 ones;	 however,	 the	 difference	 in	 stress	 between	 the	 two	

activation	conditions	was	substantially	reduced	compared	to	conditions	when	active	
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actin-myosin-based	 cross-bridge	 forces	 were	 allowed.	 Conversely,	 Leonard	 and	

Herzog	(2010)	showed	that	treatment	with	BDM	abolished	the	differences	in	force	

between	active	and	passive	myofibrils.	It	therefore	seems	that	a	stiffening	effect	on	

titin	due	to	calcium	cannot	alone	explain	the	divergence	of	force,	if	at	all,	and	that	this	

divergence	in	force	might	be	dependent	upon	strong	cross-bridge	formation	or	force	

production.	

Another	possible	mechanism	by	which	titin	could	up-regulate	its	force	production	is	

by	decreasing	the	length	of	its	spring	between	the	A-band	and	the	next	fixed	point	(i.e.	

the	 free-spring	 length).	 This	 reduction	 in	 free-spring	 length	 would	 result	 in	 an	

increased	 relative	 displacement	 of	 the	 spring	 from	 its	 elastic	 equilibrium	 (i.e.	 the	

point	 at	 which	 the	 spring	 is	 neither	 in	 tension	 nor	 compression)	 and	 therefore	

increase	the	force	produced.	This	could	be	achieved	if	 titin	was	allowed	to	bind	to	

another	structure	within	the	sarcomere.	Titin	segments	have	been	shown	to	bind	to	

actin	filaments	in	vitro	(Bianco	et	al.,	2007;	Kellermayer	et	al.,	1997;	Nagy	et	al.,	2004).	

If	this	also	occurs	in	situ,	this	mechanism	could	help	to	explain	the	augmentation	of	

active	force	above	passive	force	beyond	myofilament	overlap;	however,	the	formation	

of	these	bonds	would	have	to	be	regulated	by	active	force	production	or	cross-bridge	

cycling	in	order	to	occur	exclusively	in	the	active	state.	

Although	evidence	for	both	of	these	changes	in	titin’s	properties	exists,	the	results	of	

this	study	are	not	sufficient	to	elucidate	the	precise	mechanism.	Further	studies	that	

may	 reveal	which	 of	 these	mechanisms	 are	 in	 play	 are	 discussed	 in	 a	 subsequent	

section	within	this	chapter.	
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6.1.3 Diminishing	differences	

As	higher	hierarchical	levels	of	muscle	are	examined,	the	difference	between	active	

and	passive	stress	is	diminished.	Active	permeabilized	fibres	produced	persistently	

greater	stresses	than	passive	ones;	however,	the	difference	between	the	two	groups	

was	not	as	pronounced	as	in	myofibrils.	In	whole	muscles	at	lengths	close	to	optimal	

length	(i.e.	at	the	beginning	of	stretch),	active	stress	is	higher	than	passive	stress	as	

expected;	 however,	 in	 contrast	 to	myofibrils,	 as	 stretch	progressed,	 the	difference	

between	the	active	and	passive	conditions	reduced	until	the	point	of	failure	where	no	

significant	differences	were	observed.	Layers	of	complexity	are	added	to	the	tissue	as	

we	move	 from	 the	myofibril,	 up	 to	 the	 cellular	 level,	 and	up	 to	 the	whole	muscle.	

Numerous	structures	that	possess	passive	elastic	properties	emerge	at	these	higher	

levels,	and	it	is	these	properties	that	likely	mask	the	effects	of	whatever	is	responsible	

for	the	divergence	in	active	and	passive	stress	within	myofibrils.	

As	we	move	from	the	myofibril	level	up	to	the	cellular	level,	the	sarcolemma	(among	

other	 things)	 is	 added,	 which	 possesses	 its	 own	 mechanical	 properties	 that	 will	

respond	to	the	stretch	imposed	on	it.	The	addition	of	this	structure	may	help	to	mask	

divergence	between	active	and	passive	force	in	fibres.	In	terms	of	failure,	it	is	likely	

not	 the	 sarcolemma	 that	 is	 failing	 at	 this	 level.	 Consolino	 and	 Brooks	 (2004)	

performed	 single	 stretches	 of	 similar	 magnitude	 in	 mouse	 soleus	 and	 extensor	

digitorum	longus.	When	incubated	with	procion	orange	dye,	muscles	strained	up	to	

60%	 did	 not	 show	 uptake	 of	 the	 dye	 compared	 to	 unstretched	 control	 muscles.	
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Because	uptake	of	procion	orange	is	an	indicator	of	membrane	damage,	it	suggests	

that	strains	of	this	magnitude	are	not	sufficient	to	cause	damage	to	the	membrane.	

The	protein	desmin	has	been	discussed	in	previous	chapters	as	a	potential	candidate	

whose	failure	could	contribute	to	the	decrease	in	the	difference	between	active	and	

passive	samples	at	higher	hierarchical	levels.	Desmin	links	adjacent	myofibrils	to	one	

another,	as	well	as	anchoring	myofibrils	to	the	sarcolemma	(Paulin	and	Li,	2004).	If	

the	desmin	around	a	myofibril	were	to	fail,	the	myofibril	might	become	mechanically	

isolated	from	its	surrounding	environment.	This	would	prevent	the	myofibril	 from	

contributing	 to	 the	 total	 force	 generation,	 but	 perhaps	 not	 result	 in	 a	measurable	

decrease	in	force	generation.	It	is	also	possible	that	local	strains	induced	by	activation	

could	impose	additional	strain	on	desmin	filaments	and	contribute	to	their	failure.	As	

more	myofibrils	become	isolated	due	to	the	destruction	of	desmin	connections,	force	

in	active	samples	might	be	preferentially	 suppressed	and	result	 in	 convergence	of	

passive	and	active	forces	until	failure	occurs.	Other	proteins	that	transmit	forces	to	

the	surrounding	environment	include	dystrophin	and	integrins	(Peter	et	al.,	2011),	

and	they	may	be	other	potential	candidates	in	this	failure	model.	

As	we	move	up	to	the	whole	muscle	level,	the	effects	causing	the	divergence	in	active	

and	 passive	 force	 will	 be	 further	 masked	 by	 additional	 structures	 such	 as	 the	

extracellular	matrix,	the	perimysium,	and	the	epimysium.	At	this	level,	the	contractile	

apparatus	does	not	appear	 to	be	 the	 limiting	 factor	 to	 the	performance	of	skeletal	

muscle	at	long	lengths.	Both	isolated	cells	and	myofibrils	showed	that	they	could	be	

strained	 to	 a	 much	 greater	 extent	 than	 the	 whole	 muscle.	 Sarcomere	 lengths	 in	
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permeabilized	 fibres	 and	 myofibrils	 were	 more	 than	 double	 that	 seen	 in	 whole	

muscles	in	some	cases.	This	supports	the	proposition	that	failure	in	whole	muscle	is	

occurring	in	structures	outside	of	the	cell,	such	as	the	extracellular	matrix.	

Strains-to-failure	 in	 the	 whole	 semitendinosus	 muscles	 were	 consistent	 with	 the	

results	of	Tidball	et	al.	 (1993);	that	 is,	active	muscles	failed	at	greater	strains	than	

passive	 muscles.	 However,	 sarcomere	 lengths	 at	 failure	 were	 not	 different.	 Upon	

activation,	the	contractile	component	of	the	muscle	will	shorten	itself	while	pulling	

on	and	lengthening	series	elastic	elements,	allowing	the	muscle	to	remain	isometric	

on	the	whole.	This	internal	shortening	that	occurs	in	active	muscles	will	allow	them	

to	strain	further	compared	to	passive	muscles,	while	achieving	the	same	sarcomere	

length	 in	 the	 end	 –	 the	 strain	 to	 the	 contractile	 system	 is	 the	 same,	 while	 other	

structures	in	series	take	up	the	remaining	extra	strain.	

Both	the	divergence	of	force	and	the	difference	in	the	extent	of	strain	between	the	

different	structural	levels	show	that	these	novel	behaviors	of	the	contractile	system	

at	long	lengths	disappear	with	increasing	complexity.	This	suggests	that	one	or	more	

of	these	structures	that	are	added	with	this	increasing	degree	of	complexity	limit	the	

performance	of	 the	system	and	fail	prior	to	catastrophic	damage	of	 the	contractile	

apparatus.	This	does	not	mean,	however,	that	the	contractile	system	is	not	damaged	

with	 the	magnitudes	 of	 stress	 and	 strain	 observed	 in	 these	 studies	 on	 the	whole	

muscle	 level.	 Histology	 showed	 the	 contrary	 –	 samples	 from	 both	 actively	 and	

passively	failed	semitendinosus	muscles	showed	areas	of	sarcomere	disruption.	It	is	

possible	that	not	all	fibres	behave	homogenously	during	stretch	of	whole	muscles	–	
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there	 will	 be	 a	 distribution	 of	 fibre	 stretch	 magnitude,	 resulting	 in	 some	 fibres	

stretching	 further	 than	 others.	 Not	 only	would	 this	 result	 in	 damage	 occurring	 in	

some	fibres	and	not	others,	but	also	it	would	reduce	the	divergent	behavior	between	

active	 and	 passive	 conditions	 observed	 at	 lower	 hierarchical	 levels;	 however,	

knowing	that	these	muscles	failed	at	an	average	of	60%	nominal	strain	versus	isolated	

permeabilized	fibres	failing	at	an	average	of	210%	nominal	strain,	the	data	suggests	

that	this	damage	is	not	contributing	significantly	to	failure.	Rather,	it	is	more	likely	

that	failure	is	occurring	outside	of	the	cells.	It	is	also	possible	that	the	damage	that	

occurs	outside	of	the	cells	causes	a	disruption	of	sarcomere	structure.	

Neither	 stress	 nor	 strain	 results	 showed	 consistency	 in	 their	 behavior	 between	

preparations.	 One	 parameter	 that	 showed	 promising	 results	 in	 this	 respect	 was	

loading	energy,	or	work	done	to	fail	the	sample.	At	all	three	levels	of	hierarchy,	the	

loading	energy	in	active	samples	was	greater	than	in	passive	samples.	The	ability	of	

muscles	 to	 absorb	 more	 energy	 in	 the	 active	 state	 may	 serve	 as	 a	 protective	

mechanism	(Garrett	et	al.,	1987).	

6.1.4 The	effect	of	passive	compliance	on	failure	

The	two	muscles	of	different	compliance	examined	in	this	thesis	showed	a	complex	

relationship	between	 failure	 force	 and	 strain	 –	 the	 less	 compliant	 tibialis	 anterior	

muscle	 had	 a	 greater	 force	 at	 failure	 compared	 to	 the	 more	 compliant	

semitendinosus,	while	the	opposite	was	observed	for	strain-to-failure.	In	examining	

the	loading	energy	at	failure,	the	active	semitendinosus	was	significantly	higher	than	
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passive.	Neither	the	active	nor	the	passive	tibialis	anterior	 loading	energy	differed	

from	the	passive	semitendinosus.	The	predominance	of	passive	forces	in	the	tibialis	

anterior	 muscle	 throughout	 the	 range	 of	 stretch	 may	 be	 responsible	 for	 this	

observation,	and	may	serve	to	protect	the	contractile	system	by	keeping	strains	low	

with	stretch.	This	is	in	contrast	to	the	semitendinosus,	which	may	use	activation	to	

protect	itself	from	damage	due	to	work	done	on	the	muscle.	If	these	two	strategies	do	

indeed	 represent	 different	 protective	 mechanisms,	 they	 may	 arise	 from	 different	

functional	demands	placed	upon	the	muscles.	If	we	speculate	that	the	semitendinosus	

is	intended	to	operate	concentrically	over	a	long	range	of	motion	and	that	the	tibialis	

anterior	is	intended	to	work	as	a	‘braking’	muscle,	slowing	the	rotation	of	the	ankle	

joint	by	working	eccentrically	over	a	relatively	short	range	of	motion,	these	differing	

approaches	to	protection	may	be	explained.	However,	these	speculations	cannot	be	

confirmed	with	the	data	presented	in	this	thesis.	

6.2 Proposed	mechanism	of	muscle	failure	

Upon	activation	of	a	myofibril,	titin’s	stiffness	will	increase	from	its	passive	resting	

value	due	to	calcium	sensitivity	of	the	PEVK	region	and	PKC	phosphorylation.	Titin	

may	also	bind	to	actin	filaments,	resulting	in	an	increase	in	force	response	for	a	given	

stretch.	These	actions	will	aid	in	stabilizing	the	A-band	in	the	center	of	the	sarcomere.	

Titin	will	form	bonds	with	thin	filaments,	reducing	the	length	of	its	extensible	region.	

As	stretch	occurs,	the	force	produced	at	the	level	of	the	sarcomere	will	be	greater	in	

the	active	condition	than	in	the	passive	condition	due	to	the	enhanced	stiffness	of	titin	

and	the	shorter	spring	length.	Actin	and	myosin	are	pulled	beyond	overlap,	and	titin	
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is	 now	 bearing	 the	 entire	 load	 across	 the	 sarcomere.	 Active	 failure	 in	 myofibrils	

occurs	 as	 a	 result	 of	 titin-actin	bonds	being	destroyed.	 Passive	 failure	 occurs	 as	 a	

result	of	Z-disk	failure.	Both	modes	of	failure	occur	at	long	sarcomere	lengths	–	well	

beyond	the	physiological	range.	

The	 same	 events	 during	 activation	 and	 stretch	 occur	within	 permeabilized	 fibres.	

Other	structures	contributing	to	passive	force	production	are	introduced,	such	as	the	

sarcolemma.	Slight	heterogeneities	both	along	individual	myofibrils	as	well	as	across	

different	 myofibrils	 are	 apparent,	 but	 will	 not	 cause	 popping	 of	 sarcomeres.	 As	

stretch	 progresses,	 lateral	 connections	 between	 myofibrils	 cause	 local	 stress	

concentrations	that	lead	to	streaming	Z-lines	and	disrupted	striation	patterns.	This	

continues	until	 inter-myofibrillar	connections	and	connections	between	myofibrils	

and	 the	 sarcolemma	 are	 damaged,	 causing	 the	 observed	 large	 force	 divergences	

between	active	and	passive	myofibrils	to	be	attenuated.	Failure	occurs	as	a	result	of	

stretch-induced	 damage	 similar	 to	 that	 in	 myofibrils	 (Z-disk	 failure)	 as	 well	 as	

disruption	of	striation.	

Within	a	whole	muscle,	titin	and	the	contractile	system	will	behave	as	they	did	at	the	

lowest	hierarchical	level	–	titin	will	stiffen	and	bind	to	actin	filaments.	Passive	elastic	

structures	introduced	at	the	cellular	level	will	be	joined	by	other	contributors	such	as	

aponeurosis	 and	 extracellular	 matrix.	 Stretch-induced	 damage	 occurs	 within	

sarcomeres	and	in	connections	between	myofibrils	and	the	sarcolemma.	This	damage	

is	 too	 localized	 and	minor	 to	 cause	 a	 perceptible	 drop	 in	 force,	 but	 results	 in	 an	

abolition	of	active-passive	force	divergence	with	the	progression	of	stretch.	Once	the	
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stress	experienced	by	a	muscle	reaches	a	critical	threshold,	failure	occurs.	This	failure	

occurs	outside	of	the	cells,	likely	in	the	extracellular	matrix	or	at	the	myotendinous	

junction.	

6.3 Limitations	

Much	of	this	work	focuses	on	the	performance	of	muscle	at	lengths	far	beyond	those	

experienced	physiologically.	Although	results	on	fibres	and	myofibrils	do	not	directly	

elucidate	 mechanisms	 of	 injury/damage	 within	 physiological	 conditions,	 they	 do	

imply	that	the	cellular	and	subcellular	levels	are	not	limiting	the	performance	of	the	

whole	muscle	(i.e.	 they	are	 likely	not	damaged	to	the	extent	of	reducing	the	 force-

generating	capacity	in	the	context	of	single	insults	to	whole	muscles	in	vivo).	Although	

this	 information	 is	 helpful	 in	 understanding	 the	 limits	 of	 muscle	 performance,	

information	on	the	exact	site	of	failure	(especially	in	myofibrils)	would	be	invaluable.	

Although	 real-time	 imaging	 modalities	 currently	 prohibit	 the	 kind	 of	 resolution	

necessary	to	examine	this,	the	use	of	technologies	such	as	immunofluorescence	might	

be	useful.	

Experiments	on	permeabilized	fibres	may	not	fully	represent	what	is	occurring	at	the	

cellular	 level.	 The	 process	 of	 permeabilizing,	 or	 skinning,	 the	 fibre	 likely	

compromised	 the	mechanical	 properties	 of	 the	 sarcolemma.	 Pilot	 experiments	 on	

single	 intact	 fibres	 indicated	 that	 passive	 failure	 occurred	 at	 the	 low	 end	 of	 that	

observed	for	stress	and	strain	in	permeabilized	fibres.	Further	work	on	this	level	may	
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provide	valuable	 insight	 regarding	 the	 failure	mechanisms	 involved	at	 the	cellular	

level.	

Interpretation	 of	 electron	 microscopy	 images	 should	 be	 used	 cautiously	 in	 the	

extrapolation	to	the	whole	muscle.	Because	the	sample	area	is	so	small	relative	to	the	

rest	of	the	muscle,	it	is	a	very	minor	representation	of	the	population.	This	severely	

limits	 the	 utility	 of	 quantitative	 and	 statistical	 analysis	 of	 these	 data.	 Therefore,	

analysis	 in	 this	work	was	purposefully	 limited	 to	qualitative	examination	 to	avoid	

making	erroneous	implications	to	the	rest	of	a	muscle.	

The	methods	of	histology	employed	in	this	work	were	adequate	for	exploring	damage	

indicators	 and	 sarcomere	 length	 heterogeneities	 in	 large	 areas	 and	within	 fibres.	

Images	obtained	from	various	points	along	the	muscle	were	examined	for	gross	areas	

of	damage,	and	the	area	of	damage	as	a	proportion	of	the	total	image	was	calculated.	

There	is	no	accepted	method	of	quantitatively	measuring	damage	in	muscle	histology.	

Other	methods	have	included	tallying	the	number	of	observed	damage	sites	(Wood	et	

al.,	1993)	or	quantifying	the	lesion	by	counting	the	number	of	consecutively	disrupted	

sarcomeres	(Vijayan	et	al.,	2001).	The	method	employed	in	these	studies	improved	

upon	previous	methods	by	representing	the	compromise	of	the	contractile	apparatus;	

however,	any	quantitative	analysis	of	histology	should	be	interpreted	with	caution	

due	to	the	inherent	difficulties	in	selecting	representative	samples.	

Besides	limitations	in	data	analysis,	methods	in	preparing	histological	samples	also	

have	their	limitations.	The	method	of	embedding	in	paraffin	wax	is	prone	to	micro-
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fractures	and	separation	of	adjacent	fibres	due	to	wax	infiltration.	Other	methods	of	

histology,	such	as	embedding	in	plastic	instead	of	wax,	should	be	employed	in	similar	

studies	 in	 order	 to	 evaluate	 qualities	 such	 as	 extracellular	 matrix	 quality	 and	

myotendinous	 junction	 integrity.	 These	 other	 methods	 are	 not	 without	 their	

drawbacks:	 embedding	 in	 plastic	 requires	 limiting	 cut	 sections	 to	 only	 a	 few	

millimeters	 in	 width,	 thereby	 restricting	 the	 site	 of	 examination	 to	 only	 a	 small	

proportion	of	its	overall	length.	Information	on	sarcomere	length	and	damage	outside	

of	this	small	cut	section	would	be	lost.	Notwithstanding	the	limitation	of	this	method,	

it	may	be	useful	in	examining	failure	of	the	supporting	connective	tissues	within	the	

muscle.	

6.4 Future	directions	

Many	 questions	 arise	 from	 the	 results	 of	 this	 project.	 One	 of	 the	 most	 obvious	

questions	is:	why	is	there	a	persistent	divergence	in	the	stress	between	active	and	

passive	myofibrils?	As	mentioned	previously,	 the	most	 favorable	hypothesis	 is	 the	

protein	 titin.	 If	 titin	 is	 indeed	 responsible,	 more	 questions	 arise.	 How	 is	 force	

regulated	in	this	model?	What	alterations	in	titin	or	other	structures	are	necessary	to	

produce	such	differences?	When	do	these	alterations	 in	 titin’s	properties	establish	

themselves?	

Beginning	 stretches	 near	 the	 end	 of	 the	 descending	 limb	 of	 the	 force-length	

relationship	where	active	 force	 is	 low	may	give	us	clues	as	 to	whether	or	not	 this	

augmentation	 of	 force	 is	 dependent	 upon	 cross-bridge-based	 force.	 Deactivating	
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myofibrils	at	various	points	during	 the	 ramp	stretch	may	help	 to	determine	when	

these	potential	alterations	occur,	and	if	the	differences	observed	between	active	and	

passive	conditions	can	be	attenuated	or	altogether	abolished	with	the	interruption	of	

active	force	production.	

Ongoing	work	in	our	lab	is	focusing	on	interactions	of	titin	with	other	components	of	

the	sarcomere.	By	 labeling	several	 regions	of	 titin	with	 fluorescent	antibodies	and	

stretching	 myofibrils,	 elongations	 of	 titin	 segments	 can	 be	 examined.	 If	 certain	

segments	do	not	elongate,	it	can	be	inferred	that	the	region	is	being	prevented	from	

stretching	because	of	one	or	more	interactions/bonds	with	other	structures	on	either	

side	of	that	titin	segment	(DuVall,	2015).	

Finally,	further	work	examining	the	working	in	situ	operating	lengths	for	the	tibialis	

anterior	and	semitendinosus	muscles	may	give	interesting	insight	 into	the	reasons	

for	 the	 vastly	 different	 compliances	 of	 these	 two	muscles.	 Anecdotally	 from	 these	

studies,	it	seems	that	the	semitendinosus	muscle	is	fairly	close	to	optimal	length	just	

beyond	slack	length.	Mai	and	Lieber	(1990)	showed	that	this	muscle	in	Rana	pipiens	

operates	on	the	descending	limb	of	the	force-length	relationship	at	normal	operating	

lengths.	Conversely,	 the	tibialis	anterior	needs	to	be	stretched	a	great	deal	past	 its	

operating	 lengths	 before	 achieving	 maximal	 force.	 This	 implies	 that	 the	 tibialis	

anterior	works	primarily	on	the	ascending	limb	of	its	length-tension	curve.	It	may	be	

that	the	high	passive	forces	in	the	tibialis	anterior	serve	to	protect	the	ankle	joint	from	

excessive	 plantarflexion	 or	 to	 protect	 the	 muscle	 itself	 from	 excessive	 strain.	

Alternatively,	Mai	and	Lieber	(1990)	suggest	that	the	tibialis	anterior	muscle	could	
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act	 as	 what	 they	 call	 an	 “activatable	 sling”,	 who’s	 dorsiflexion	 moment	 might	 be	

translated	into	a	knee	flexion	moment	via	the	gastrocnemius.		The	high	passive	force	

may	 help	 to	 configure	 the	 ankle	 and	 knee	 joints	 in	 a	 necessary	 position	 during	

jumping	 or	 swimming	while	 reducing	metabolic	 cost	 associated	with	 contraction.	

Specific	 investigation	 into	 this	 difference	 may	 yield	 results	 that	 are	 particularly	

relevant	to	the	area	of	evolutionary	biology.	
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Appendix	A	–	List	of	Solutions	

Permeabilized	Fibres	

Relaxing	solution:	

Potassium	propionate			 	 	 170	mM	

Magnesium	acetate		 	 	 	 2.5	mM	

3-(N-morpholino)propanesulfonic	acid	 20	mM	

K2EGTA			 	 	 	 	 5	mM	

Adenosine	triphosphate	 	 	 2.5	mM	

Rinsing	solution:	

Potassium	propionate			 	 	 185	mM	

Magnesium	acetate		 	 	 	 2.5	mM	

3-(N-morpholino)propanesulfonic	acid	 20	mM	

Adenosine	triphosphate		 	 	 2.5	mM	

Activating	solution:	

Potassium	propionate			 	 	 170	mM	

Magnesium	acetate		 	 	 	 2.5	mM	

3-(N-morpholino)propanesulfonic	acid	 10	mM	

K2EGTA		 	 	 	 	 5	mM	

CaEGTA		 	 	 	 	 5	mM	

Adenosine	triphosphate	 	 	 2.5	mM	

Myofibrils	

Rigor	solution:	

Tris(hydroxymethyl)aminomethane		 50	mM	
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Sodium	chloride	 	 	 	 100	mM	

Potassium	chloride		 	 	 	 2	mM	

Magnesium	chloride		 	 	 	 2	mM	

EGTA		 	 	 	 	 	 10	mM	

Relaxing	solution:	

Potassium	propionate			 	 	 64.4	mM	

3-(N-morpholino)propanesulfonic	acid	 10	mM	

Sodium	sulfate	 	 	 	 	 9.45	mM	

Magnesium	propionate		 	 	 5.23	mM	

K2EGTA			 	 	 	 	 2	mM	

Adenosine	triphosphate	 	 	 7	mM	

Creatine	phosphate		 	 	 	 10	mM	

Activating	solution:	

3-(N-morpholino)propanesulfonic	acid	 10	mM	

Potassium	propionate			 	 	 45.1	mM	

Magnesium	propionate		 	 	 5.21	mM	

Sodium	sulfate	 	 	 	 	 9.27	mM	

EGTA		 	 	 	 	 	 10	mM	

Calcium	chloride	 	 	 	 20	mM	

Adenosine	triphosphate	 	 	 7	mM	

Creatine	phosphate		 	 	 	 10	mM	
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