
 i 

	
	
	
	
	
	
	

Impact	of	multiple	scale	structural	mechanisms	on	
epithelium	movement	

	
	
	

	
	
	

Andrew	Boyd	
	
	

Orcid:	0000-0002-0462-5767	
	
	
	
	
	

Submitted	in	total	fulfilment	of	the	requirements		
of	the	degree	of	Doctor	of	Philosophy	

	
	
	
	

	
	
	
	
	
	

	
November	2019	

	
	
	
	
	
	

Department	of	Biomedical	Engineering	
Department	of	Anatomy	and	Neuroscience	

The	University	of	Melbourne	
	



 ii 

 
 
 
 
 

 
 

I dedicate this work to my wife, daughter and any other Boyd’s yet to come 
 
 
 
 
 
 
  



 iii 

Abstract	
Simple	epithelial	tissue	is	formed	by	individual	cells	connecting	together	to	form	a	monolayer	

sheet.	This	sheet	generates	the	complex	structures	of	organs	by	undergoing	both	large	and	small	

scale	morphogenic	events.	Columnar	epithelial	cells	have	a	height	greater	than	their	width	and	

are	polarised	with	a	 ring	of	circumferential	 contractile	 fibres	 localised	 to	 their	apical	 cell-cell	

junctions.	There	has	been	considerable	investigation	into	the	movement	of	this	apical	network,	

especially	using	lasers	to	sever	individual	apical	cell	edges.		

	

From	these	apical	investigations,	a	variety	of	mechanical	mechanisms	have	been	suggested	to	

control	 epithelium	 movement.	 However,	 these	 mechanisms	 are	 contrasting,	 and	 are	 often	

derived	for	specific	experiments,	rather	than	general	apical	epithelium	movement.	Recently,	it	

has	been	recognised	that	in	additional	to	the	apical	network,	the	entire	three-dimensional	cell	

shape	 impacts	 epithelium	 movement.	 Additionally,	 there	 has	 been	 growing	 interest	 in	

understanding	how	epithelium	scale	movement	is	controlled	by	smaller	scaler	structures	such	

as	contractile	fibres,	and	the	interaction	of	these	structures	with	cell	protein	signalling	networks.	

	

This	thesis	investigates	how	the	mechanics	of	underlying	structures	can	drive	epithelium	scale	

movement.	Initially,	it	develops	an	apical	epithelium	model	from	the	underlying	mechanics	of	

contractile	fibres,	showing	that	these	fibres	drive	the	majority	of	apical	epithelium	movement	

upon	 laser	 severing.	 A	 second	 model	 of	 a	 sole	 contractile	 fibre	 is	 then	 derived	 from	 the	

mechanics	of	the	 individual	units	responsible	for	fibre	contraction.	This	 fibre	model	 indicates	

that	inclusion	of	individual	unit	mechanics	can	provide	greater	prediction	of	apical	epithelium	

movement	 upon	 laser	 severing.	 Finally,	 the	 changes	 of	 whole	 cell	 shape,	 and	 associated	

parameters	 such	 as	 volume,	 are	 investigated	under	normal	 conditions	 and	during	 apical	 cell	

edge	 laser	 severing.	 These	 experimental	 investigations	 provide	 evidence	 that	 the	whole	 cell	

undergoes	 complex	 three-dimensional	 shape	 changes	 upon	 nearby	 apical	 cell	 edge	 laser	

severing,	 and	 that	 volume	 is	 a	mechanical	 mechanism	 controlled	 by	 cells	 via	 the	 Rho/Rock	

signalling	pathway.	

	

Overall,	this	thesis	demonstrates	that	investigating	the	mechanisms	of	underlying	cell	and	sub	

cell	 structures	 can	 provide	 new	 insights	 into	 the	 causal	 mechanics	 of	 general	 epithelium	

movement.	It	is	also	shown	that	inclusion	of	these	mechanisms	can	lead	to	greater	prediction	

of	epithelium	movement,	and	provide	a	connection	between	epithelium	cell	mechanics	and	cell	

protein	signalling	networks.	
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1.	Introduction	
	

1.1	Introduction	and	Background	of	Research	

	

Simple	epithelia	are	formed	by	individual	epithelial	cells	combining	into	a	single-cell	high	sheet.	

They	are	categorised	by	the	shape	of	the	individual	cells,	namely	flat	(height	less	than	width),	

cuboidal	(height	equal	to	width)	or	columnar	(height	greater	than	width)	epithelia.		

	

The	simple	columnar	epithelium	is	a	main	component	of	many	important	body	tissues,	including	

the	 stomach	 and	 intestines	 (Drenckhahn	 and	 Dermietzel	 1988,	 Wang	 et	 al.	 1996).	 The	

epithelium	undergoes	tissue	morphogenic	events	(Fletcher	et	al.	2017),	which	involve	both	the	

many	cell	processes	that	generate	the	complex	structures	of	specific	tissues	and	organs	(Sawyer	

et	al.	2010,	Gelbart	et	al.	2012,	Saias	et	al.	2015)	and	those	processes	which	impact	only	a	small	

region	of	the	sheet,	such	as	cell	division	or	delamination	(Fletcher	et	al.	2017).		These	events	are	

necessary	 for	 the	 development	 of	 embryos	 (embryogenesis),	 and	 are	 also	 relevant	 for	 cell	

function	under	normal	condition	and	during	diseases	such	as	cancer.	

	

All	columnar	epithelial	cells	have	a	ring	of	circumferential	contractile	fibres	 in	a	cross	section	

located	near	their	apical	(top)	end.	The	contractile	ability	of	these	fibres	is	driven	by	spatially	

distributed	contractile	components	(Hirokawa	et	al.	1982,	Drenckhahn	and	Dermietzel	1988).	

These	 components	 utilise	 actomyosin	 contraction	 induced	 forces	 and	movement,	which	 are	

created	by	the	myosin	motor	protein	walking	along	actin	filaments.		

	

Due	to	 its	significant	role	 in	controlling	epithelium	movement	 (Davidson	2012),	and	the	ease	

with	which	 it	can	be	experimentally	visualized	and	manipulated,	the	movement	of	the	apical	

cross	 section	 containing	 the	 contractile	 fibres	has	undergone	considerable	experimental	 and	

theoretical	investigation	(Alt	et	al.	2017).	Recently	though,	it	has	been	recognized	that	epithelial	

tissue	movement	is	impacted	by	the	forces	and	movement	of	entire	cells	(Brodland	et	al.	2010,	

Nakajima	et	al.	2013,	Hannezo	et	al.	2014,	Fletcher	et	al.	2017),	and	that	the	three-dimensional	

mechanics	of	the	epithelium	should	also	be	investigated.	

	

The	movement	of	the	epithelium,	including	the	contractile	cross	section,	has	been	investigated	

by	various	experiments	applied	at	different	scales,	from	whole	epithelium	stretching	(Harris	et	
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al.	2012),	to	laser	severing	at	different	scales	(Farhadifar	et	al.	2007,	Bonnet	et	al.	2012).	Many	

theoretical	approaches	to	describe	the	epithelium	have	also	been	developed	(Alt	et	al.	2017,	

Fletcher	 et	 al.	 2017),	 which	 assume	 various,	 and	 often	 contrasting,	 mechanisms	 controlling	

epithelium	movement.	These	theoretical	approaches	have	strongly	focused	on	the	contractile	

cross	section	(Farhadifar	et	al.	2007,	Hutson	et	al.	2009,	Fletcher	et	al.	2014),	though	have	also	

been	developed	for	the	entire	epithelium	(Newman	2005,	Chen	and	Brodland	2008,	Honda	et	

al.	2008,	Hannezo	et	al.	2014,	Bielmeier	et	al.	2016).	

	

Epithelium	movement	has	been	connected	to	actomyosin	contraction	in	various	works	(Solon	

et	al.	2009,	Saias	et	al.	2015,	Xu	et	al.	2015),	where	changes	 in	contractile	 fibre	 forces	were	

considered	 to	 represent	 different	 amounts	 of	 myosin	 activation.	 In	 the	 more	 general	 cell	

mechanics	 literature,	 there	 is	 also	 considerable	 interest	 in	 connecting	mechanical	models	 to	

both	changes	in	proteins	such	as	myosin,	and	the	more	general	protein	signaling	networks	which	

control	cell	behaviour	(Colombelli	et	al.	2009,	Stachowiak	et	al.	2014,	Tao	and	Sun	2015).	

	

The	experimental	and	theoretical	epithelial	mechanics	literature	has	proposed	a	multitude	of	

various,	and	often	contrasting,	mechanisms	to	control	epithelium	movement	(Davidson	2012,	

Mao	 and	Baum	2015,	 Alt	 et	 al.	 2017,	 Fletcher	 et	 al.	 2017).	 In	many	 theoretical	models,	 the	

mechanisms	 controlling	 epithelium	movement	 are	 selected	 to	 reproduce	 phenomenological	

tissue	 behaviour	 observed	 during	 specific	 biological	 events,	 such	 as	 tissue	 morphological	

changes	and	cell	processes.	These	selected	mechanisms	are	then	only	applicable	to	biological	

events	similar	to	those	for	which	they	were	developed,	and	cannot	be	considered	predictive	of	

more	general	epithelium	movement.	

	

There	has	been	little	investigation	into	how	the	mechanics	of	apical	contractile	fibres,	and	their	

contractile	components,	affect	overall	columnar	epithelium	movement.	Additionally,	the	impact	

of	 individual	 cell	 three-dimensional	 mechanics	 is	 unclear.	 Investigations	 into	 the	 impact	 of	

epithelium	 structural	 components	on	overall	 epithelium	movement	 can	both	provide	 insight	

into	 the	 general	 underlying	 mechanisms	 controlling	 epithelium	 movement,	 and	 lead	 to	

development	of	models	with	 improved	prediction	of	general	epithelium	movement.	Further,	

using	models	to	understand	how	epithelium	structural	components	relate	to	epithelium	scale	

movement	can	produce	knowledge	and	tools	to	help	connect	epithelium	movement	to	protein	

signaling	networks.		
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1.2	Scope	of	Research	and	Objectives	

	

The	overall	goal	of	this	work	is	to	investigate	whether	including	the	mechanics	of	cell	and	sub	

cell	structures	can	provide	insight	into	the	causal	mechanisms	of	simple	columnar	epithelium	

movement.	

	

The	overall	goal	was	investigated	via	three	pieces	of	research	with	the	following	aims:	

	

1. Investigate	 how	 much	 of	 the	 apical	 epithelium	 movement	 upon	 laser	 severing	 can	 be	

reproduced	by	a	model	using	a	contractile	fibre	description	developed	from	information	on	

individual	fiber	properties.	

	

2. Identify	 additional	 contractile	 fibre	mechanisms	 relevant	 to	 epithelium	 scale	movement	

using	a	model	representing	a	fibre	as	a	series	of	individual	contractile	units	

	

3. Experimentally	investigate	the	three	dimensional	shape	of	individual	columnar	epithelium	

cells	under	normal	conditions	and	during	severing	of	nearby	apical	cell	edges.	

	

 

1.3	Thesis	Outline	

	

This	thesis	contains	six	chapters	as	depicted	in	Figure	1.1.	

	

Chapter	 1	 introduces	 the	 overall	 goal	 of	 this	work	 and	 specific	 objectives	 for	 each	 research	

chapter,	and	outlines	key	research	contributions	made.	

	

Chapter	2	reviews	the	literature	for	this	thesis.	It	first	provides	an	introduction	to	the	columnar	

epithelium,	then	describes	important	general	topics	for	this	thesis.	These	general	topics	start	

with	laser	ablation	experiments	and	vertex	modelling	approaches,	followed	by	a	description	of	

stress	fibres	and	contractile	fibres,	and	the	similarities	between	then.	The	chapter	then	provides	

a	focussed	literature	review	for	the	three	pieces	of	research	making	up	this	thesis,	with	each	

ending	with	an	outline	of	the	potential	research	options	which	were	investigated	in	this	thesis.	
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Chapter	 3	 is	 an	 article	published	 in	Biomechanics	 and	Modelling	 in	Mechanobiology	 entitled	

“Modelling	 apical	 columnar	 epithelium	 mechanics	 from	 circumferential	 contractile	 fibres”,	

which	addresses	the	first	objective	of	this	thesis.	This	objective	is	to	investigate	how	much	of	

the	apical	 epithelium	movement	upon	 laser	 severing	 can	be	 reproduced	by	a	model	using	a	

contractile	 fibre	 description	 developed	 from	 information	 on	 individual	 fibre	 properties.	 The	

relevant	literature,	and	an	outline	of	the	potential	research	options	which	are	investigated	in	

this	 thesis,	 are	 detailed	 in	 literature	 review	 Chapter	 2.7.	 These	 options	 are	 investigated	 by	

developing	 a	 two-dimensional	 epithelium	 model,	 and	 analysing	 its	 ability	 to	 predict	 apical	

epithelium	movement	upon	severing	of	apical	cell	edges.	

	

Chapter	4	addresses	the	second	objective	of	this	thesis.	This	objective	is	to	identify	additional	

contractile	 fibre	 mechanisms	 relevant	 to	 epithelium	 scale	 movement	 using	 a	 model	

representing	a	stress	fibre	as	a	series	of	individual	contractile	units.	The	specific	literature	for	

this	chapter,	and	an	outline	of	the	potential	research	pathways	which	are	investigated	in	this	

thesis,	 are	 detailed	 in	 Chapter	 2.8.	 This	 chapter	was	motivated	 by	 findings	 from	 Chapter	 3,	

specifically	 to	 investigate	 whether	 discrepancies	 between	 the	 apical	 epithelium	 model	 and	

experimental	data	could	arise	from	spatial	structural	details	of	contractile	fibres.	

	

Chapter	5	looks	at	the	third	objective	of	this	thesis,	which	is	to	experimentally	investigate	the	

three	dimensional	shape	of	individual	columnar	epithelium	cells	under	normal	conditions	and	

during	severing	of	nearby	apical	cell	edges.	This	severing	is	the	same	experiment	from	Chapter	

3,	but	here	I	are	looking	at	three-dimensional	impacts.	The	relevant	literature,	and	an	outline	of	

the	potential	research	options	which	are	investigated	in	this	thesis,	are	reviewed	in	Chapter	2.9.	

The	 research	objective	 is	 achieved	by	developing	an	experimental	 technique	 to	visualise	 the	

entirety	of	individual	cells	in	the	columnar	epithelium,	the	apical	cross	section,	and	the	cell	edges	

of	the	rest	of	the	epithelium.	This	approach	allowed	laser	severing	of	apical	cell	edges,	and	an	

investigation	 of	 three	 dimensional	 cell	 shape	 and	 movement	 under	 normal	 conditions	 and	

during	severing.	

	

Chapter	6	provides	a	summary	of	the	overall	goal	of	this	thesis,	the	findings	and	contributions	

of	 each	 chapter,	 the	 potential	 future	work	 that	 could	 arise	 from	 this	 thesis,	 and	 an	 overall	

conclusion	 relative	 to	 the	 questions	 and	 research	 objectives	 outlined	 in	 this	 introductions	

Chapters	1.1	and	1.2.	
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Figure	1.1:	Outline	of	thesis	chapters. 

	

	

1.4	Contributions	of	Thesis	

	

This	section	outlines	the	key	contributions	from	each	piece	of	research.	

	

Chapter	3:	Modelling	apical	columnar	epithelium	movement	from	circumferential	contractile	

fibres	

There	are	a	multitude	of	theories	on	the	mechanisms	which	control	the	movement	of	the	apical	

epithelium	cross	section.	Many	of	these	theories	are	representations	of	the	observed	movement	

of	 the	 epithelium,	 and	 are	 not	 derived	 from	 the	 underlying	 structures	making	 up	 the	 cross	

section.	I	develop	an	apical	epithelium	model	where	movement	is	driven	from	contractile	fibres	

only,	with	the	fibre	mechanics	descriptions	derived	from	experiments	on	isolated	fibres.	I	found	

that	 contractile	 fibres	 can	 solely	 reproduce	 the	majority	of	epithelium	movement,	 indicating	

that	 they	 are	 a	 major	 mechanism	 of	 epithelium	 movement.	 I	 also	 demonstrate	 that	 the	

columnar	 epithelium	 does	 not	 conserve	 individual	 apical	 cell	 area,	 which	 is	 a	 proposed	
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mechanism	from	other	epithelium	types.	Further,	I	determined	that	natural	movement	of	the	

sheet	plays	a	previously	unidentified	significant	role	in	the	response	of	the	epithelium	to	laser	

severing.	

	

	

Chapter	4:	Impact	of	spatial	length	representation	on	individual	epithelial	contractile	fibre	

forces	and	movement	

While	 the	 apical	 epithelium	model	 in	 Chapter	 3	 reproduced	 the	majority	 of	 the	 epithelium	

response	to	laser	severing,	it	only	qualitatively	predicted	the	fast	initial	response,	and	did	not	

capture	the	premature	stopping	of	cell	edges.	It	was	hypothesised	that	these	inaccuracies	were	

due	 to	 the	 contractile	 fibre	 description	 used	 in	 the	 apical	 epithelium	model,	 which	 did	 not	

include	 spatially	 distributed	 fibre	 contraction.	 To	 investigate	 whether	 a	more	 detailed	 fibre	

description	 would	 lead	 to	 identification	 of	 further	 fibre	 mechanics	 which	 could	 impact	

epithelium	 movement,	 I	 developed	 an	 individual	 contractile	 fibre	 model	 with	 spatially	

distributed	fibre	contraction.	This	model	also	needed	to	resist	and	produce	the	high	levels	of	

tension	seen	in	the	apical	epithelium.		

	

Initially,	 I	 proved	 that	 the	 model	 could	 reproduce	 contractile	 fibre	 severing	 and	 tension	

generations,	 showing	 that	 it	 was	 appropriate	 for	 apical	 epithelium	 contractile	 fibre	

investigations.	 Using	 the	 model,	 I	 then	 found	 that	 spatially	 distributed	 contraction	 does	

significantly	 impact	 fibre	 mechanics,	 including	 the	 fast	 initial	 apical	 epithelium	 response	 to	

severing.	I	also	found	that	the	contraction	speed	of	an	overall	fibre	depends	on	its	length,	while	

the	 force	 it	 produces	 does	 not.	 This	 is	 a	 new	 mechanism	 which	 has	 not	 previously	 been	

considered	 for	 apical	 epithelium	modelling.	 Finally,	 the	model	may	provide	 guidance	on	 the	

cause	of	the	premature	stopping	of	cell	edges	seen	in	the	apical	epithelium	model.		

	

	

Chapter	5:	Impact	of	local	apical	cell	edge	severing	on	cell	shape,	volume	and	surface	area	

There	has	been	considerable	 investigation	 into	 the	 two-dimensional	movement	of	 the	apical	

cross	section	of	the	columnar	epithelium.	Recently	however,	it	has	been	recognized	that	three-

dimensional	 forces	and	movement	of	 cells	 impact	epithelium	movement.	 Initial	 experiments	

have	 produced	 contrasting	 findings	 about	 how	 cells	 control	 three-dimensional	 movement,	

especially	cell	volume.	These	experiments	have	investigated	the	mechanics	of	the	epithelium	

during	the	complicated	morphological	events	which	create	the	structure	of	organs.	While	using	
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these	events	as	perturbations	can	provide	insight	into	tissue	movement,	they	do	not	allow	study	

of	the	underlying	mechanisms	controlling	epithelium	cell	movement.	I	therefore	developed	an	

investigative	 approach	 to	 study	 epithelium	mechanics	 under	 normal	 conditions,	 and	 during	

simple	 perturbations	 such	 as	 apical	 laser	 severing.	 This	 approach	 provides	 insight	 into	 the	

underlying	 epithelium	mechanics,	 without	 the	 added	 complexity	 of	 morphological	 events.	 I	

found	that	epithelial	cells	exhibit	complicated	three-dimensional	mechanics	both	under	normal	

conditions	and	during	apical	laser	severing,	which	demonstrates	the	viability	of	the	approach.		

	

Specifically,	I	found	that	nearby	apical	severing	induced	a	volume	change	within	cells,	which	the	

cells	 then	attempt	to	redress	by	moving	the	volume	back	towards	 its	original	value.	This	 is	a	

novel	mechanism	not	witnessed	before,	and	implies	that	cells	attempt	to	maintain	an	optimum	

volume.	I	also	found	that	inhibition	of	Rho-associated	protein	kinase	(ROCK)	activity	removed	

the	 cells	 ability	 to	 return	 the	 volume	 towards	 its	 original	 value,	 suggesting	 that	 the	 volume	

control	mechanism	is	driven	by	the	Rho/Rock	pathway.	Additionally,	on	longer	time	scales,	cells	

appeared	to	be	able	to	change	their	optimum	volume	in	response	to	local	changes	in	the	sheet.	

Finally,	 I	 found	 that	 while	 the	 cells	 have	 a	 consistent	 overall	 volume	 response	 to	 severing,	

different	cells	produce	this	total	response	from	different	sub	cellular	regions,	or	even	different	

types	of	responses	in	the	same	region.	This	subcellular	regional	variation	raises	new	questions	

as	to	how	the	overall	cell	volume	response	is	achieved.	
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2.	Literature	Review	
	

2.1	Introduction	

	

This	 chapter	 reviews	 important	 literature	 relevant	 to	 this	 thesis.	 Initially	 it	 introduces	 the	

columnar	 epithelium,	 and	 then	 describes	 general	 topics	 that	 are	 relevant	 to	 all	 research	

chapters.	 The	 specific	 literature	 relevant	 to	 the	 research	 chapters	 of	 this	 thesis	 are	 then	

reviewed,	with	each	of	these	reviews	ending	with	an	outline	of	the	potential	research	options	

which	I	investigated.	

	

	

2.2	Columnar	Epithelium	

	

The	epithelium	is	a	major	tissue	of	animals.	It	lines	all	major	cavities,	providing,	amongst	other	

functions,	 a	 mechanical	 barrier	 between	 different	 areas	 of	 the	 body	 (Ganz	 2002).	 This	

mechanical	barrier	is	maintained	by	epithelial	cells	bound	closely	together	to	form	a	sheet,	the	

integrity	of	which	is	dependent	on	the	strength	of	cell	contacts	and	the	forces	applied	to	each	

cell.	Simple	epithelial	tissues	are	one	cell	high,	and	are	classified	based	on	their	height	and	base	

width	(aspect	ratio).	As	shown	in	Figure	2.1,	simple	columnar	epithelial	tissue	has	cells	that	are	

taller	than	they	are	wide.	

	

	
Figure	2.1:	Epithelial	sheet	configurations	and	associated	cell	shapes.	Adapted	from	Apodaca	
and	Gallo	(2013).	
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The	 columnar	 epithelium	 has	 a	 major	 role	 in	 many	 cancers,	 and	 in	 embryo	 development.	

Cancerous	 epithelial	 cells	make	 use	 of	 the	mechanisms	which	 normal	 epithelial	 cells	 use	 to	

control	 their	 shape,	 apply	 forces,	 and	move	 (Liu	 et	 al.	 2015).	 Therefore,	 investigations	 into	

epithelium	mechanics	can	provide	 insight	 into	cancerous	cell	activity,	and	could	help	 identify	

new	 therapeutic	 approaches	 to	 cancer.	Most	 embryonic	 organs	 contain	 columnar	 epithelial	

cells.	During	early	development,	embryos	undergo	a	complex	series	of	rearrangements	that	are	

driven	 by	 epithelial	 cell	 shape	 change	 (Harris	 et	 al.	 2009).	 Understanding	 how	 columnar	

epithelial	cells	control	their	shape	and	movement	can	therefore	provide	new	insight	into	embryo	

development.	

	

Columnar	epithelial	cells	have	a	variety	of	sub	cellular	structures	that	they	use	to	control	their	

shape	and	movement.	One	of	the	most	important	of	these	is	a	series	of	contractile	fibres	that	

surround	the	circumference	of	a	cross	section	located	near	the	top	of	each	cell	(shown	in	Figure	

2,2).	Herein	this	cross	section	is	referred	to	as	the	contractile	cross	section.	The	fibres	 in	this	

cross	 section	 produce	 tension	 forces	 that	 help	 hold	 epithelial	 cells	 together	 and	 also	 play	 a	

central	role	in	movement	of	the	epithelium	and	its	constituent	cells	(Farhadifar	et	al.	2007,	Liu	

and	Cheney	2012).	These	contractile	fibres	can	reduce	in	length	and	internally	generate	tension,	

via	the	myosin	protein	progressively	walking	along	actin	filaments	(Hirokawa	et	al.	1983),	and	

are	described	in	Chapter	2.5.		

	

	
Figure	2.2:	Schematic	of	simple	columnar	epithelium	showing	cell	membranes	(grey),	cell	nuclei	
(blue),	and	contractile	cross	section	circumferential	contractile	fibres	(red).	Adapted	from	(Boyd	
et	al.	2017).	
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2.2	Laser	Ablation	of	the	Columnar	Epithelium	Contractile	Cross	Section	

	

The	 movement	 of	 the	 columnar	 epithelium	 contractile	 cross	 section	 was	 the	 subject	 of	

considerable	 investigation	 during	 the	 2000s	 and	 2010s.	 Many	 different	 experimental	

perturbations	have	been	applied	to	this	cross	section,	including	optical	tweezers	(Bambardekar	

et	al.	2015),	sheet	stretching	(Harris	et	al.	2012)	and	laser	ablation	(Farhadifar	et	al.	2007).	Of	

these,	laser	ablation	is	the	most	common	(Farhadifar	et	al.	2007,	Rauzi	et	al.	2008,	Hutson	et	al.	

2009,	Landsberg	et	al.	2009,	Ma	et	al.	2009,	Bonnet	et	al.	2012,	Mao	et	al.	2013,	Saias	et	al.	

2015),	and	has	also	been	used	to	investigate	the	mechanics	of	other	cells	and	tissues.	

	

Laser	ablation	uses	a	technique	called	photo-ablation,	where	multiple	pulses	of	light	break	the	

chemical	bonds	of	a	target	volume	(Heisterkamp	et	al.	2005),	to	cut	or	sever	structures	within	

cells.	In	the	columnar	epithelial	cross	section,	ablation	is	often	used	to	sever	the	circumferential	

contractile	fibres,	causing	the	contractile	cross	section	to	reshape	itself	in	a	‘relaxation’	response	

(shown	in	Figure	2.3).	This	relaxation	response	is	then	used	to	gain	insight	into	the	underlying	

mechanisms	controlling	the	movement	of	the	epithelium.	The	response	can	also	be	related	to	

the	 large	 scale	 movements	 that	 epithelial	 cells	 undergo	 during	 cell	 process,	 such	 as	 cell	

proliferation,	or	cells	exiting	the	sheet	via	the	epithelial	to	mesenchymal	transition	(Liu	2004).	

	

The	microscopy	images	from	Figure	2.3	are	of	an	epithelium	from	late	stage	Drosophila	larvae,	

which	 is	 commonly	 used	 as	 a	 model	 system	 to	 investigate	 the	 mechanics	 of	 the	 columnar	

epithelium		(Farhadifar	et	al.	2007,	Rauzi	et	al.	2008,	Mao	et	al.	2013).	The	Drosophila	wing	disc	

epithelial	cell	structure,	genetics	and	proteins	is	highly	similar	to	that	of	humans	(Tyler	2003).	

Investigations	into	wing	disc	mechanics	are	therefore	also	relevant	to	human	epithelial	tissue,	

though	utilise	the	benefits	of	Drosophila	as	a	model	organism.	These	benefits	include	the	short	

fly	 developmental	 cycle,	 a	 small	 number	 of	 chromosomes,	 low	 costs	 to	maintain	 and	 large	

numbers	of	spawn	(St	Johnston	2002).	
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Figure	 2.3:	 Laser	 severing	 experimental	 microscopy	 images	 of	 contractile	 cross	 section	 of	
columnar	 epithelial	 cell	 sheet	 at	 different	 time	 points.	 Scale	 Bar:	 5	 microns.	 Brown	 cross	
represents	laser	cut	location.	Data	taken	from	Farhadifar	et	al.	(2007).	
	

	
2.3	Vertex	Modelling	of	the	Columnar	Epithelium	Contractile	Cross	Section	

	

Theoretical	 approaches	 describing	 the	 movement	 of	 the	 contractile	 cross	 section	 of	 the	

columnar,	and	other,	epithelia	have	been	developed	since	the	1960s.	They	give	insight	into	the	

mechanisms	controlling	the	mechanics	of	specific	epithelia,	and	can	also	be	used	to	investigate	

different	aspects	of	the	epithelium,	such	as	cell	patterning	(Farhadifar	et	al.	2007)	and	tissue	

size	 (Hufnagel	 et	 al.	 2007).	 For	 a	 detailed	 review	 of	 epithelium	modelling	 refer	 to	 Brodland	

(2004).	

	

The	current	approaches	to	modelling	movement	of	the	epithelium	contractile	cross	section	can	

be	categorised	as	vertex	 (Weliky	and	Oster	1990,	Weliky	et	al.	1991,	Nagai	and	Honda	2001,	

Farhadifar	et	al.	2007,	Hufnagel	et	al.	2007,	Hilgenfeldt	et	al.	2008,	Honda	et	al.	2008,	Landsberg	

et	al.	2009,	Aegerter-Wilmsen	et	al.	2010,	Staple	et	al.	2010,	Mao	et	al.	2011,	Schilling	et	al.	

2011,	Wartlick	et	al.	2011,	Aliee	et	al.	2012,	Salbreux	et	al.	2012,	Smith	et	al.	2012,	Osterfield	et	

al.	2013,	Spahn	and	Reuter	2013,	Du	et	al.	2014,	Fletcher	et	al.	2014,	Bambardekar	et	al.	2015),	

cell	centre	(Graner	and	Sawada	1993,	Meineke	et	al.	2001,	Li	and	Sun	2014)	or	sub	cellular	lattice	

(also	called	cellular	pots)	(Graner	and	Glazier	1992,	Glazier	and	Graner	1993,	Mombach	et	al.	

1993,	Noppe	et	al.	2015).	There	is	also	a	series	of	models	that	combine	a	vertex	approach	with	

finite	 element	 modelling	 (Brodland	 and	 Clausi	 1994,	 Chen	 and	 Brodland	 2000,	 Chen	 and	

Brodland	2008,	Hutson	et	al.	2009).	

	

Vertex	models	are	considered	to	be	off-lattice	models,	which	allows	them	to	capture	continuous	

cell	movements	(Fletcher	et	al.	2014).	This	is	in	contrast	to	lattice	approaches,	such	as	the	sub	

cellular	 lattice	models,	which	only	allow	cells	 to	occupy	discretely	separate	points	on	a	 fixed	

lattice.	Cell	centre	approaches	are	based	on	defining	the	centre	of	each	cell,	and	either	do	not	
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accurately	capture	the	geometry	of	the	cell	boundaries	(Graner	and	Glazier	1992)	or	also	use	a	

fixed	lattice	(Noppe	et	al.	2015).	

	

As	 shown	 in	 Figure	 2.4,	 vertex	 models	 describe	 the	 boundary	 of	 cells	 as	 a	 series	 of	 points	

(vertices)	 connected	by	 straight	 segments	 (edges),	where	a	vertex	can	be	defined	as	a	point	

where	three	or	more	cells	are	touching	(Weliky	and	Oster	1990).	Forces	are	applied	to	the	vertex	

points,	causing	them	to	move,	and	therefore	controlling	the	shape	of	the	cells	in	the	epithelium.	

	

	
Figure	2.4:	Apical	epithelium	two	dimensional	representation	of	contractile	cross	section	also	
showing	cell	edges	(grey),	nucleuses	(blue),	vertices	(yellow),	and	forces	from	cell	membrane	
adjacent	contractile	fibres	(red).	
	

	

The	movement	of	each	vertex	is	described	using	the	equations	of	motion:	

	

𝑚𝑥# = 𝑭𝒊 − 𝜇𝑥) 	 2.1	

	

where	𝑚	 is	mass,	𝑭	are	 the	 forces	applied	to	 the	vertex,	𝜇	 is	viscosity,	𝑥	 is	 the	 location	of	a	

specific	vertex	and	the	𝑖	index	is	for	each	dimension	being	considered.	The	forces	are	selected	

depending	on	the	system	that	the	vertex	model	is	being	used	to	describe	and	the	specifics	of	

the	implementation.	These	forces	can	be	applied	along	the	circumference	of	a	cell	(as	in	Figure	

2.4),	 or	 can	 be	 applied	 from	 within	 the	 cell	 body	 itself.	 The	 viscosity	 term	 represents	 the	

resistance	of	the	cell	body	(or	cytoplasm)	to	vertex	movement.	It	is	also	common	to	assume	that	

mass	 terms	 are	 negligible,	 due	 to	 the	 high	 viscosity	 of	 the	 cell	 body,	 and	 the	 small	 scale	 of	

epithelial	tissue	(Fletcher	et	al.	2014).	With	this	assumption,	the	equations	of	motion	become:	

	

𝜇𝑥) = 𝑭𝒊 	 2.2	
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This	 equation	 can	be	 solved	 for	 the	movement	of	 all	 vertices	over	 time	via	 a	 computational	

algorithm	 such	 as	 the	 Euler	 Method	 (Boyd	 et	 al.	 2017),	 along	 with	 appropriate	 initial	 and	

boundary	conditions.	

	

It	 is	also	common	to	use	energy	minimisation	approaches	to	determine	the	forces	applied	to	

each	vertex.	In	this	approach,	an	energy	function	is	defined	based	on	mechanisms	which	have	

been	determined	 to	 impact	epithelium	movement.	The	 forces	 to	be	used	 in	 the	equation	of	

motion	are	then	calculated	by	taking	the	negative	derivative	of	the	energy	function	(Fletcher	et	

al.	2014).	

	

	

2.5	Contractile	Fibres	and	Stress	Fibres	

	

As	outlined	in	section	2.1,	contractile	fibres	occur	at	the	circumference	of	the	contractile	cross	

section	of	 columnar	 epithelial	 cells.	 The	 structure	of	 these	 fibres	 has	 been	well	 investigated	

experimentally	(Hirokawa	et	al.	1983,	Drenckhahn	and	Dermietzel	1988,	Takeichi	2014),	and	is	

made	up	of	actomyosin	contractile	units	spread	spatially	along	the	length	of	the	fibre.	There	is	

some	evidence	to	suggest	that	these	units	form	a	regular	puncta	type	pattern	(Ebrahim	et	al.	

2013),	 though	 regardless,	 overall	 epithelial	 contractile	 fibres	 contraction	 is	 actually	 the	

combined	movement	of	all	its	constitutive	units.	Experiments	on	isolated	epithelial	contractile	

fibres	found	that	it	takes	time	for	the	fibres	to	contract	(Owaribe	and	Masuda	1982).	Specifically,	

these	fibres	show	an	exponential	length	reduction	as	shown	in	Figure	2.5.		

	

	
Figure	 2.5:	Exponential	 shaped	 contraction	 of	 isolated	 epithelial	 contractile	 fibre.	Data	 from	
Owaribe	and	Masuda	(1982).	
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Stress	fibres	are	another	type	of	contractile	fibre	that	has	undergone	considerable	investigation	

in	 individual	 cells	 not	 residing	 in	 an	 epithelial	 sheet.	 These	 cells	 have	 stress	 fibres	 spread	

throughout	 their	 cytoplasm,	 which	 they	 use	 to	 control	 their	 shape	 and	 drive	 movement	

(Vallenius	2013).		

	

Stress	fibres	are	made	up	of	the	same	core	proteins	as	epithelial	contractile	fibres,	specifically	

myosin	 motor	 protein,	 actin	 filaments,	 and	 alpha	 actinin	 cross	 linkers.	 Similar	 to	 epithelial	

contractile	fibres	from	the	apical	epithelium,	stress	fibres	show	an	exponential	relaxation	upon	

laser	severing	(Katoh	et	al.	1998,	Kumar	et	al.	2006,	Tanner	et	al.	2010),	and	are	made	up	of	

individual	contractile	units	spread	spatially	along	the	length	of	the	fibre	(see	Figure	2.6).	In	stress	

fibres	 these	 contractile	 units	 are	 called	 sarcomeres,	 and	 have	 a	 regular	 punctate	 structure	

(Langanger	et	al.	1984),	as	sometimes	reported	for	epithelial	contractile	fibres.	

	

	
Figure	2.6:	Stress	fibre	showing	individual	contractile	units	and	their	main	constitutive	proteins.	
Grey	 vertical	 lines	 represent	 sarcomere	 linking	 regions.	 Contractile	 units	 are	 the	 regions	
between	cross	linking	regions,	or	between	cross	linking	region	and	focal	adhesions	at	fibre	ends.	
Adapted	with	permission	from	Kaunas	et	al.	(2011),	https://creativecommons.org/licenses/by-
nc/3.0/.	
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2.7	Literature:	Modelling	apical	columnar	epithelium	movement	from	

circumferential	contractile	fibres	

	

Early	investigations	into	the	columnar	epithelium	apical	contractile	cross	section	(refer	Chapter	

2.1)	 (Drenckhahn	 and	 Dermietzel	 1988,	 Weliky	 and	 Oster	 1990)	 suggested	 that	 the	

circumferential	contractile	fibres	were	a	key	mechanisms	driving	the	majority	of	epithelial	sheet	

processes	(Davidson	2012).		

	

Recently,	however,	new	experimental	investigations	have	suggested	that	other	cell	mechanisms	

exist	and	may	play	a	part	in	both	sheet	processes	(Gorfinkiel	and	Blanchard	2011,	Mao	and	Baum	

2015)	 and	 the	 movement	 of	 individual	 epithelial	 cells	 within	 a	 sheet.	 The	 main	 work	 for	

individual	epithelial	cells	was	completed	by	Wu	et	al.	(2014),	who	found	contraction	not	related	

to	circumferential	fibres	throughout	the	top	(apical)	and	side	(lateral)	regions	of	individual	cells.	

These	 contractions	 caused	 cyclical	 aggregation	 and	 separation	 of	 actin	 filaments	 in	 many	

locations	throughout	these	regions.	

	

As	outlined	in	Chapter	2.2,	laser	ablation	is	a	common	experimental	approached	that	has	been	

utilised	to	investigate	many	different	aspects	of	epithelial	cells	(Farhadifar	et	al.	2007,	Bonnet	

et	al.	2012,	Louveaux	et	al.	2016).	Laser	ablation	is	most	typically	used	to	sever	apical	epithelial	

contractile	fibres,	which	provides	insight	into	the	underlying	mechanics	of	the	apical	contractile	

cross	section.	

	

Theoretical	approaches	give	insight	into	the	mechanisms	controlling	the	mechanics	of	specific	

epithelia,	and	can	also	be	used	to	investigate	different	aspects	of	the	epithelium,	such	as	cell	

patterning	(Farhadifar	et	al.	2007)	and	tissue	size	(Hufnagel	et	al.	2007).	The	current	approaches	

to	modelling	apical	epithelium	movement	are	described	in	Chapter	2.3,	which	also	outlines	the	

most	common	approach,	vertex	modelling,	in	detail.	

	

Regardless	of	 category,	each	model	 is	driven	by	a	description	of	 the	energy	or	 forces	of	 the	

epithelium.	 This	 description	determines	how	 the	 cells	move,	 and	 is	 developed	based	on	 the	

underlying	mechanisms	controlling	the	movement	of	the	epithelium.	Various	mechanisms	have	

been	proposed	to	impact	the	movement	of	the	columnar	epithelium	apical	cross	section.	There	

are	three	main	types	of	mechanisms:	cell	geometry	constraints,	line	tension,	and	cell	perimeter	

contractility.		
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Cell	 geometry	 constraints	 are	mainly	 individual	 cell	 conservation	 of	 volume	 (Hufnagel	 et	 al.	

2007),	individual	cell	contractile	cross	section	conservation	of	area	(Hilgenfeldt	et	al.	2008)	and	

cell	area	elasticity	(Farhadifar	et	al.	2007,	Landsberg	et	al.	2009,	Staple	et	al.	2010,	Mao	et	al.	

2011,	Salbreux	et	al.	2012,	Smith	et	al.	2012,	Li	and	Sun	2014).	Cell	area	elasticity	is	where	cell	

conservation	 of	 volume	 causes	 a	 resistance	 of	 the	 contractile	 cross	 section	 of	 each	 cell	 to	

changes	in	area:	

	

+,
-

𝐴/ − 𝐴/
(1)

/ 		 	 	 	 	 	 	 	 2.3	

	

where	𝛼	is	the	number	of	cells	(Figure	2.7),	𝐾/ 	are	elastic	coefficients,	for	which	𝐴/ 	is	the	area	

of	the	cell	and	𝐴/
(1)	 is	the	preferred	area	(Farhadifar	et	al.	2007).	This	resistance	is	calculated	

from	the	difference	between	each	cells	area	and	a	common	reference	area	that	is	used	for	all	

cells	in	the	sheet.		

	

Line	tension	(Nagai	and	Honda	2001,	Farhadifar	et	al.	2007,	Hilgenfeldt	et	al.	2008,	Landsberg	et	

al.	2009,	Staple	et	al.	2010,	Mao	et	al.	2011,	Salbreux	et	al.	2012)	represents	any	forces	that	

arise	from	cell	to	cell	 interactions	along	the	cell	boundaries,	and	is	treated	as	proportional	to	

the	length	of	each	cell	edge:	

	

Λ)7ℓ)7),7 	 	 	 	 	 	 	 	 	 	 2.4	

	

where	𝑖𝑗	is	the	cell	edge	linking	vertices	𝑖	and	𝑗	(Figure	2.7),	Λ)7 	describes	the	line	tensions	at	

vertices,	ℓ)7 	 denotes	 cell	 edge	 length	 (Farhadifar	 et	 al.	 2007).	 Line	 tension	 is	 considered	 to	

include	forces	from	circumferential	contractile	fibres.		

	

Cell	 perimeter	 contractility	 represents	 contractile	 forces	 created	 by	 the	 circumferential	

contractile	fibres,	where	the	fibres	are	considered	to	be	one	band	surrounding	the	edges	of	each	

cell	 (Farhadifar	 et	 al.	 2007).	 The	 contraction	 of	 this	 band	 is	 generally	 considered	 to	 be	

proportional	 to	 the	 perimeter	 of	 the	 cell,	 either	 directly	 (Smith	 et	 al.	 2012);	 via	 perimeter	

squared:		

	

;,
-
𝐿/-/ 	 	 	 	 	 	 	 	 	 	 2.5	

	

where	𝛼	 is	 the	 number	 of	 cells	 (Figure	 2.7),	𝐿/ 	 is	 the	 cell	 perimeter,	 and	Γ/ 	 is	 a	 perimeter	
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coefficient,	(Farhadifar	et	al.	2007,	Landsberg	et	al.	2009,	Aegerter-Wilmsen	et	al.	2010,	Staple	

et	al.	2010,	Mao	et	al.	2011,	Wartlick	et	al.	2011,	Aliee	et	al.	2012,	Li	and	Sun	2014,	Noppe	et	al.	

2015);	or	as	a	perimeter	extension	relative	to	a	reference	minimum	perimeter	length	(Hufnagel	

et	al.	2007,	Hilgenfeldt	et	al.	2008).	This	reference	length	is	considered	to	be	the	same	for	all	

cells.	

	

	

	
Figure	2.7:	Representation	of	columnar	epithelium,	 including	example	proposed	mechanisms	
for	the	columnar	epithelium.	A)	Three-dimensional	view	of	epithelial	cells	with	apical	proteins	
marked.	 B)	 Apical	 cross	 section	 with	 cell	 edges	 (green)	 and	 vertices	 (blue).	 Adapted	 with	
permission	from	Farhadifar	et	al.	(2007).	
	

	

While	the	flat	amnioserosa	epithelium	(Franke	et	al.	2005)	has	different	movement	properties	

to	the	columnar	epithelium,	how	amnioserosa	contractile	fibres	are	theoretically	represented	is	

of	 interest	 to	 columnar	 epithelial	 work.	 Solon	 et	 al.	 (2009)	 and	 Jayasinghe	 et	 al.	 (2013)	

represented	the	contractile	properties	of	the	flat	epithelium	with	a	series	of	springs	connected	

both	along	cell	edges	and	 from	cell	edges	 to	 the	cell	 centre	 (Figure	2.8).	The	 forces	of	 these	

springs	were	determined	by	their	displacement	relative	to	a	preferred	resting	length	that	was	

the	 same	 for	 all	 springs	 throughout	 the	 epithelium,	 and	 a	 representation	 of	 contractile	

movement	that	was	either	oscillatory	or	tension	based.	These	mechanisms	were	captured	as:	

	

𝐹) = 𝐾 𝑋7 − 𝑋) − 𝐿1 + 𝐹7) 	 	 	 	 	 	 	 2.6	

	

where	𝐹) 	 is	 the	force	of	a	spring	from	node	𝑗	on	node	𝑖,	𝐾	 is	 the	spring	coefficient,	𝑋7 	 is	 the	

vector	location	of	node	𝑗,	𝑋) 	is	the	vector	location	of	node	𝑖,	𝐿1	is	the	preferred	spring	resting	

length,	 and	 𝐹7 	 is	 the	 oscillatory	 or	 tension	 force	 term.	 Also,	 Hutson	 et	 al.	 (2009)	 utilised	
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viscoelastic	 descriptions	 of	 contractile	 components	 of	 the	 amnioserosa,	 via	 either	

circumferentially	 located	 viscoelastic	 elements,	 or	 a	 meshwork	 of	 viscoelastic	 elements	

throughout	the	contractile	cross	section.	A	similar	approach	was	used	by	Odell	et	al.	(1981)	for	

a	different	cuboidal	epithelium.	

	

	
Figure	2.8:	Representation	of	contractile	fibres	in	the	flat	amnioserosa	epithelium	during	dorsal	
closure.	 A)	 Representation	 of	 amnioserosa	 cells	 in	 the	 closing	 section	 of	 the	 epidermis.	 B)	
Individual	cell	representation	where	contractile	fibres	are	represented	as	red	springs.	Adapted	
with	permission	from	Solon	et	al.	(2009).	
	

	

Epithelium	models	provide	a	representation	of	the	movement	of	contractile	fibres	at	the	tissue	

scale.	There	is,	however,	other	work	that	investigates	the	movement	of	contractile	fibres	as	an	

individual	system.	This	work	is	generally	focused	on	stress	fibres,	which	as	outlined	in	Chapter	

2.5,	are	very	similar	to	epithelial	contractile	fibres.	

	

Stress	 fibre	 work	 shows	 that	 when	 under	 tension,	 contractile	 fibres	 have	 a	 stress	 strain	

relationship	that	can	be	described	using	the	general	definition	of	elasticity	(Deguchi	et	al.	2006,	

Matsui	et	al.	2009,	Matsui	et	al.	2013)	combined	with	the	strain	defined	as	in	Equation	2.7.	Note	

that	in	(Boyd	et	al.	2017),	which	constitutes	Chapter	3,	this	strain	definition	is	referred	to	as	the	

Cauchy	definition	of	strain.	Further,	 in	 individual	contractile	 fibre	modelling,	 it	 is	common	to	

assume	that	general	fibre	contraction	is	governed	by	a	load	versus	recoil	relationship	that	was	

originally	found	for	muscle	(Hill	1938,	Besser	and	Schwarz	2007,	Stachowiak	and	O'Shaughnessy	

2008,	Colombelli	et	al.	2009,	Stachowiak	and	O'Shaughnessy	2009,	Kaunas	et	al.	2011,	Thoresen	

et	al.	2011).	In	this	relationship,	the	tensile	force	applied	to	a	contractile	fibre	directly	impacts	

its	shortening	rate.		

	

𝐹 = 𝐴𝐸 B
BC
		 2.7	
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where	𝐹	 is	the	fibre	force,	𝐴	 is	representational	cross	sectional	area,	𝐸	 is	the	representation	

elastic	modulus	of	the	contractile	fibre,	𝐿	is	the	fibre	length,	and	𝐿1	is	the	fibre	resting	length	

(Boyd	et	al.	2017).	

	

As	 outlined	 in	 the	 above,	 numerous	 experiments	 have	 identified	 that	 the	 contractile	 cross	

section	of	the	columnar	epithelium	has	a	ring	of	force	producing	contractile	fibres	surrounding	

the	circumference	of	each	cell.	These	circumferential	contractile	fibres	could	be	considered	to	

be	 the	main	mechanism	of	movement	 of	 the	 columnar	 epithelium	 contractile	 cross	 section.	

However,	a	variety	of	other	potential	mechanisms	have	been	identified,	which	may	also	play	a	

prominent	role.	These	include	other	experimentally	identified	sub	cell	structures	that	produce	

forces	and	movement	 in	and	around	the	contractile	cross	section,	and	 theoretical	 geometric	

considerations	such	as	conservation	of	cell	volume	or	area.	

	

In	 current	 epithelium	 scale	models,	 it	 also	 common	 to	 represent	 circumferential	 contractile	

fibres	 using	 terms	 that	 generally	 describe	 the	 fibres	 ability	 to	 contract	 and	 be	 placed	 under	

tension.	 However,	 considerable	 research	 has	 been	 conducted	 into	 contractile	 fibres	 as	 an	

individual	 system,	 which	 provides	 additional	 insights	 into	 the	 forces	 and	 movement	 of	

contractile	fibres.	

	

From	analysis	of	the	prior	literature,	I	considered	that	it	had	not	been	determined	whether	an	

apical	epithelium	model	using	a	contractile	fibre	description	based	on	individual	fibre	research	

can	 reproduce	 epithelium	 movement	 upon	 laser	 severing.	 By	 including	 only	 fibre	 derived	

mechanisms,	such	a	model	could	then	be	used	to	 investigate	how	much	of	apical	epithelium	

movement	upon	laser	severing	can	solely	be	reproduced	by	contractile	fibres.	Further,	with	the	

data	available,	whether	 individual	cells	conserved	cross	section	area	during	severing	 induced	

apical	epithelium	movement	could	be	evaluated.	
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2.8	Literature:	Impact	of	spatial	length	representation	on	individual	epithelial	

contractile	fibre	forces	and	movement	

	

In	epithelial	literature	(Chapter	2.7),	the	edges	of	cells	and	the	forces	they	produce	are	applied	

instantaneously	to	vertex	points,	without	taking	into	consideration	any	spatial	variation	in	forces	

along	the	length	of	the	edge.	These	forces	would	be	expected	to	depend	on	the	mechanics	of	

the	contractile	fibres	along	each	cell	edge.	As	outlined	in	Chapter	2.5,	experiments	on	isolated	

epithelial	contractile	fibres	have	found	that	it	takes	time	for	the	fibres	to	contract	(Owaribe	and	

Masuda	1982).	This	time	delay	could	arise	from	the	constitutive	structure	of	apical	epithelial	

contractile	fibres.	

	

Given	that	stress	fibres	have	very	strong	similarities	to	epithelial	contractile	fibres	(see	Chapter	

2.5),	techniques	and	knowledge	about	stress	fibres	could	help	with	investigations	of	epithelial	

contractile	 fibres.	 There	 are	 theoretical	 representations	 of	 stress	 fibres	 which	 take	 into	

consideration	 force	 variation	 along	 the	 spatial	 length	 of	 the	 fibre.	 This	 variation	 is	 generally	

achieved	by	treating	a	stress	fibre	as	a	series	of	contractile	units	connected	together.	

	

The	most	common	stress	fibre	sarcomere	modelling	approach	treats	each	individual	contractile	

unit	 as	 a	 spring,	 damper	 and	 contraction	 components	 in	 parallel	 (Figure	 2.9B)	 (Besser	 and	

Schwarz	2007,	Colombelli	et	al.	2009,	Stachowiak	and	O'Shaughnessy	2009).	This	approach	can	

reproduce	the	severing	response	of	stress	fibres.	However,	it	does	not	allow	for	generation	of	

stress	 fibre	 tension,	 nor	 additional	 tension	 to	 be	 applied	 to	 fibres,	 as	 occurs	 in	 the	 apical	

epithelium	cross	 section	 (refer	Chapter	2.1).	A	more	 recent	approach,	originally	proposed	 in	

Russell	et	al.	(2009),	is	to	treat	each	contractile	unit	as	a	spring	and	contractile	in	series	with	a	

barrier	 to	 stop	 contraction	below	a	minimum	 length	 (Figure	2.9A).	 This	 approach	allows	 the	

contractile	 fibre	to	be	under	 internally	or	externally	generated	tension,	and	was	also	used	 in	

Kaunas	et	al.	(2011)	to	investigate	fibre	movement	during	cyclical	stretching.	

	

	
Figure	 2.9:	 Different	 parallel	 (A)	 and	 series	 (B)	 stress	 fibre	 sarcomere	 contractile	 unit	
representations.	 A)	 Adapted	 with	 permission	 from	 Russell	 et	 al.	 (2009).	 B)	 Adapted	 with	
permission	from	Colombelli	et	al.	(2009).	
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The	contractile	unit	mechanics	description	Russell	et	al.	(2009)	proposed	accurately	reproduced	

the	 shape	of	 individual	 contractile	 unit	movement	during	 severing.	Russell	 et	 al.	 (2009)	 also	

proposed	that	the	later	shape	of	the	overall	stress	fibre	response	arose	from	heterogeneity	in	

the	possible	contraction	lengths	of	the	sarcomeres	making	up	the	fibre,	and	showed	that	their	

model	could	reproduce	this	later	shape	(Figure	2.10D).	However,	the	Russell	et	al.	(2009)	model	

did	not	capture	the	initial	stress	fibre	response.	This	is	shown	in	Figure	2.10D,	where	the	model	

(solid	 line)	 does	 not	 pass	 through	 the	 experimental	 point	 at	 zero,	 nor	 the	 first	 time	 point.	

Additionally,	 the	 Russell	 et	 al.	 (2009)	model	 has	 not	 been	used	 to	 investigate	 the	 impact	 of	

spatial	force	variation	on	overall	contractile	fibre	forces	and	movement.	

	

	
Figure	2.10:	Russell	et	al.	 (2009)	model	 reproduction	of	experimental	 stress	 fibre	movement	
upon	laser	severing.	A)	Structure	of	contractile	unit	showing	cross	linking	regions	as	vertical	grey	
bars,	actin	as	horizontal	arrow	lines,	and	myosin	and	black	multi-headed	sections.	B)	Image	of	
EGFP-alpha-actinin	 stained	 epithelial	 cell,	 showing	 punctate	 structure	 of	 alpha-actinin	 cross	
linking	 regions.	 Scale	bar:	20	microns.	C)	 Results	 showing	movement	of	 cross	 linking	 regions	
upon	 severing	 of	 contractile	 fibre.	 Scale	 bar:	 1.4	 microns.	 Time	 between	 frames:	 840	
milliseconds.	D)	 Plot	of	movement	of	 contractile	 fibre	upon	 severing.	Dots	 are	experimental	
results.	Line	is	Russell	et	al.	(2009)	proposed	contractile	fibre	model.	Adapted	with	permission	
from	Russell	et	al.	(2009).	
	

	

The	Russell	et	al.	(2009)	sarcomere	description	could	be	used	to	investigate	the	impact	of	spatial	

force	variation	on	epithelial	contractile	fibre	properties,	especially	those	properties	that	would	

lead	 to	 a	 more	 accurate	 apical	 epithelium	model.	 	 To	 ensure	 that	 the	 Russell	 et	 al.	 (2009)	

description	 is	 appropriate	 for	 investigating	 fibre	 tension	 responses	 so	 typical	 in	 the	 apical	

epithelium,	it	would	need	to	be	extended	to	reproduce	the	complete	severed	contractile	fibre	

experiment	 from	 the	 Russel	 paper,	 and	 be	 shown	 that	 the	 model	 can	 internally	 produce	

sufficient	tension	to	capture	this	response.	
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From	analysis	of	the	prior	literature,	I	considered	that	it	had	not	been	determined	whether	a	

series	 individual	 contractile	 unit	model	 of	 a	 stress	 fibre	 can	 completely	 reproduce	 both	 the	

severed	stress	fibre	response,	and	the	necessary	pre	tension	to	produce	this	response.	Such	a	

model	could	then	provide	 insight	 into	the	mechanics	of	contractile	 fibres	 in	general,	and	the	

impact	 of	 spatial	 length	 representation	 on	 individual	 epithelial	 contractile	 fibre	 force	 and	

movement	propagation.	Additionally,	the	model	could	be	used	to	investigate	how	introduction	

of	unit	contractility	heterogeneity	impacts	fibre	forces	and	movement,	and	potential	causes	of	

the	pre	mature	cell	edge	stopping	shown	in	the	apical	epithelium	model	(refer	Chapter	3).	
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2.9	Literature:	Impact	of	local	apical	cell	edge	severing	on	cell	shape,	volume	and	

surface	area	

 

As	outlined	in	the	introduction	(Chapter	1),	most	epithelium	mechanics	studies	have	focussed	

on	 how	disruption	 of	 the	 contractile	 network	 affects	 the	 forces	 and	 cell	 shapes	 in	 the	 two-

dimensional	apical	epithelial	plane.	As	morphological	processes	are	impacted	by	the	forces	and	

movements	of	 entire	 cells	 (Brodland	et	 al.	 2010,	Nakajima	et	 al.	 2013,	Hannezo	et	 al.	 2014,	

Fletcher	et	al.	2017),	the	three-dimensional	mechanics	of	the	epithelium	need	to	be	considered	

to	determine	how	restructuring	of	the	apical	contractile	network	affects	tissue	development.		

	

Initial	experimental	studies	on	the	three-dimensional	shape	of	the	epithelium	have	investigated	

individual	cell	shape	change	during	either	morphological	processes	(common	examples	shown	

in	Figure	2.11)	or	large	scale	tissue	perturbations.	These	studies	have	demonstrated	contrasting	

findings	both	for	epithelia	of	the	same	shape,	and	between	different	morphological	events.	Flat	

cuboidal	 cells	 were	 found	 to	 maintain	 volume	 during	 tissue	 stretching	 (Harris	 et	 al.	 2012),	

though	 also	 decreased	 in	 volume	 by	 30	 percent	 during	 dorsal	 closure	 (Saias	 et	 al.	 2015).	

Comparatively,	 volume	of	 columnar	epithelial	 cells	was	 found	 to	be	conserved	 in	movement	

associated	 with	 ventral	 furrow	 formation	 (Gelbart	 et	 al.	 2012).	 If	 an	 approach	 could	 be	

developed	based	on	applying	simple	perturbations,	without	the	additional	complexity	of	tissue	

morphological	events,	it	could	provide	new	insight	into	underlying	cell	and	tissue	mechanics.		
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Figure	 2.11:	 Example	 morphological	 processes	 used	 to	 study	 cell	 property	 changes.	 A)	
Drosophila	Dorsal	closure	of	the	amnioserosa	tissue.	Left:	transversal	view	using	sph-Moe-GFP.	
Right:	dorsal	view	using	sqh-GFP	(right).	Adpated	with	permission	from	Saias	et	al.	(2015).	Scale	
bar:	40	microns.	B)	Schematic	of	Drosophila	embryo	ventral	furrow	formation	at	the	beginning	
of	Gastrulation.	Adapted	with	permission	from	(Gelbart	et	al.	2012).	
	

	

In	theoretical	models,	various	mechanical	mechanisms	have	been	proposed	to	impact	the	three-

dimensional	movement	of	the	epithelium.	However,	these	proposals	are	often	contradictory.	

Volume	has	been	proposed	to	be	conserved	(Farhadifar	et	al.	2007,	Viens	and	Brodland	2007,	

Brodland	et	al.	2010),	trend	to	an	optimum	value	(Honda	et	al.	2008,	Okuda	et	al.	2013,	Bielmeier	

et	al.	2016,	Misra	et	al.	2016),	or	a	combination	of	both	depending	on	tissue	conditions	(Hannezo	

et	al.	2014).	Surface	area	has	been	assumed	to	be	minimised	(Honda	et	al.	2008,	Okuda	et	al.	

2015,	Misra	 et	 al.	 2016,	 Alt	 et	 al.	 2017)	 or	 trend	 to	 an	 optimum	 value	 (Okuda	 et	 al.	 2013,	

Bielmeier	et	al.	2016).	Apical	cell	perimeter	has	been	assumed	to	be	minimised	(Trichas	et	al.	

2012,	Hannezo	et	al.	2014)	or	have	no	impact	on	epithelium	movement	(Bielmeier	et	al.	2016).	
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Figure	2.12:	Schematic	 of	 columnar	 epithelial	 cells	 showing	 curved	 shape	of	 cell	 edges	both	
laterally	and	in	non-apical	cross	sections.	Adapted	with	permission	from	Condic	et	al.	(1991).	
	

	

The	shape	of	the	epithelium	has	been	shown	to	be	 important	for	determining	 its	mechanics.	

Previous	research	(Condic	et	al.	1991)	demonstrates	that	epithelial	cells	are	quite	curved	(Figure	

2.12),	 rather	 than	mostly	 straight	 (polyhedral).	 Further,	 two-dimensional	 investigations	 have	

shown	that	shape	influences	various	mechanical	properties	(Perrone	et	al.	2016),	and	is	required	

to	 accurately	 reproduce	 both	 tissue	 movements	 (Tamulonis	 et	 al.	 2011)	 and	 individual	 cell	

processes	(Ishimoto	and	Morishita	2014).	This	suggests	the	need	to	study	the	three-dimensional	

shape	of	individual	cells	within	the	epithelium,	and	how	their	shapes	vary	over	time.	Individual	

three-dimensional	columnar	epithelial	cells	have	previously	been	tracked	using	membrane	tags	

during	ventral	furrow	formation	of	the	Drosophila	eye	disc	(Gelbart	et	al.	2012),	though	I	found	

it	impossible	to	unambiguously	identify	the	entire	membrane	of	individual	columnar	epithelial	

cells	of	the	Drosophila	wing	disc	using	this	method.	

	

From	analysis	of	the	prior	literature,	I	considered	that	there	was	no	experimental	approach	to	

identify	 the	entirety	of	 individual	columnar	cells	within	 the	epithelial	 sheet	and	apply	simple	

apical	perturbations	 to	 them.	Such	an	approach	could	be	used	to	determine	whether	simple	

apical	perturbations,	such	as	laser	severing	of	apical	contractile	fibres,	could	be	used	to	study	

complicated	 three	 dimensional	 epithelial	 cell.	 Regardless	 of	 the	 complexity	 of	 any	 ablation	

induced	response,	this	experimental	approach	could	be	used	to	analyse	individual	cell	shapes,	

volume	and	surface	area	under	normal	conditions	and	during	nearby	apical	cell	edge	ablation.	

Genetic	perturbation	methods	could	be	used	to	investigate	the	impact	of	protein	signalling	on	

three	 dimensional	 cell	 movement,	 and	 individual	 cell	 interiors	 could	 be	 separated	 into	 sub	

sections,	allowing	identification	of	regional	volume	and	surface	area	variation	as	well.	 	
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3.	Results:	Modelling	apical	columnar	epithelium	

movement	from	circumferential	contractile	fibres	
	

3.1	Chapter	Introduction	

	

This	 chapter	 is	 a	 paper	 published	 in	 Biomechanics	 and	 Modeling	 in	 Mechanobiology	 titled	

“Modelling	 apical	 columnar	 epithelium	 mechanics	 from	 circumferential	 contractile	 fibres”,	

which	addresses	Aim	1	of	this	thesis.	Specifically,	it	develops	a	new	model	to	describe	epithelium	

contractile	cross	section	movement	from	the	contractile	apparatus	only,	using	a	contractile	fibre	

description	based	on	the	mechanics	of	contractile	fibres.		

	

The	detailed	literature	review	for	this	study	is	in	Chapter	2.7,	and	the	aims	of	the	study	are:	

	

1. Determine	whether	 an	 apical	 epithelium	model	 using	 a	 contractile	 fibre	 description	

based	 on	 individual	 fibre	 research	 can	 reproduce	 epithelium	movement	 upon	 laser	

severing	

	

2. Investigate	how	much	of	apical	epithelium	movement	upon	laser	severing	can	solely	be	

reproduced	by	contractile	fibres	

	

3. Evaluate	 the	 impact	 of	 cross	 sectional	 area	 conservation	 on	 apical	 epithelium	

movement	during	severing	
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3.2	Abstract	

	

Simple	columnar	epithelia	are	formed	by	individual	epithelial	cells	connecting	together	to	form	

single	cell	high	sheets.	They	are	a	main	component	of	many	 important	body	tissues,	and	are	

heavily	 involved	 in	 the	 development	 of	 embryos.	 The	 cells	 within	 the	 sheet	 also	 undergo	

processes	 which	 are	 important	 for	 both	 normal	 and	 cancerous	 activity.	 Prior	 experimental	

observations	have	identified	a	series	of	contractile	fibres	around	the	circumference	of	a	cross	

section	located	in	the	upper	(apical)	region	of	each	cell.	While	other	potential	mechanisms	have	

been	identified	in	both	the	experimental	and	theoretical	literature,	these	circumferential	fibres	

are	considered	to	be	the	most	likely	mechanism	controlling	movement	of	this	cross	section.	Here	

we	 investigated	 the	 impact	 of	 circumferential	 contractile	 fibres	 on	 movement	 of	 the	 cross	

section	 by	 creating	 an	 alternate	 model	 where	 movement	 is	 driven	 from	 circumferential	

contractile	 fibres,	 without	 any	 other	 potential	 mechanisms.	 In	 this	 model,	 we:	 utilised	 a	

circumferential	contractile	fibre	representation	based	on	investigations	into	the	movement	of	

contractile	fibres	as	an	individual	system,	treated	circumferential	fibres	as	a	series	of	units,	and	

matched	our	model	 simulation	 to	experimental	 geometries.	By	 testing	against	 laser	 ablation	

datasets	sourced	from	existing	 literature,	we	found	that	circumferential	fibres	can	reproduce	

almost	all	movements	of	the	cross	section,	and	therefore	are	likely	to	be	the	main	mechanism	

controlling	movement	of	the	cross	section.	We	also	investigated	model	predictions	related	to	

various	aspects	of	cross	section	movement,	providing	insights	into	epithelium	mechanics,	and	

demonstrating	the	usefulness	of	our	modelling	approach.	

	

	

3.3	Introduction	

	

Simple	epithelia	are	formed	by	individual	epithelial	cells	combining	into	a	single	cell	high	sheet.	

They	are	categorised	by	the	shape	of	the	individual	cells,	namely	flat	(height	less	than	width),	

cuboidal	 (height	equal	 to	width)	or	 columnar	 (height	greater	 than	width)	 epithelia.	Each	cell	

within	an	epithelium	generally	has	a	cross	section	located	near	the	top	(apical	region)	of	the	cell	

that	undergoes	some	form	of	contractile	based	movement	(Figure	3.1)	(Fristrom	and	Fristrom	

1975,	Drenckhahn	and	Dermietzel	1988,	Major	and	Irvine	2005,	Smutny	et	al.	2010,	Ebrahim	et	

al.	2013).	This	cross	section	has	a	variety	of	different	names	throughout	the	literature,	but	herein	

is	referred	to	as	the	contractile	cross	section.	The	contractile	cross	section	produces	forces	that	

help	hold	epithelial	cells	together,	and	also	plays	a	central	role	in	movement	of	the	epithelium	
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and	 its	 constituent	 cells	 (Farhadifar	 et	 al.	 2007,	 Liu	 and	 Cheney	 2012).	 The	 mechanisms	

underlying	the	forces	and	movement	of	the	contractile	cross	section	vary	between	the	different	

epithelial	cell	shapes	(Rauzi	and	Lenne	2011,	Ebrahim	et	al.	2013),	and	also	depend	on	any	tissue	

scale	movements	the	cells	may	be	involved	in	(Gorfinkiel	and	Blanchard	2011,	St	Johnston	and	

Sanson	2011,	Davidson	2012).	

	

The	simple	columnar	epithelium	is	a	main	component	of	many	important	body	tissues,	including	

the	stomach	and	intestines	(Drenckhahn	and	Dermietzel	1988),	Wang	et	al.	(1996),	and	is	also	

heavily	involved	in	the	development	of	embryos	(embryogensis)	(Rauzi	and	Lenne	2011).	Cells	

within	a	simple	columnar	epithelium	also	go	through	cell	processes,	such	as	cell	proliferation	

(Herszterg	et	al.	2013)	and	the	epithelial	to	mesenchymal	transition	(when	cells	exit	an	epithelial	

sheet)	(Singh	and	Settleman	2010),	which	are	relevant	for	cell	function	under	normal	conditions	

and	during	diseases	such	as	cancer.	Understanding	the	forces	and	movement	of	the	columnar	

epithelium	contractile	cross	section	can	provide	insight	 into	the	movement	and	properties	of	

tissues	they	help	form,	and	the	cell	processes	that	occur	within	the	epithelium.	

	

The	 internal	 structure	 of	 individual	 epithelial	 cells	 within	 a	 columnar	 epithelium	 was	 well	

investigated	in	the	1970s	and	1980s.	At	that	time,	the	ring	of	contractile	fibres	surrounding	the	

circumference	of	the	contractile	cross	section	was	identified	(Mooseker	1985)	and	found	to	have	

strong	 contractile	 properties	 (Owaribe	 et	 al.	 1981,	 Burgess	 1982,	 Keller	 et	 al.	 1985).	 An	

additional	 contractile	area	was	also	 identified	 in	 the	 top	 (apical)	 region	of	 cells.	 In	 this	 area,	

contractile	proteins	(myosin)	were	found	to	connect	to	the	actin	filaments	running	through	the	

centre	of	the	finger	like	protrusions	coming	out	the	top	of	each	cell	(microvilli)	(Drenckhahn	and	

Dermietzel	1988).	While	 this	myosin	definitely	 indicated	contraction	of	 some	kind,	 the	exact	

function	of	these	contractions	was	unknown	(Keller	et	al.	1985,	Mooseker	1985).		

	

The	experimental	investigations	at	that	time,	and	theoretical	work	in	the	early	90s	(Weliky	and	

Oster	1990),	indicated	that	epithelial	circumferential	contractile	fibres	were	the	key	mechanism	

driving	 the	 majority	 of	 epithelial	 sheet	 processes	 (Davidson	 2012).	 Recently,	 however,	 new	

experimental	 investigations	have	suggested	 that	other	cell	mechanisms	exist	and	may	play	a	

part	 in	 both	 sheet	 processes	 (Gorfinkiel	 and	Blanchard	 2011,	Mao	 and	Baum	2015)	 and	 the	

movement	of	individual	epithelial	cells	within	a	sheet.	The	main	work	for	individual	epithelial	

cells	was	completed	by	Wu	et	al.	(2014),	who	found	contraction	not	related	to	circumferential	

fibres	throughout	the	top	(apical)	and	side	(lateral)	regions	of	individual	cells.	These	contractions	
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caused	 cyclical	 aggregation	 and	 separation	 of	 actin	 filaments	 in	 many	 locations	 throughout	

these	regions.	

	

In	addition	to	looking	at	the	static	and	dynamic	structure	of	individual	epithelial	cells	within	a	

columnar	 epithelium,	 recent	 experiments	 have	 utilised	 laser	 ablation	 to	 investigate	 many	

different	aspects	of	epithelial	cells	(Farhadifar	et	al.	2007,	Bonnet	et	al.	2012,	Louveaux	et	al.	

2016).	 A	 common	 experiment	 uses	 a	 laser	 to	 sever	 the	 adjacent	 circumferential	 contractile	

fibres	along	the	edge	of	two	cells	(Figure	3.4)	(Farhadifar	et	al.	2007,	Rauzi	et	al.	2008,	Ma	et	al.	

2009).	When	these	fibres	are	severed,	the	columnar	epithelium	relaxes,	with	greater	relaxation	

occurring	in	the	direction	parallel	to	the	severed	fibre.	This	sheet	relaxation	is	often	considered	

to	give	insight	into	the	tension	of	the	severed	fibre	prior	to	ablation	(Landsberg	et	al.	2009,	Wu	

et	 al.	 2014),	 and	 is	 also	 commonly	 used	 as	 a	 validation	 technique	 for	 theoretical	 models	

(Farhadifar	et	al.	2007,	Hutson	et	al.	2009).	

	

Theoretical	approaches	describing	epithelium	movement	have	been	developed	since	the	1960s.	

They	give	insight	into	the	mechanisms	controlling	the	mechanics	of	specific	epithelia,	and	can	

also	be	used	to	investigate	different	aspects	of	the	epithelium,	such	as	cell	patterning	(Farhadifar	

et	al.	2007)	and	tissue	size	(Hufnagel	et	al.	2007).	For	a	review	of	epithelium	modelling	refer	to	

Brodland	(2004).	The	current	approaches	to	modelling	epithelium	movement	can	be	categorised	

as	vertex	(Weliky	and	Oster	1990,	Weliky	et	al.	1991,	Nagai	and	Honda	2001,	Farhadifar	et	al.	

2007,	Hufnagel	et	al.	2007,	Hilgenfeldt	et	al.	2008,	Honda	et	al.	2008,	Landsberg	et	al.	2009,	

Aegerter-Wilmsen	et	al.	2010,	Staple	et	al.	2010,	Mao	et	al.	2011,	Schilling	et	al.	2011,	Wartlick	

et	al.	2011,	Aliee	et	al.	2012,	Salbreux	et	al.	2012,	Smith	et	al.	2012,	Osterfield	et	al.	2013,	Spahn	

and	Reuter	 2013,	Du	 et	 al.	 2014,	 Fletcher	 et	 al.	 2014,	 Bambardekar	 et	 al.	 2015),	 cell	 centre	

(Graner	and	Sawada	1993,	Meineke	et	al.	2001,	Li	and	Sun	2014)	or	sub	cellular	 lattice	 (also	

called	cellular	pots)	(Graner	and	Glazier	1992,	Glazier	and	Graner	1993,	Mombach	et	al.	1993,	

Noppe	et	al.	2015).	Vertex	models	describe	the	boundary	of	cells	as	a	series	of	points	(vertices)	

connected	by	straight	segments	(edges),	where	a	vertex	can	be	defined	as	a	point	where	three	

or	more	cells	are	 touching	 (Weliky	and	Oster	1990).	 Forces	are	applied	 to	 the	vertex	points,	

causing	them	to	move,	and	therefore	controlling	the	shape	of	the	cells	in	the	epithelium.	There	

is	 also	 a	 series	 of	 models	 that	 combine	 a	 vertex	 approach	 with	 finite	 element	 modelling	

(Brodland	and	Clausi	1994,	Chen	and	Brodland	2000,	Chen	and	Brodland	2008,	Hutson	et	al.	

2009).	
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Regardless	of	 category,	each	model	 is	driven	by	a	description	of	 the	energy	or	 forces	of	 the	

epithelium.	 This	 description	determines	how	 the	 cells	move,	 and	 is	 developed	based	on	 the	

underlying	 mechanisms	 controlling	 the	 movement	 of	 the	 epithelium.	 Theoretical	 models	

generally	 focus	 on	 either	 columnar	 epithelia	 (Farhadifar	 et	 al.	 2007,	 Hilgenfeldt	 et	 al.	 2008,	

Landsberg	et	al.	2009,	Aegerter-Wilmsen	et	al.	2010,	Schilling	et	al.	2011,	Osterfield	et	al.	2013,	

Li	and	Sun	2014,	Noppe	et	al.	2015)	or	the	flat	epithelium	that	occurs	during	Drosophila	dorsal	

closure	(amnioserosa	epithelium)	(Rauzi	et	al.	2008,	Hutson	et	al.	2009,	Ma	et	al.	2009,	Solon	et	

al.	2009,	Jayasinghe	et	al.	2013).	While	the	flat	amnioserosa	epithelium	does	have	a	series	of	

circumferential	fibres,	it	also	exhibits	pulse	like	motions	(Solon	et	al.	2009)	and	has	a	contractile	

fibre	meshwork	throughout	the	contractile	cross	section	of	each	cell	 (Rauzi	and	Lenne	2011).	

Columnar	 epithelia	 do	 not	 exhibit	 pulse	 like	 motions,	 nor	 the	 contractile	 fibre	 meshwork	

(Drenckhahn	 and	 Dermietzel	 1988),	 and	 therefore	 have	 both	 different	 epithelium	 scale	

movement	 and	 different	 underlying	mechanisms	 of	movement	 to	 the	 flat	 epithelium	of	 the	

amnioserosa.	

	

The	 movement	 of	 the	 contractile	 cross	 section	 of	 the	 columnar	 epithelium	 is	 commonly	

described	based	on	three	types	of	mechanisms:	cell	geometry	constraints,	line	tension,	and	cell	

perimeter	 contractility.	 Cell	 geometry	 constraints	 are	 mainly	 individual	 cell	 conservation	 of	

volume	 (Hufnagel	 et	 al.	 2007),	 individual	 cell	 contractile	 cross	 section	 conservation	 of	 area	

(Hilgenfeldt	et	al.	2008)	and	cell	area	elasticity	(Farhadifar	et	al.	2007,	Landsberg	et	al.	2009,	

Staple	et	al.	2010,	Mao	et	al.	2011,	Salbreux	et	al.	2012,	Smith	et	al.	2012,	Li	and	Sun	2014).	Cell	

area	elasticity	is	where	cell	conservation	of	volume	causes	a	resistance	of	the	contractile	cross	

section	of	each	cell	to	changes	in	area.	This	resistance	is	calculated	from	the	difference	between	

each	cells	area	and	a	common	reference	area	that	is	used	for	all	cells	in	the	sheet.	Line	tension	

(Nagai	and	Honda	2001,	Farhadifar	et	al.	2007,	Hilgenfeldt	et	al.	2008,	Landsberg	et	al.	2009,	

Staple	et	al.	2010,	Mao	et	al.	2011,	Salbreux	et	al.	2012)	represents	any	forces	that	arise	from	

cell	to	cell	interactions	along	the	cell	boundaries,	and	is	treated	as	proportional	to	the	length	of	

each	cell	edge	(Farhadifar	et	al.	2007).	 It	 is	considered	to	 include	forces	from	circumferential	

contractile	 fibres.	 Cell	 perimeter	 contractility	 represents	 contractile	 forces	 created	 by	 the	

circumferential	contractile	fibres,	where	the	fibres	are	considered	to	be	one	band	surrounding	

the	 edges	 of	 each	 cell	 (Farhadifar	 et	 al.	 2007).	 The	 contraction	 of	 this	 band	 is	 generally	

considered	to	be	proportional	to	the	perimeter	of	the	cell,	either	directly	(Smith	et	al.	2012),	via	

perimeter	squared	(Farhadifar	et	al.	2007,	Landsberg	et	al.	2009,	Aegerter-Wilmsen	et	al.	2010,	

Staple	et	al.	2010,	Mao	et	al.	2011,	Wartlick	et	al.	2011,	Aliee	et	al.	2012,	Li	and	Sun	2014,	Noppe	
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et	 al.	 2015),	 or	 as	 a	 perimeter	 extension	 relative	 to	 a	 reference	minimum	perimeter	 length	

(Hufnagel	et	al.	2007,	Hilgenfeldt	et	al.	2008).	This	reference	length	is	considered	to	be	the	same	

for	all	cells.	

	

While	 the	 flat	 amnioserosa	 epithelium	 has	 different	 movement	 properties	 to	 the	 columnar	

epithelium,	how	amnioserosa	contractile	 fibres	are	theoretically	represented	 is	of	 interest	 to	

columnar	 epithelial	 work.	 Solon	 et	 al.	 (2009)	 and	 Jayasinghe	 et	 al.	 (2013)	 represented	 the	

contractile	properties	of	the	flat	epithelium	with	a	series	of	springs	connected	both	along	cell	

edges	and	from	cell	edges	to	the	cell	centre.	The	forces	of	these	springs	were	determined	by	

their	 displacement	 relative	 to	 a	 preferred	 resting	 length	 that	 was	 the	 same	 for	 all	 springs	

throughout	 the	 epithelium.	 Additionally	 each	 spring	 had	 a	 representation	 of	 contractile	

movement	 that	 was	 either	 oscillatory	 or	 tension	 based.	 Also,	 Hutson	 et	 al.	 (2009)	 utilised	

viscoelastic	 descriptions	 of	 contractile	 components	 of	 the	 amnioserosa,	 via	 either	

circumferentially	 located	 viscoelastic	 elements,	 or	 a	 meshwork	 of	 viscoelastic	 elements	

throughout	the	contractile	cross	section.	A	similar	approach	was	used	by	Odell	et	al.	(1981)	for	

a	different	cuboidal	epithelium.	

	

The	epithelium	models	provide	a	representation	of	the	movement	of	contractile	fibres	at	the	

tissue	scale.	There	is,	however,	other	work	that	investigates	the	movement	of	contractile	fibres	

as	an	 individual	 system.	This	work	 shows	 that	when	under	 tension,	 contractile	 fibres	have	a	

stress	strain	relationship	that	can	be	described	using	the	general	definition	of	elasticity	(Deguchi	

et	al.	2006,	Matsui	et	al.	2009,	Matsui	et	al.	2013)	combined	with	the	Cauchy	definition	of	strain.	

Further,	 in	 individual	 contractile	 fibre	modelling,	 it	 is	 common	 to	 assume	 that	 general	 fibre	

contraction	is	governed	by	a	load	versus	recoil	relationship	that	was	originally	found	for	muscle	

(Hill	 1938,	 Besser	 and	 Schwarz	 2007,	 Stachowiak	 and	O'Shaughnessy	 2008,	 Colombelli	 et	 al.	

2009,	Stachowiak	and	O'Shaughnessy	2009,	Kaunas	et	al.	2011,	Thoresen	et	al.	2011).	 In	this	

relationship,	the	tensile	force	applied	to	a	contractile	fibre	directly	impacts	its	shortening	rate.		

	

As	 outlined	 in	 the	 above,	 numerous	 experiments	 have	 identified	 that	 the	 contractile	 cross	

section	of	the	columnar	epithelium	has	a	ring	of	force	producing	contractile	fibres	surrounding	

the	circumference	of	each	cell.	These	circumferential	contractile	fibres	could	be	considered	to	

be	 the	main	mechanism	of	movement	 of	 the	 columnar	 epithelium	 contractile	 cross	 section.	

However,	a	variety	of	other	potential	mechanisms	have	been	identified,	which	may	also	play	a	

prominent	role.	These	include	other	experimentally	identified	sub	cell	structures	that	produce	
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forces	and	movement	 in	and	around	the	contractile	cross	section,	and	 theoretical	geometric	

considerations	such	as	conservation	of	cell	volume	or	area.	This	 leads	to	the	questions:	what	

impact	 do	 circumferential	 contractile	 fibres	 have	 on	 columnar	 epithelium	 contractile	 cross	

section	movement,	and	are	they	the	main	mechanism	controlling	movement	of	the	contractile	

cross	section?		

	

In	 current	 epithelium	 scale	models,	 it	 also	 common	 to	 represent	 circumferential	 contractile	

fibres	 using	 terms	 that	 generally	 describe	 the	 fibres	 ability	 to	 contract	 and	 be	 placed	 under	

tension.	 However,	 considerable	 research	 has	 been	 conducted	 into	 contractile	 fibres	 as	 an	

individual	 system.	 This	 work	 provides	 additional	 insights	 into	 the	 forces	 and	 movement	 of	

contractile	fibres,	leading	to	the	questions:	can	a	description	of	epithelial	scale	contractile	fibre	

forces	 and	movement	 be	 developed	 based	 on	 research	 focussed	 on	 contractile	 fibres	 as	 an	

individual	 system,	 and	 can	 such	 a	 description	 provide	 further	 understanding	 of	 columnar	

epithelium	mechanics?	

	

In	this	work,	we	investigated	the	questions	outlined	by	developing	an	alternate	description	of	

columnar	epithelium	contractile	cross	section	mechanics,	where	the	cross	section	movement	is	

driven	from	the	forces	and	movements	of	circumferential	contractile	fibres	without	any	other	

potential	mechanisms.	This	was	achieved	using	a	vertex	modelling	approach.	Our	description	of	

the	 circumferential	 contractile	 fibres	 mechanisms	 was	 developed	 from	 work	 focussed	 on	

contractile	fibres	as	an	individual	system,	utilising	their	insights	into	contractile	fibre	forces	and	

movement	 within	 an	 epithelium	 scale	 model.	 Additionally,	 in	 our	 model,	 circumferential	

contraction	occurred	from	a	series	of	contractile	fibres	connected	between	vertex	points,	rather	

than	one	unit	extending	around	the	periphery	of	each	cell.	

	

We	 tested	 the	 generality	 of	 our	 model	 by	 seeing	 if	 it	 predicts	 two	 different	 laser	 ablation	

datasets	 (taken	 from	 Farhadifar	 et	 al.	 (2007)	 and	 Landsberg	 et	 al.	 (2009))	 with	 the	 same	

parameters.	 We	 exactly	 matched	 our	 simulations	 epithelium	 geometry	 to	 those	 in	 the	

experiments,	 testing	 whether	 the	 model	 can	 predict	 the	 exact	 response	 of	 each	 individual	

dataset	 rather	 than	a	distribution	of	 responses.	 The	match	of	 simulation	 to	experiment	 also	

allowed	 us	 to	 more	 accurately	 investigate	 the	 relative	 impact	 of	 different	 mechanisms	 of	

movement.	Once	we	tested	the	model,	we	explored	its	predictions	of	mechanisms	which	have	

a	substantial	impact	on	columnar	epithelium	movement.	This	included	cell	conservation	of	area,	

an	unknown	mechanism	that	could	be	related	to	minimum	cell	area	or	contractile	fibre	lengths,	
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and	 the	 relation	 between	 local	 and	 global	 sheet	 movements.	 When	 possible,	 we	 used	

experimental	 data	 from	 Farhadifar	 et	 al.	 (2007)	 and	 Landsberg	 et	 al.	 (2009)	 to	 verify	model	

predictions.		

	

As	 we	 described	 the	 circumferential	 contractile	 machinery	 as	 a	 series	 of	 individual	 fibres	

between	vertex	points,	a	pattern	of	strain	(or	fibre	tension)	emerged	throughout	the	epithelium.	

We	 also	 investigated	 key	 properties	 of	 this	 tension	 pattern,	 providing	 new	 insights	 into	 the	

mechanics	 of	 the	 columnar	 epithelium	 contractile	 cross	 section	 and	 demonstrating	 the	

usefulness	 of	 our	 alternate	 modelling	 approach.	 The	 properties	 investigated	 included	 the	

uniformity	of	the	strain	pattern,	how	it	 leads	to	specific	cell	geometries,	and	the	relationship	

between	fibre	strain	and	sheet	movement	after	laser	ablation.	

	

	

3.4	Experimental	Data	Analysis	Methods	

	

The	 experimental	 datasets	 used	 in	 this	 paper	 are	 taken	 from	 Farhadifar	 et	 al.	 (2007)	 and	

Landsberg	et	al.	(2009),	and	are	of	the	laser	ablation	of	columnar	epithelial	cells	located	in	the	

third	instar	larval	wing	disc	of	Drosophila.	The	dataset	from	Farhadifar	et	al.	(2007)	was	taken	

from	Supplemental	Movie	S4	and	herein	is	referred	to	as	the	primary	dataset.	The	dataset	from	

Landsberg	et	al.	(2009)	was	of	cells	located	in	the	posterior	of	the	wing	disc	from	Supplemental	

Movie	 S2,	 and	 herein	 is	 referred	 to	 as	 the	 validation	 dataset.	 These	 datasets	were	 selected	

because	their	microscopy	images	include	a	larger	number	of	cells	than	many	other	published	

laser	ablation	experiments,	and	they	all	used	the	same	type	of	cells	from	the	same	lab.	

	

A	custom	written	semi-automated	image	analysis	program	was	used	to	identify	the	vertices	on	

experimental	images.	This	program,	and	the	analysis	methods	used	on	experimental	vertex	data,	

are	described	in	Appendix	A.1	Additional	Methods.	

	

	

3.5	The	Model	

	

A	schematic	of	a	columnar	epithelium	is	shown	in	Figure	3.1A.	The	contractile	cross	section	is	

located	in	the	top	region	of	the	cell	(apically),	and	is	shown	in	more	detail	in	Figure	3.1B.	The	

diagram	in	Figure	3.1B	was	developed	from	microscopy	images	of	rat	organ	of	corti	inner	sulcus	



 34 

cells	(columnar	epithelium)	in	Ebrahim	et	al.	(2013).	Their	work,	and	others	(Owaribe	et	al.	1981,	

Langanger	et	al.	1984,	Drenckhahn	and	Dermietzel	1988,	Sandig	and	Kalnins	1988,	Yonemura	et	

al.	 1995,	 Smutny	 et	 al.	 2010),	 showed	 that	 the	 circumferential	 contractile	 fibres	 are	 located	

directly	adjacent	to	cell	membranes,	and	that	these	fibres	have	a	periodic	pattern	of	muscle	like	

sarcomeric	units.	These	sarcomeric	units	are	considered	to	be	the	base	element	of	contractile	

fibres	 (Langanger	 et	 al.	 1984,	 Thoresen	 et	 al.	 2011),	 from	 which	 the	 mechanisms	 of	 fibre	

movement	arise.	

	

	

	
Figure	 3.1:	 Visualisation	 of	 the	 simple	 columnar	 epithelium.	 A)	 Schematic	 showing	 cell	
membranes	 (grey),	 cell	nuclei	 (blue),	and	contractile	cross	section	circumferential	 contractile	
fibres	(red).	B)	Two	dimensional	view	of	contractile	cross	section	also	showing	vertices	(yellow),	
and	forces	from	cell	membrane	adjacent	contractile	fibres	(red).	
	

	

Epithelium	Scale	Model	

Our	model	was	developed	based	on	the	hypothesis	that	circumferential	fibres	are	the	driving	

mechanism	 of	movement	 of	 the	 columnar	 epithelium	 contractile	 cross	 section.	 As	 such,	we	

defined	 a	 two	 dimensional	 epithelium	 scale	 model	 focused	 on	 the	 forces	 created	 by	

circumferential	fibres.	It	is	well	accepted	that	large	viscous	forces	occur	in	systems	at	the	length	

scale	of	epithelial	cells	and	tissues	(Odell	et	al.	1981,	Fletcher	et	al.	2014),	and	therefore	they	

were	 also	 included.	 In	 our	model,	 these	 viscous	 forces	 can	 be	 considered	 to	 arise	 from	 the	

resistance	 of	 the	 cytoplasm,	 and	 its	 various	 cell	 structures,	 to	 movement	 created	 by	 the	

circumferential	contractile	fibres.	The	mechanisms	of	our	model	are	different	to	other	columnar	

epithelium	models,	in	that	we	do	not	include	any	geometry	related	terms,	such	as	conservation	

of	volume	or	cell	area	elasticity.	
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As	depicted	 in	Figure	3.1B,	we	used	a	vertex	representation	of	the	system	(Weliky	and	Oster	

1990).	This	 representation	recognises	the	relatively	polygonal	shape	of	an	epithelium,	where	

the	peripheries	of	cells	are	a	series	of	relatively	straight	segments	connected	together	by	points	

where	three	or	more	cells	meet.	Herein,	the	straight	segments	and	points	are	called	cell	edges	

and	vertices	respectively.		

	

Circumferential	contractile	fibres	produce	forces	tangent	to	their	length	and	are	situated	along	

cell	edges.	Therefore	we	treated	the	contractile	segment	along	each	cell	edge	as	an	individual	

fibre	 which	 applied	 forces	 to	 the	 vertices	 located	 at	 each	 end.	 This	 is	 similar	 to	 the	 way	

circumferential	contractile	fibre	forces	are	applied	in	Weliky	and	Oster	(1990)	and	Weliky	et	al.	

(1991),	 though	 is	 different	 to	 more	 recent	 columnar	 epithelium	 models	 where	 the	

circumferential	 contractile	 fibres	 are	 treated	 as	 one	 unit	 via	 periphery	 length	 terms.	 This	

approach	approximates	that	all	contractile	fibres	in	the	epithelium	show	the	same	forces	and	

movement	regardless	of	their	length.	This	approximation	is	supported	by	experimental	evidence	

that	 contractile	 fibres	 of	 different	 lengths	 have	 the	 same	 properties	 for	 their	 force	 versus	

contraction	relationship	(Thoresen	et	al.	2011),	stall	force	(Thoresen	et	al.	2011),	response	to	

tension	(Deguchi	et	al.	2005,	Matsui	et	al.	2009,	Kaunas	et	al.	2011,	Matsui	et	al.	2013)	and	total	

length	reduction	after	contraction	(Katoh	et	al.	1998,	Colombelli	et	al.	2009).	 It	 is	noted	that	

some	experimental	evidence	suggests	that	the	maximum	retraction	velocity	of	contractile	fibres	

under	no	tension	can	vary	between	fibres	of	different	lengths	(Thoresen	et	al.	2011).	

	

As	circumferential	contractile	fibres	apply	forces	to	vertex	points,	we	described	the	movement	

of	the	epithelium	from	equations	of	motions	at	each	vertex	as	follows:	

	

𝜇𝑥# = 𝐹DEFG
DHI 	 	 	 	 	 	 	 	 	 	 3.1	

	

where	𝑥	 is	 the	 location	 of	 the	 vertex,	𝐹EF 	 are	 the	 contractile	 fibre	 forces,	𝜇	 is	 a	 damping	

constant,	and	the	subscript	𝑖	and	𝑑	represent	the	two	dimensions	of	the	model	and	the	edges	

associated	 with	 the	 vertex	 respectively.	 Here	 we	 also	 applied	 the	 common	 overdamped	

assumption	(Fletcher	et	al.	2014),	where	inertial	forces	of	an	epithelium	are	considered	to	be	

negligible	relative	to	viscous	forces. 	
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Contractile	Fibre	Scale	Mechanisms	

The	 epithelium	 scale	 model	 provides	 a	 framework	 in	 which	 contractile	 fibre	 forces	 drive	

epithelium	 movement.	 The	 forces	 applied	 by	 contractile	 fibres	 were	 determined	 from	 the	

mechanisms	 controlling	movement	 of	 the	 fibres.	We	 considered	 that	 contractile	 fibres	 have	

both	tension	and	contraction	mechanisms	of	movement.	The	tension	mechanism	occurs	when	

a	fibre	is	under	tension	with	no	contractile	movement.	The	contraction	mechanism	occurs	when	

a	fibre	is	either	under	tension	with	some	contractile	movement,	or	only	contractile	movement.	

	

There	 is	 a	 large	 body	 of	 experimental	 and	 theoretical	 literature	 which	 has	 investigated	 the	

movement	 of	 contractile	 fibres	 as	 an	 individual	 system.	 This	work	 provided	 insight	 into	 the	

mechanisms	controlling	the	movement	of	contractile	fibres.	It	is	focussed	on	contractile	fibres	

from	various	non-muscle	cells.	The	contractile	fibres	that	occur	in	non-muscle	cells	are	highly	

similar	to	those	that	occur	in	the	contractile	cross	section	of	the	columnar	epithelium.	They	are	

made	up	of	the	same	proteins	(Wehland	and	Weber	1980,	Geiger	et	al.	1981,	Sanger	et	al.	1983,	

Drenckhahn	and	Dermietzel	1988),	show	the	same	sarcomeric	type	pattern	(Sanger	et	al.	1983,	

Langanger	et	al.	1984),	and	contract	in	the	same	manner	(Owaribe	et	al.	1981,	Katoh	et	al.	1998,	

Kumar	 et	 al.	 2006).	 The	 only	 difference	 is	 that	 fibres	 of	 general	 non-muscle	 cells	 have	 an	

additional	cross	linker	called	Filamin	(Wang	et	al.	1975,	Wu	et	al.	2012).	As	such,	we	based	our	

epithelial	circumferential	contractile	fibre	description	on	non-muscle	contractile	fibre	literature.	

	

Tension	Mechanism	

The	tension	mechanism	of	our	contractile	fibres	was	developed	based	on	the	experimental	work	

of	Deguchi	et	al.	(2005),	Matsui	et	al.	(2009)	and	Matsui	et	al.	(2013).	They	applied	increasing	

tension	to	isolated	contractile	fibres	in	the	absence	of	myosin	mediated	length	reduction.	They	

found	that	the	fibres	had	an	approximately	liner	stress	strain	relationship,	and	could	undergo	

strains	of	up	to	four	fold	without	breaking.	We	note	that	some	experimental	evidence	suggests	

that	contractile	fibres	may	show	some	strain	stiffening	behaviour	at	high	strains	(Deguchi	et	al.	

2006).	As	has	been	 found	experimentally,	we	assumed	 linear	elastic	behaviour	of	contractile	

fibres	as	shown	in	Equation	3.1.	We	further	assumed	the	same	Cauchy	definition	of	strain	as	

used	in	those	experiments.	In	this	strain	definition,	structures	are	represented	as	lines	with	a	

tension	proportional	to	the	ratio	of	the	extension	of	a	contractile	fibre	over	its	unstrained	length.	

This	means	that	shorter	fibres	will	produce	greater	tension	than	longer	ones,	when	stretched	

the	same	amount.	Contractile	fibres	have	also	been	treated	as	a	linear	elastic	material	with	a	

Cauchy	definition	of	strain	in	individual	contractile	fibre	literature	(Kaunas	et	al.	2011),	where	
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they	investigated	fibre	behaviour	under	cyclic	strain.	Most	other	columnar	epithelium	models	

differ	from	our	contractile	fibre	tension	representation	by	defining	line	tension	as	either	directly	

relative	to	the	length	of	cell	edges,	or	an	extension	of	the	cell	edges	from	a	resting	length.	

	

As	 in	other	epithelium	scale	models,	our	 tension	mechanism	 included	any	tension	resistance	

created	by	other	cell	structures.	Any	such	resistance	would	be	from	circumferentially	 located	

actin	 filaments,	or	 the	spectrin	cytoskeleton	which	supports	the	cell	membrane	(Drenckhahn	

and	Dermietzel	1988).	It	is	reasonable	to	assume	that	these	structures	can	be	represented	with	

the	 Cauchy	 definition	 of	 strain,	 especially	 as	 actin	 has	 been	 experimentally	 found	 to	 have	 a	

similar	elastic	tension	response	as	contractile	fibres	(Kojima	et	al.	1994).	The	closest	epithelium	

scale	tension	description	to	ours	is	from	Hufnagel	et	al.	(2007),	who	used	the	ratio	of	relative	

extension	squared	to	the	preferred	perimeter	length	for	cell	perimeter	extension.	

	

	

As	contractile	fibres	reduce	their	length	through	myosin	mediated	contraction,	we	considered	

the	strain	as	relative	to	a	contractile	fibre	minimum	length,	rather	than	the	initial	length	used	in	

the	standard	definition	of	Cauchy	strain.	We	defined	the	minimum	length	as	the	shortest	length	

that	 a	 contractile	 fibre	 has	 achieved	 up	 to	 the	 current	 simulation	 time,	 and	 as	 such	 it	 is	 a	

dynamically	 changing	 variable.	 Each	 fibre	was	 considered	 to	have	 an	 independent	minimum	

length,	which	is	dependent	on	the	development	of	the	epithelium	over	time.	Our	representation	

is	different	to	other	epithelium	models	that	assume	a	uniform	preferred	length	for	all	fibres,	and	

do	not	allow	that	length	to	change	dynamically.	Similar	fibre	minimum	length	assumptions	have	

also	been	applied	to	individual	contractile	fibres	by	(Kaunas	et	al.	2011).	

	

Contraction	Mechanism	

In	 individual	non-muscle	contractile	 fibre	work,	 it	 is	 common	to	base	non-muscle	contractile	

fibre	mechanisms	on	 research	conducted	 into	muscle	 fibres	 in	 the	1930s	and	1940s.	For	 the	

contractile	mechanism	of	our	fibres,	we	utilised	a	linear	approximation	of	the	recoil	versus	load	

relationship	originally	found	for	muscle	in	Hill	(1938).	Recent	experimental	investigations	have	

also	found	this	linear	recoil	versus	load	relationship	for	non-muscle	contractile	fibres	(Thoresen	

et	 al.	 2011).	 In	 the	 load	 versus	 recoil	 relationship,	 the	 rate	 of	 contraction	 depends	 on	 the	

external	load	applied	to	the	fibre,	as	shown	in	Figure	3.2.	At	zero	load,	the	fibre	contracts	at	a	

maximum	rate.	The	contraction	rate	then	decreases	with	 increasing	 load	until	a	stall	 force	 is	

reached,	at	which	the	fibre	no	longer	contracts.	In	our	model	(Equation	3.2),	the	external	load	
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on	an	individual	contractile	fibre	was	represented	by	the	forces	that	other	fibres	apply	to	the	

vertex	point	(Figure	3.2).	

	

	
Figure	3.2:	Model	relationship	between	contractile	fibre	external	tension	(load)	and	contraction	
velocity	 (recoil).	 To	 represents	 the	 maximum	 tension	 at	 which	 contraction	 will	 occur.	𝑉LMN	
represents	the	maximum	contraction	velocity.	
	

	

Our	model	of	contractile	fibres	assumed	that	myosin	mediated	contractile	forces	were	applied	

directly	to	vertices,	when	physically	such	forces	would	be	applied	within	the	fibre.	While	this	

meant	that	contractile	forces	would	actually	be	applied	to	vertices	through	a	tension	rather	than	

contraction	 force,	 it	 was	 not	 expected	 to	 make	 any	 difference	 for	 the	 epithelium	 scale	

movement	of	the	model.	

	

No	 other	 columnar	 epithelial	 model	 has	 used	 a	 fibre	 contraction	 description	 based	 on	

investigations	 into	 the	movement	of	 individual	 fibres.	 In	other	 columnar	 epithelium	models,	

contractile	behaviour	is	commonly	included	with	general	line	tension	curves	proportional	to	cell	

edge	length	or	perimeter	contractility	relative	to	cell	perimeter	extension,	rather	than	the	load	

recoil	relationship	we	have	used.	It	 is	noted	that	the	Solon	et	al.	(2009)	and	Jayasinghe	et	al.	

(2013)	models	 of	 flat	 amnioserosa	 also	 treat	 circumferential	 contractile	 fibres	 as	 a	 series	 of	

individual	units.	However	their	description	of	these	fibres	are	quite	different,	in	that	they:	use	a	

spring	 representation	 rather	 than	 a	 general	 strain	 definition;	 have	 the	 same	 non-dynamic	

minimum	length	for	all	springs;	and	represent	spring	contraction	forces	via	a	mathematical	hill	

equation	(Goutelle	et	al.	2008)	rather	than	the	load	recoil	representation	we	have	used.	
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The	contractile	fibre	and	tension	behaviours	described	were	combined	with	the	epithelium	scale	

model	via:	

	

𝑥O =
FP
QRS

T
+ UV

T
BP WBXYS,P
BXYS,P

BP
BP

G
DHI 	 	 	 	 	 	 3.2	

	

where	 𝑣	 is	 the	 vertex	 number,	 and	 for	 each	 edge,	𝐹D[\]	 is	 the	 contraction	 force,	𝐴	 is	 the	

representative	 cross	 sectional	 area,	𝐿L)],D 	 the	 minimum	 length,	𝐸	 is	 the	 elastic	 modulus,	

and	𝐿𝑑	 is	 a	 vector	 representing	 the	 length	 and	 direction	 of	 the	 edge	 (𝐿D = 𝑥D − 𝑥O).	 Note	

𝐿D/ 𝐿D 	determines	the	directionality	of	the	elastic	force	vector.	

	

	

Parameters,	Boundary	and	Initial	Conditions	

We	assumed	that	each	edge	has	the	same	elasticity	cross	section,	area	and	contraction	force,	

which	results	 in	 two	model	parameters.	These	parameters	 represent	 the	ratio	of	contractive	

forces	to	damping	and	the	ratio	of	elastic	forces	to	damping.	This	empirically	described	model	

mathematically	represents	a	simple	viscoelastic	system.	The	equations	of	motion	were	solved	

in	Matlab	via	custom	written	code	using	the	Explicit	Euler	Method	(Butcher	1987).	This	method	

was	found	to	be	stable	and	accurate	for	all	simulation	runs.	

	

For	each	 simulation,	 the	model	geometry	was	matched	 to	 that	of	 the	experiment,	and	 laser	

ablation	was	simulated	by	instantaneous	removal	of	the	edge	corresponding	to	the	one	severed	

in	the	datasets.	As	an	initial	condition,	the	simulation	vertices	were	assumed	to	have	the	same	

location	 as	 the	 corresponding	 experimental	 vertices.	 The	model	 was	 then	 allowed	 to	 reach	

steady	state,	after	which	the	laser	ablation	is	induced.	To	ensure	this	pre-ablation	steady	state	

closely	matched	the	corresponding	experimental	geometry,	an	optimisation	approach	was	used.	

The	 optimisation	 used	 an	 inbuilt	 Matlab	 non-linear	 least	 squares	 constrained	 approach	

(lsqnonlin).	The	fitting	parameters	were	the values	for	each	edge,	and	the	cost	function	was	

a	 vector	of	 the	magnitude	differences	between	model	 and	experiment	 vertex	 locations.	 The	

match	achieved	between	model	and	experiment	was	very	close	(refer	to	Appendices	Figure	A.5)	

with	this	approach.	

	

Vertices	near	the	edge	of	the	experimental	microscopy	images	were	treated	as	boundary	points.	

Cell	 edges	 which	 intersect	 the	 perimeter	 of	 microscope	 images	 were	 not	 considered	 to	 be	

minL
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boundary	points.	Throughout	the	course	of	the	experiment,	all	vertices	showed	considerable	

movement	not	related	to	laser	ablation.	This	movement	was	most	obvious	in	the	experimental	

images	prior	to	laser	ablation	(Figure	3.3).	Here	vertices	throughout	the	sheet	were	moving	in	a	

non-uniform	manner.	As	the	sheet	has	not	yet	been	ablated,	this	movement	cannot	be	related	

to	laser	ablation,	and	therefore	must	be	a	general	movement	of	the	sheet.	It	has	been	shown	in	

other	work	(Mao	et	al.	2013)	that	larval	Drosophila	wing	discs	have	global	patterns	of	tension,	

which	would	cause	the	large	scale	movements	seen	in	experiments.	Herein,	this	movement	is	

referred	to	as	global	sheet	movement,	which	is	defined	as	experimental	sheet	movement	not	

related	to	laser	ablation	of	a	cell	edge.	In	other	work	(Farhadifar	et	al.	2007),	it	is	referred	to	as	

global	movement.	

	

	
Figure	3.3:	Global	sheet	movement	of	primary	dataset	occurring	prior	to	laser	ablation	(0	to	240	
s).	Displacement	vectors	represent	four	times	actual	displacement.	Scale	Bar:	5	microns.	
	

	

To	allow	 for	 investigation	of	 the	 impact	of	 global	 sheet	movement	on	 the	movement	of	 the	

sheet,	and	accurate	simulation	of	the	total	movement	of	the	experiments,	two	versions	of	the	

model	were	developed.	One	assumed	that	all	boundary	points	were	fixed	in	place	and	do	not	

include	global	sheet	movement.	The	second	incorporated	global	sheet	movement	by	translating	

the	simulation	boundary	points	 in	 the	same	way	as	 their	experimental	counterparts.	For	 the	

second	 simulation,	 if	 no	 experimental	 information	was	 available,	 the	 boundary	 points	 were	

assumed	to	be	fixed.	Unless	otherwise	stated	the	model	includes	global	sheet	movement.	
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3.6	Results	

	

The	 primary	 dataset	 response	 to	 laser	 ablation	 of	 the	 contractile	 cross	 section	 of	 a	 simple	

columnar	epithelial	cell	system	is	shown	in	Figure	3.4.	This	is	a	typical	epithelial	sheet	response.	

The	laser	is	aimed	at	the	edge	of	two	cells	between	vertices,	and	severs	the	contractile	fibres	of	

both	cells	on	that	edge.	After	ablation,	the	sheet	moves	or	relaxes	away	from	the	cut	point.	

	

	
Figure	3.4:	Experimental	microscopy	images	of	contractile	cross	section	of	columnar	epithelial	
cell	 sheet	 from	 primary	 dataset	 at	 different	 time	 points.	 Scale	 Bar:	 5	microns.	 Brown	 cross	
represents	laser	cut	location.	
	

	

The	 movement	 of	 the	 primary	 dataset	 after	 edge	 severing	 is	 also	 shown	 using	 vertex	

displacements	in	Figure	3.5B.	As	described	in	Farhadifar	et	al.	(2007),	the	epithelial	sheet	shows	

an	anisotropic	 response,	with	greater	 vertex	movement	 in	 the	direction	parallel	 to	 the	edge	

severed.	Additionally,	greater	movement	occurs	in	the	vertices	closer	to	the	edge	severed	(refer	

Figure	3.5B),	with	 the	amount	of	movement	 reducing	at	 greater	distances	 from	 the	 severed	

edge.	For	the	primary	dataset,	the	laser	ablation	impact	spreads	up	to	approximately	four	cells	

away	from	the	cut	edge.	

	

	

Model	Testing	

The	theoretical	model	was	developed	as	described	in	the	methods	section.	To	test	the	model,	

we	 first	 investigated	whether	 the	model	 can	 predict	 the	 primary	 dataset.	 For	 this,	 the	 two	

parameters	of	 the	model	were	matched	 to	 the	primary	dataset	output	 ( and

);	 predominantly	 using	 the	 average	 root	means	 squared	 displacement,	 though	

also	the	severed	edge	movement.	

	

36.2=ConF

94.3=EA
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Figure	3.5	shows	a	comparison	between	the	model	prediction	and	experimental	movement	of	

the	 primary	 dataset.	 In	 Figure	 3.5A	 and	 B,	 it	 can	 be	 seen	 that	 the	 model	 reproduced	 the	

experimental	trends	of	anisotropic	movement	of	the	experimental	sheet	(where	vertices	move	

more	 in	 the	 parallel	 compared	 to	 orthogonal	 direction	 of	 the	 severed	 edge),	 and	 reducing	

movement	 of	 vertices	 at	 further	 distances	 for	 the	 severed	 edge.	 Additionally,	 the	 model	

reproduced	the	distance	that	laser	ablation	induced	movement	spreads	from	the	cut	point	(four	

cells).	
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Figure	 3.5:	 Comparison	 of	 model	 prediction	 to	 experiment	 for	 primary	 dataset	 vertex	
movement.	A	&	B)	Model	Prediction	and	experiment	from	just	prior	to	laser	ablation	(300	s)	to	
350	s.	Displacement	vectors	represent	four	times	actual	displacement.	Scale	Bar:	5	microns.	C)	
Quantitative	comparison	of	the	radial	and	angular	movement	of	vertex	points	from	just	prior	to	
laser	ablation	to	the	completion	of	the	laser	ablation	response	of	the	primary	dataset.	 	Black	
crosses	represent	model	predictions.	Grey	circles	represent	experimental	movement.	Horizontal	
axis	represents	vertex	angular	location	relation	to	the	cut	join,	and	vertices	are	grouped	based	
on	distance	from	the	cut	point	(refer	to	Appendices	Figure	A.6).	D	&	E)	Quantified	comparison	
between	 model	 with	 global	 sheet	 movement	 (dashed	 line),	 model	 without	 global	 sheet	
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movement	(dotted	line)	and	experiment	(solid	line)	for	primary	dataset	movement	after	laser	
ablation.	D)	Average	Root	Mean	Squared	displacement	of	all	vertices	 from	 just	prior	 to	 laser	
ablation	over	time.	E)	Severed	edge	 length	relative	to	 length	 just	prior	 to	 laser	ablation	over	
time.	Shaded	region	represents	experimental	error.	Data	is	smoothed	via	a	windowed	moving	
average.	
	

	

The	 model	 prediction	 of	 individual	 vertex	 movement	 over	 the	 laser	 ablation	 response	 was	

quantitatively	compared	to	experiment	in	Figure	3.5C.	Here	the	vertices	were	grouped	based	on	

their	 distance	 from	 the	 cut	 point	 (as	 shown	 in	 Appendix	 Figure	A.6).	 The	 radial	 and	 angular	

displacement	of	each	vertex	was	plotted	against	its	angular	location	relative	to	the	ablated	join.	

As	can	be	seen,	the	model	quantitatively	reproduced	individual	vertex	movement	over	the	laser	

ablation	response.		

	

The	amount	of	movement	of	the	model	over	time	was	compared	to	experiment	via	the	average	

root	mean	squared	displacement	and	the	severed	edge	length	change.	The	average	root	mean	

square	displacement	of	the	model	with	global	sheet	movement	was	represented	by	the	dashed	

line	 in	Figure	3.5D,	with	 the	experimental	 response	shown	by	 the	solid	 line.	Here	 the	model	

reproduced	 the	 amount	 of	movement	 of	 the	 experimental	 sheet	 within	 experimental	 error	

throughout	time.	The	model	also	reproduced	the	dynamics	of	the	experimental	response	within	

experimental	error,	and	importantly	captured	the	fast	initial	movement	of	the	sheet	(300	to	350	

seconds).		

	

A	comparison	of	severed	edge	length	change	between	the	model	with	global	sheet	movement	

(dashed	line)	and	experiment	(solid	line)	is	shown	in	Figure	3.5E.	Here	the	model	reproduced	

the	 general	 trend	 of	 length	 change	 of	 the	 severed	 edge	 over	 time;	 predicting	 a	 fast	 initial	

response,	followed	by	a	slowed	response.	The	model	also	predicted	the	final	length	changes	of	

the	experiment	within	experimental	error,	though	over	predicted	the	magnitude	of	the	initial	

response.	This	can	also	be	seen	 in	Figure	3.5B,	where	the	model	severed	edge	vertex	on	the	

lower	right	moved	considerably	more	than	the	experimental	one.	

	

To	complete	testing,	and	check	for	generality,	the	model	was	used	to	predict	the	movement	of	

the	 validation	 dataset	 with	 the	 same	 parameters	 as	 the	 primary	 dataset.	 The	 validation	

experimental	dataset	was	slightly	different	to	the	primary	dataset.	It	showed	less	of	the	sheet,	

and	was	over	a	shorter	time	period.	This	means	it	had	less	time	before	laser	ablation,	and	did	

not	include	the	final	steady	state	of	the	sheet	after	the	laser	ablation	response.	The	details	of	
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the	validation	dataset	model	to	experiment	comparison	are	in	Appendix	A.2	Appendix	Results.	

Aside	from	the	sheet	final	steady	state	post	laser	ablation,	which	could	not	be	compared,	the	

model	reproduced	all	the	same	trends	and	quantitative	matches	for	the	validation	dataset	as	

seen	in	the	primary	dataset	using	the	same	parameters.	

	

	

Model	Prediction	-	Impact	of	Global	Sheet	Movement	

To	investigate	its	impact	on	the	system,	global	sheet	movement	was	removed	from	the	model.	

The	simulated	response	of	the	primary	dataset	to	laser	ablation	without	global	sheet	movement	

is	shown	by	the	dotted	line	in	Figure	3.5	D	and	E.	In	Figure	3.5D,	it	can	be	seen	that	the	average	

root	mean	squared	movement	of	the	sheet	flattened	out	at	approximately	400	seconds	(100	

seconds	after	laser	ablation),	and	did	not	continue	the	upwards	trend	of	the	experimental	data.	

This	indicated	that	the	experimental	response	was	dominated	by	global	sheet	movement	after	

400	seconds,	which	was	also	verified	in	the	experimental	data.	Figure	3.6	shows	the	impact	of	

global	sheet	movement	on	the	experimental	response.	As	shown	in	Figure	3.6A,	initially	the	laser	

ablation	response	caused	sheet	relaxation	towards	the	top	left	of	the	sheet.	However,	over	the	

course	of	the	experiment	global	sheet	movement	caused	the	vertices	to	move	back	to	the	right	

(Figure	3.6B),	and	completely	overrode	the	laser	ablation	response.	As	shown	in	Figure	3.5E,	the	

global	 sheet	movement	 appeared	 to	 have	 only	 a	minor	 effect	 on	 the	 length	 change	 of	 the	

severed	edge.	Similar	global	sheet	movement	was	identified	in	the	validation	dataset;	refer	to	

Appendix	Figure	A.8.	
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Figure	3.6:	Impact	of	global	sheet	movement	on	experimental	vertices	in	primary	dataset	post	
laser	ablation.	A)	Whole	sheet	view	from	just	prior	to	laser	ablation	(300	s)	to	350	s.	B)	Magnified	
view	of	box	shown	in	a.	Vertex	movement	from	300	s	to	varying	times	shown	in	 legend	(top	
right).	Displacement	vectors	represent	four	times	actual	displacement.	Scale	Bar:	5	microns.	
	

	

Model	Prediction	–	No	Conservation	of	Area	

The	cell	areas	predicted	by	the	model	were	investigated	by	calculating	the	area	of	each	cell	over	

the	course	of	the	simulation.	Many	of	the	cells	were	found	to	change	area	by	greater	than	5	

percent.	Two	cells	especially,	cells	4	and	5	in	Figure	3.7,	showed	approximately	20	percent	area	

change	over	the	simulation	of	laser	edge	severing.	This	finding	was	verified	experimentally	using	

the	primary	dataset.	 It	was	found	that	nine	cells	had	statistically	significant	cell	area	changes	

throughout	the	course	of	the	experiment	(Figure	3.7).	The	largest	area	change	occurred	in	cell	

5,	which	 had	 a	 60	 ±	 14	 percent	 reduction	 in	 area.	 The	 area	 of	 cell	 5	 over	 time	 is	 shown	 in	

Appendix	Figure	A.7.	

	

	
Figure	3.7:	Cell	area	changes	of	primary	dataset	during	experiment.	Left)	Cells	identified	with	
statistically	significant	error	change.	Severed	edge	shown	 in	red.	Scale	Bar:	5	microns.	Right)	
Maximum	 area	 change	 for	 significant	 cells.	 Error	 is	 two	 standard	 deviations	 of	 a	 Gaussian	
distribution.	
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Model	Prediction	–	Additional	Mechanism	

The	simulations	showed	that	the	model	did	not	reproduce	a	kink	that	occurs	in	the	experimental	

data.	This	can	be	seen	in	Figure	3.8,	where	the	experimental	cell	edges	near	the	laser	ablated	

edge	have	a	kink	(B),	but	the	model	prediction	does	not	(C).	

	

	
Figure	3.8:	Non-straight	‘kinked’	stopping	of	cell	edges	near	severed	edge	in	primary	dataset	at	
965	s.	A)	Whole	sheet	microscopy	view.	B)	Magnified	view	of	kinked	cell	edge	from	microscopy	
image	 (left)	and	experiment	 image	analysis	 (right).	C)	Magnified	view	of	model	prediction	at	
kinked	cell	edge	region	of	experimental	data.	Scale	Bar:	5	microns.	
	

	

Distribution	of	Strain/Tension	in	Contractile	Cross	Section	

The	matching	of	 the	model	 to	the	experimental	geometry	was	completed	using	optimisation	

approaches.	This	matching	lead	to	the	steady	state	geometry	of	the	contractile	cross	section,	

and	provided	a	strain	for	each	individual	cell	edge	(made	up	of	two	contractile	fibres).	The	strain	

of	individual	fibres	can	also	be	considered	as	a	representation	of	the	tension	each	edge	and	its	

constituent	fibres	are	under.		

	

The	steady	state	strain	distribution	of	fibres	for	a	representative	section	of	the	primary	dataset	

prior	to	laser	ablation	is	shown	in	Figure	3.9A.	Here	it	can	be	seen	that	the	strain	pattern	of	the	

sheet	is	extremely	complex,	and	highly	non	uniform.	For	example,	individual	fibres	located	next	

to	each	other	can	have	vastly	different	strains.	This	result	is	highlighted	in	Figure	3.9B,	where	

the	strains	of	the	individual	fibres	of	different	cell	circumferential	contractile	fibres	are	plotted	

together.	 In	this	Figure,	some	circumferential	contractile	fibres	have	approximately	ten	times	

larger	strain	than	others	from	the	same	cell.		
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The	complete	strain	distribution	of	the	primary	dataset	is	shown	in	the	Appendix	Figure	A.4.	

	

	

	
Figure	 3.9:	Steady	 state	 strain	 distribution	 from	 simulation	 of	 primary	 dataset.	A)	 Strains	 of	
edges	 in	 the	 centre	 of	 primary	 dataset.	 B)	 Strains	 of	 the	 individual	 edges	 making	 up	
circumferences	of	cells	marked	in	A.	
	

	

Contractile	Fibre	Strain/Tension	and	Laser	Ablation	Sheet	Movement	

As	the	model	could	predict	both	the	final	displacement	of	the	sheet	after	laser	ablation	and	the	

strain	 (which	 represents	 tension)	 in	 an	 individual	 contractile	 fibre	 (or	 edge),	 we	 used	 it	 to	

investigate	the	relationship	between	the	strain	of	an	individual	edge	its	movement	upon	laser	

ablation.	This	was	achieved	by	simulating	laser	ablation	of	various	edges	in	the	primary	dataset.	

Such	edges	were	selected	from	the	middle	of	the	sheet	to	avoid	potential	boundary	affects.	

	

The	 relationship	 between	 the	 tension	 of	 an	 individual	 edge	 and	 its	 movement	 upon	 laser	

ablation	is	shown	in	Figure	3.10.	This	shows	a	strong	correlation	between	the	amount	of	strain	

in	an	edge	and	the	amount	it	moves	when	severed.	As	in	Figure	3.10,	higher	strain	lead	to	larger	

movement,	and	this	relationship	appeared	to	be	linear.	 	
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Figure	 3.10:	 Plot	 of	 relationship	 between	 individual	 fibre	 strain	 (or	 tension)	 prior	 to	 laser	
ablation	and	final	fibre	relative	length	change	after	severing.	The	grey	line	represents	a	best	fit	
linear	approximation.	
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3.7	Discussion	

	

In	this	work,	we	developed	an	alternate	description	of	columnar	epithelium	contractile	cross	

section	mechanics	where	the	movement	of	the	cross	section	was	driven	by	contractile	fibres,	

without	any	other	potential	mechanisms	of	movement.	We	compared	the	model	predictions	of	

sheet	movement	 to	 the	 exact	movement	 of	 two	 separate	 columnar	 epithelial	 datasets.	We	

found	that	the	alternate	model	reproduced	all	the	trends	of	sheet	movement,	and	quantitatively	

predicted	both	the	final	sheet	movement	and	the	total	sheet	movement	throughout	the	laser	

ablation	response.	The	model	was	less	accurate	in	the	immediate	vicinity	of	the	laser	ablation	

cut,	predicting	that	sheet	movement	in	this	region	would	occur	much	faster	than	in	experiments.	

	

This	inaccuracy	was	demonstrated	by	the	model	prediction	of	the	dynamic	movement	of	the	cell	

edge	 cut	 by	 the	 laser	 (Figure	 3.5E).	 It	 is	 likely	 that	 this	 inaccuracy	 results	 from	 modelling	

assumptions	related	to	the	elastic	recoil	of	contractile	fibres.	Some	research	into	the	movement	

of	individual	contractile	fibres	indicates	that	when	a	fibre	is	relaxing	from	a	strained	position,	it	

does	so	in	a	time	dependent	manner	(Stachowiak	and	O'Shaughnessy	2009).	Our	model	did	not	

capture	this.	It	assumed	that	any	elastic	recoil	is	immediate.	The	introduction	of	time	dependent	

elastic	 recoil	 should	 significantly	 slow	 down	 the	models	 prediction	 of	 sheet	 response	 in	 the	

immediate	vicinity	of	the	last	ablation	cut	points,	causing	the	model	to	more	accurately	match	

experiments.	

	

	

This	 work	 finds	 that	 almost	 all	 movement	 of	 the	 contractile	 cross	 section	 of	 the	 columnar	

epithelium	 can	 be	 driven	 by	 circumferential	 contractile	 fibres,	 without	 any	 other	 potential	

columnar	 epithelium	 mechanisms	 of	 movement.	 This	 finding	 demonstrates	 the	 impact	 of	

circumferential	fibres	on	the	columnar	epithelium.	It	also	indicates	that	circumferential	fibres	

are	the	main	mechanism	controlling	the	movement	of	the	columnar	epithelium	contractile	cross	

section.	 In	 addition,	 there	 is	 supporting	 evidence	 to	 suggest	 that	 the	 models	 inability	 to	

quantitatively	capture	dynamic	sheet	movement	local	to	the	cut	point	was	due	to	inaccuracies	

in	 the	 contractile	 fibre	 movement	 assumptions,	 rather	 than	 the	 need	 to	 include	 additional	

columnar	 epithelium	mechanisms	 of	 movement	 such	 as	 geometric	 constraints.	 This	 further	

supports	the	finding	that	circumferential	contractile	fibres	are	the	main	mechanism	controlling	

the	movement	of	the	columnar	epithelium	contractile	cross	section.	
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To	facilitate	the	contractile	 fibre	driven	epithelium	scale	model,	we	developed	an	epithelium	

scale	 description	 of	 contractile	 fibre	 forces	 and	 movements	 that	 was	 based	 on	 research	

investigating	 the	 movement	 of	 contractile	 fibres	 as	 an	 individual	 system.	 Specifically	 our	

contractile	 fibre	 description	 included:	 a	 Cauchy	 definition	 of	 strain,	 dynamic	 reduction	 of	

contractile	 fibres	minimum	 length,	 a	 non-uniform	minimum	 length,	 and	 a	 load	 versus	 recoil	

relationship	 for	 fibre	 contraction.	 Additionally,	 we	 treated	 the	 epithelium	 circumferential	

contractile	machinery	as	a	series	of	individual	contractile	fibres	along	each	cell	edge,	rather	than	

one	large	contractile	apparatus	extending	along	the	periphery	of	each	cell.		

	

The	success	of	our	model	in	predicting	the	movement	of	the	columnar	epithelium	contractile	

cross	section	indicates	that	an	epithelium	scale	contractile	fibre	description	can	be	developed	

based	on	research	focussed	on	contractile	fibres	on	an	individual	system.	As	we	have	used	our	

contractile	 fibre	description	 to	 investigate	questions	around	 the	 relative	 impact	of	 columnar	

epithelium	 circumferential	 contractile	 fibres,	 we	 have	 also	 demonstrated	 that	 such	 a	 fibre	

description	can	provide	new	insight	 into	columnar	epithelium	mechanics.	As	discussed	 in	the	

following,	we	 further	demonstrated	 the	use	of	our	modelling	approach	and	 contractile	 fibre	

description	 by	 investigating	 both	 the	 predictions	 of	 our	 model	 on	 mechanisms	 impacting	

columnar	 epithelium	movement,	 and	 the	 properties	 of	 the	 strain	 (or	 fibre	 tension)	 pattern	

which	our	model	predicted	to	occur	in	the	contractile	cross	section.	

	

Cell	conservation	of	area	is	a	common	geometric	assumption	that	has	been	used	to	model	the	

movement	of	the	contractile	cross	section	of	columnar	epithelium	cells	during	laser	ablation.	

Our	model	predicted	that	these	cells	do	not	conserve	area.	We	verified	our	model	prediction	by	

analysing	the	area	change	of	all	cells	 in	the	primary	dataset	over	the	laser	ablation	response.	

This	analysis	showed	statistically	that	the	contractile	cross	section	of	columnar	epithelia	do	not	

conserve	area	on	the	time	scales	of	the	laser	ablation	response.	

	

Our	 alternate	modelling	 approach,	 combined	with	matching	 of	 simulation	 and	 experimental	

geometry,	also	allowed	us	to	investigate	the	impact	of	different	mechanisms	on	the	movement	

of	the	columnar	epithelium	contractile	cross	section.	From	this,	our	model	made	two	predictions	

of	columnar	epithelium	mechanisms	of	movement:	that	global	sheet	movement	has	a	significant	

impact	 on	 the	movement	 of	 local	 sections	 of	 the	 contractile	 cross	 section	 of	 the	 columnar	

epithelium,	and	that	there	is	an	additional	mechanism	that	resists	cell	edge	movement	in	certain	

situations.	
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We	experimentally	verified	the	model	prediction	that	global	sheet	movement	has	a	significant	

impact	on	the	movement	of	 local	 sheet	section	 in	both	the	primary	and	secondary	datasets.	

Additionally,	 further	datasets	 in	 Landsberg	et	 al.	 (2009)	 also	 appeared	 to	 show	considerable	

global	 sheet	 movement.	 Other	 work	 has	 shown	 that	 a	 global	 pattern	 of	 tension	 occurs	

throughout	the	same	columnar	epithelium	tissue	(Drosophila	wing	disc)	as	we	have	investigated	

(Mao	et	al.	2013).	It	is	likely	that	the	large	scale	movement	that	we	found	is	resultant	from	this	

global	pattern	of	tension.	Our	finding	shows	that	it	is	important	to	take	global	sheet	movements	

into	consideration	when	doing	either	experimental	or	modelling	research	on	local	regions	of	the	

sheet,	especially	when	using	laser	ablation	to	determine	local	sheet	tension.	It	also	shows	that	

global	sheet	movement	is	non	uniform	across	local	regions	of	the	sheet.	

	

When	simulating	the	primary	dataset,	the	model	predicted	an	additional	movement	mechanism	

that	resists	cell	movement.	This	mechanism	was	identified	near	the	laser	ablated	edge,	where	

the	experimental	results	stopped	in	a	kinked	position,	which	the	model	did	not	reproduce.	This	

indicates	that	there	is	some	unknown	mechanism	in	the	experiment	that	is	not	included	in	the	

model.	This	kink	occurred	where	both	contractile	fibres	and	cell	areas	had	reduced	by	a	large	

amount.	Therefore	the	mechanism	could	be	related	to	a	minimum	length	of	contractile	fibres,	

which	has	been	experimentally	 reported	 in	 individual	contractile	 fibre	 literature	(Katoh	et	al.	

1998,	Deguchi	et	al.	2005,	Thoresen	et	al.	2011),	or	some	kind	of	 internal	cell	resistance	at	a	

minimum	area.	Resistance	of	cells	to	large	sheet	movements	was	also	found	experimentally	in	

Owaribe	et	al.	(1981)	where	they	stimulated	extreme	sheet	contraction,	though	has	not	been	

reported	for	physiological	or	laser	ablation	induced	movement	of	a	columnar	epithelium.	Our	

work	 shows	 that	 this	 cell	 resistance	 mechanism	 occurs	 during	 laser	 ablation,	 and	 may	 be	

required	 to	 completely	 capture	 general	 columnar	 epithelium	 contractile	 cross	 section	

movement.	

	

Our	modelling	approach,	and	the	matching	of	the	simulation	to	experimental	geometry,	made	

it	possible	to	predict	the	strain	distribution	of	every	cell	edge	in	the	sheet.	The	strain	on	each	

edge	can	also	be	considered	to	represent	the	tension	each	fibre	is	under.	The	strain	distribution	

in	 our	 simulations	 was	 extremely	 complicated	 and	 highly	 variable.	 For	 instance,	 our	 model	

predicted	that	even	different	edges	of	the	same	cell	can	be	under	vastly	different	strains.	In	our	

modelling	 approach,	 this	 complicated	 pattern	 of	 strain	 arose	 from	 the	 equally	 complicated	

geometry	of	the	cells	making	up	the	sheet.	The	sheet	geometry	controlled	the	angle	at	which	

forces	were	applied	to	vertices.	For	vertices	to	be	stable	(non-moving),	the	forces	applied	had	
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to	balance	out,	and	the	only	way	for	this	to	occur	was	by	the	different	edges	connected	to	a	

vertex	having	different	 strains.	Our	model	prediction	of	 sheet	 strain	distribution	provides	an	

alternate	perspective	on	how	cell	shape	and	position	can	arise	from	the	physical	mechanisms	of	

circumferential	contractile	fibre	forces	and	the	geometry	of	cell	edges.	It	also	provides	guidance	

on	the	sample	sizes	required	to	measure	local	tension	in	a	region	of	a	sheet	via	laser	ablation	of	

individual	cell	edges,	which	 is	a	common	approach	to	studying	 the	 tension	distribution	 in	an	

epithelium.	

	

It	is	common	to	use	the	movement	of	an	individual	edge	after	laser	ablation	as	an	estimate	of	

the	 tension	which	 that	edge	 is	under.	When	doing	 this,	 the	 tension	 (or	 strain)	of	 an	edge	 is	

calculated	based	on	its	initial	recoil	velocity	after	ablation.	We	used	our	model	to	investigate	the	

relationship	between	edge	 strain	 and	 final	 edge	movement	after	 laser	 ablation,	predicting	a	

strong	linear	relationship	between	them.	This	finding	indicates	that	the	final	movement	of	an	

edge	can	also	be	used	to	estimate	individual	edge	pre	ablation	strain.	The	recording	of	edge	final	

movement	could	also	be	less	reliant	on	measurement	technique	than	initial	recoil	velocity,	and	

therefore	would	be	a	more	robust	measure	of	pre	ablation	edge	strain.	

	

	

 	



 54 

3.8	Conclusion	

	

In	this	work,	we	investigated	an	alternate	description	of	columnar	epithelium	mechanics,	where	

columnar	 epithelium	 contractile	 cross	 section	 movement	 was	 driven	 from	 forces	 and	

movements	of	 circumferential	 contractile	 fibres,	without	 any	other	potential	mechanisms	of	

movement.	We	found	that	this	description	reproduced	all	movement	trends	of	the	columnar	

epithelial	contractile	cross	section,	and	was	quantitatively	accurate	for	the	majority	of	these.	

This	shows	that	almost	all	movements	of	the	columnar	epithelium	contractile	cross	section	can	

be	 driven	 by	 circumferential	 contractile	 fibres.	 It	 also	 demonstrates	 the	 impact	 of	

circumferential	contractile	fibres	on	the	columnar	epithelium,	and	indicates	that	circumferential	

fibres	are	the	main	mechanism	controlling	the	movement	of	the	contractile	cross	section.	

	

To	 facilitate	 our	 model	 we	 developed	 an	 epithelium	 scale	 description	 of	 circumferential	

contractile	fibre	movement	based	on	research	investigating	contractile	fibres	as	an	individual	

system.	The	success	of	our	model	in	describing	epithelium	sheet	movement	demonstrates	that	

our	 circumferential	 contractile	 fibre	 description	 is	 feasible,	 and	 gives	 additional	 insight	 into	

columnar	epithelium	mechanics.	We	also	utilised	our	model	 to	predict	other	mechanisms	of	

movement	relevant	to	the	columnar	epithelium	contractile	cross	section,	including	that	cells	do	

not	 conserve	 area,	 that	 global	 sheet	 movement	 has	 a	 significant	 impact	 on	 local	 sheet	

movement,	and	that	an	additional	cell	resistance	mechanism	can	occur	near	the	laser	ablation	

site.	 Additionally,	 our	model	 predicted	 the	 pattern	 of	 tension	 which	 occurs	 throughout	 the	

columnar	 epithelium,	 and	 indicated	 a	 linear	 relationship	 between	 the	 pre	 ablation	 strain	 of	

individual	edges	and	their	final	movement	once	ablated.	These	additional	findings	provide	new	

insight	into	different	aspects	of	columnar	epithelium	mechanics,	and	further	demonstrate	the	

usefulness	of	our	alternate	modelling	approach.	
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4.	Results:	Impact	of	spatial	length	representation	

on	individual	epithelial	contractile	fibre	forces	and	

movement	
	

4.1	Introduction	

	

This	 chapter	 demonstrates	 an	 epithelium	 contractile	 fibre	 model	 that	 incorporates	 know	

contractile	unit	distribution,	movement	and	forces.	The	model	is	validated	against	experimental	

literature	 for	 contractile	 fibres	 called	 stress	 fibres,	 which	 have	 strong	 similarities	 to	 apical	

epithelial	contractile	fibres	(see	Chapter	2.8).	The	model	is	then	used	to	investigate	the	impact	

of	contractile	units	on	the	time	for	the	contractile	fibre	to	respond	to	severing	perturbations,	

and	other	forces	and	movement	relevant	to	the	columnar	epithelium.	

	

The	relevant	literature	for	this	chapter	is	reviewed	in	Chapter	2.8,	which	leads	to	the	following	

aims:	

	

1) Determine	 whether	 a	 series	 individual	 contractile	 unit	 description	 of	 a	 stress	 fibre	 can	

completely	reproduce	the	severed	stress	fibre	response,	and	the	necessary	pre	tension	to	

produce	this	response	

	

2) Investigate	the	impact	of	spatial	length	representation	on	individual	contractile	fibre	force	

and	movement	propagation	

	

3) Investigate	the	impact	of	spatial	length	force	and	contractility	heterogeneity	on	individual	

contractile	fibre	force	and	movement	

	

4) Investigate	potential	causes	of	pre	mature	stopping	of	cell	edges	in	apical	epithelium	model	

(refer	to	Chapter	3).	
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4.2	Methods	–	The	Models	

	

As	outlined	in	Chapter	2.8,	the	models	in	this	chapter	are	derived	from	stress	fibre	literature,	

which	has	strong	similarities	to	apical	epithelial	contractile	fibres.	A	schematic	of	a	contractible	

stress	fibre,	and	the	contractile	units	which	it	consists	of,	is	shown	in	Figure	4.1A.	All	models	in	

this	chapter	treat	contractile	fibres	as	a	series	of	contractile	units,	which	are	connected	by	nodes	

(Figure	4.1B).	Adjacent	contractile	units	apply	forces	to	each	node.	These	forces	were	captured	

via	the	Equations	of	Motion	as:	

	

𝑚𝑥) = 𝐹)WI,)_])` + 𝐹),)aI_])` − 𝜇𝑥),		 4.1	

	

where	𝑚	is	the	equivalent	mass	at	the	node,	𝑥	is	the	location	of	the	node,	𝐹_])`	represents	the	

forces	applied	by	contractile	units	on	 the	node,	𝜇	 is	a	damping	constant,	and	the	subscript	𝑖	
represents	 the	 node.	 The	 forces	 applied	 by	 contractile	 units	 were	 determined	 based	 on	 a	

description	of	their	mechanics.	

	

	
Figure	4.1:	Example	stress	fibre	locations,	structure	and	severing	response.	A)	Representation	
of	 contractile	 stress	 fibres	 spread	 throughout	 an	 adherent	 endothelial	 cell.	White	 and	 grey	
represent	stress	fibres	and	outer	surface	of	cell	respectively.	Scale	Bar:	20	microns.	B)	Close	up	
schematic	of	a	contractile	fibre	showing	independent	contractile	units.	Squares	represent	cross	
linking	regions,	lines	represent	actin	filaments,	and	red	represents	myosin	contractile	filaments.	
C)	Exponential	type	length	reduction	response	of	stress	fibres	when	severed	by	laser	from	a	pre	
strained	state	inside	a	cell	(adapted	with	permission	from	Russell	et	al.	(2009)).	
	

	

Epithelial	contractile	fibres	do	not	have	focal	adhesions,	and	therefore,	the	model	represents	

whole	 fibre	 movement	 for	 this	 system.	 However,	 this	 chapter	 uses	 stress	 fibre	 in	 vivo	

experimental	data	to	validate	the	model,	and	stress	fibres	are	known	to	have	focal	adhesions	

along	their	length.	The	stress	fibre	investigations	of	Colombelli	et	al.	(2009)	suggests	that	on	a	

homogeneously	coated	surface	only	a	portion	of	a	contractile	stress	fibre	will	reduce	in	length	

upon	laser	severing.	Recent	work	by	Kassianidou	et	al.	(2017)	found	that	the	portion	of	a	stress	
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fibre	up	 to	 the	next	 focal	adhesion	will	 contract	upon	severing.	Based	on	 these	 findings,	 the	

experimental	contractile	stress	fibre	severing	results	I	use	to	validate	the	model	are	therefore	

relevant	to	this	moving	portion	of	the	fibre.	

	

The	 force	 related	 investigations	herein	assume	 that	 forces	can	be	passed	 from	one	end	of	a	

contractile	 fibre	 to	 another,	 which	 is	 a	 common	 assumption	 for	 apical	 epithelial	 contractile	

fibres	(see	Chapter	3).	Although,	contractile	stress	fibres	have	focal	adhesions	spaced	along	the	

length	of	the	fibre,	this	assumption	still	holds	for	them,	as	traction	force	microscopy	experiments	

(Kassianidou	et	al.	2017)	suggest	that	stress	fibres	do	not	apply	significant	forces	to	the	substrate	

along	their	length,	only	the	ends.	

 

 

Series	Model	

I	developed	a	model	based	on	the	Russell	et	al.	(2009)	contractile	unit	mechanics	description	

where	 contractile	 units	 resist	 tension	 via	 an	 elastic	 response	 and	 have	 internally	 mediated	

contraction	(or	length	reduction),	with	these	two	mechanisms	combining	in	series.	These	two	

mechanisms	were	 interpreted	via	a	combined	elastic	and	contractile	mechanism	as	shown	in	

Figure	4.2A.	I	assumed	that	the	elastic	component	of	this	mechanism	had	a	linear	force	versus	

strain	relationship,	with	a	definition	of	strain	as	shown	in	Equation	4.2.	This	representation	of	

the	elastic	nature	of	 contractile	units	was	based	on	experimental	work	 (Deguchi	et	al.	2006,	

Matsui	et	al.	2009,	Matsui	et	al.	2013),	and	was	also	applied	in	Kaunas	et	al.	(2011).	

	

Similarly	to	Kaunas	et	al.	(2011),	I	considered	that	the	contractile	component	shown	in	Figure	

4.2A	 acts	 to	 reduce	 the	 minimum	 length	 of	 each	 contractile	 unit.	 This	 represented	 the	

progressive	movement	of	myosin	along	 the	actin	 filaments	of	 contractile	units.	 In	 a	physical	

sense,	the	myosin	in	a	contractile	unit	takes	steps	along	the	actin	filaments.	If	the	actin	filaments	

are	 fixed	 at	 each	 end,	 these	 steps	 pull	 the	 actin	 filaments	 into	 tension.	 From	 a	 theoretical	

perspective,	this	tension	is	mediated	by	a	shortening	of	the	length	from	which	strain	is	calculated	

(typically	called	the	unstrained	or	initial	length),	while	the	overall	length	of	the	actin	filaments	

remains	the	same.	For	a	contractile	unit,	this	concept	was	applied	as	in	Equation	4.2,	where	the	

contractile	unit	minimum	length, ,	represented	the	length	from	which	strain	was	calculated	

and	could	shorten	due	myosin	contractile	activity.	

	

minL
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To	govern	how	myosin	movement	 reduced	 the	 values	of	 each	 contractile	unit,	 I	 used	a	

common	linear	external	tension	versus	recoil	contractile	relationship	(Besser	and	Schwarz	2007,	

Stachowiak	and	O'Shaughnessy	2009,	Kaunas	et	al.	2011),	which	 is	shown	 in	Figure	4.2B	and	

represented	by	Equation	4.3.	The	relationship	originates	from	experimental	muscle	contractile	

fibre	 literature	(Hill	1938),	though	has	also	been	experimentally	shown	for	non-muscle	stress	

fibres	(Thoresen	et	al.	2011).	In	the	relationship,	the	rate	of	contraction	depends	on	the	external	

load	applied	to	each	contractile	unit.	At	zero	 load,	the	contractile	unit	 reduces	 in	 length	at	a	

maximum	rate.	The	contraction	rate	then	decreases	with	 increasing	 load	until	a	stall	 force	 is	

reached,	 at	 which	 the	 contractile	 unit	 no	 longer	 contracts.	 In	 our	model,	 the	 external	 load	

represents	forces	applied	by	neighbouring	contractile	units.	

	

The	viscous	nature	of	 the	cytoplasm	can	apply	drag	 forces	 to	objects	 that	are	moving	within	

cells.	I	included	these	drag	forces	in	this	contractile	unit	mechanics	description.	As	the	drag	is	

caused	by	viscous	forces,	it	is	represented	by	a	viscous	(or	damping)	element	in	parallel	to	the	

spring	and	contractile	mechanism	(Figure	4.2A).	Viscous	forces	are	commonly	assumed	to	occur	

in	mechanical	systems	at	all	length	scales	(White	and	Corfield	2006),	including	on	the	scale	of	

cells	(Gray	and	Hancock	1955),	stress	fibres	(Stachowiak	and	O'Shaughnessy	2009)	and	proteins	

(Coffey	 and	 Kalmykov	 2012).	 It	 is	 generally	 accepted	 that	 at	 such	 length	 scales,	 the	 ratio	 of	

inertial	to	viscous	forces	(the	Reynold’s	number)	is	very	small.	This	means	that	viscous	forces	

dominate	 the	 system	 (Purcell	 1977,	 White	 and	 Corfield	 2006)	 and	 inertial	 forces	 can	 be	

considered	 as	 negligible.	 Some	 other	 contractile	 unit	 models	 (Russell	 et	 al.	 2009)	 have	

considered	 the	 initial	 response	 of	 pre	 strained	 stress	 fibre	 length	 reduction	 to	 be	 nearly	

instantaneous.	However,	some	time	dependence	can	be	seen	in	pre	strained	contractile	fibre	

initial	length	reduction.		This	time	dependence	is	demonstrated	in	Figure	4.1C,	where	the	initial	

response	takes	approximately	1-2	seconds.	I	would	expect	that	a	purely	elastic	response	would	

appear	 instantaneous	on	the	time	scales	of	contractile	 fibre	 length	reduction.	Therefore,	 the	

system	appears	to	have	some	time	dependence,	which	I	consider	to	be	caused	by	drag	on	each	

contractile	unit.	

	

In	 the	 series	model,	 the	 drag	 forces	 are	 caused	 by	 the	 viscosity	 of	 the	 cytoplasm.	 They	 are	

therefore	taken	as	relative	to	the	environment.	It	is	noted	that	various	models	of	stress	fibres	

have	also	used	a	viscous	element	to	represent	 internal	resistance	(Besser	and	Schwarz	2007,	

Stachowiak	and	O'Shaughnessy	2009).	An	internal	viscous	element	would	represent	some	time	

dependence	coming	from	the	movement	of	the	stress	fibre	itself	(material	time	dependence)	

minL
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rather	 than	 drag	 caused	 by	 viscosity	 of	 the	 cytoplasm.	 Either	 of	 these	 approaches	 would	

introduce	time	dependence	into	the	series	model.	

	

With	the	inclusion	of	all	assumptions	outlined,	the	complete	Equation	of	Motion	for	a	model	

node	was:	

	

𝑥) =
+
T

NYWNYbcWBXYS,Ybc,Y
BXYS,Ybc,Y

+ +
T

NYdcWNYWBXYS,Y,Ydc
BXYS,Y,Ydc 	 4.2	

	

where	 	is	contractile	unit	stiffness	and	 is	the	minimum	length	of	each	contractile	unit.	

This	was	based	on	treating	the	force	(𝐹)WI,))	or	tension	(𝑇)WI,))	produced	by	each	contractile	unit	

as:	

	

𝐹)WI,) = 𝑇)WI,) = 𝐾 NYWNYbcWBXYS,Ybc,Y
BXYS,Ybc,Y

.	 4.3	

	

The	tension	versus	contraction	velocity	relationship	from	Figure	4.2B	was	then	described	via:	

	

𝐹)WI,) = 𝑇)WI,) = − ghijkk
lXjm

𝐿[\],)WI,) + 𝑉LMN	 4.4	

	

where	 𝐿[\],)WI,) = − 𝑥) − 𝑥)WI ,	 is	 the	 maximum	 velocity	 of	 contractile	 unit	 length	

reduction	and	 	is	the	stall	force	(external	tension	force	at	which	a	contractile	unit	can	no	

longer	 contract).	 This	 equation	 was	 applied	 when	 the	 fibre	 was	 reducing	 in	 length	 due	 to	

contractile	unit	length	reduction	only,	i.e.:		

	

0 < 𝐿[\],)WI,) < 𝑉LMN.	 4.5	

	

In	this	scenario,	a	reduction	in	contractile	unit	length	led	to	a	reduction	in	the	minimum	length	

of	the	unit:	

	

𝐿L)],)WI,) = 𝐿E\],)WI,).	 4.6	

	

I	introduced	this	equation	(4.5)	and	the	deffinition	of	tension	(Equation	4.3)	into	equation	(4.4)	

and	rearranged	to	obtain:	

	

𝐿L)],)WI,) =
lXjm
ghijkk

𝑉LMN − 𝐾
NYWNYbcWBXYS,Ybc,Y

BXYS,Ybc,Y
.	 4.7	

K minL

maxV

StallT
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Figure	 4.2:	 Series	 model	 information.	 A)	 Series	 contractile	 unit	 mechanics	 description.	
Connected	 circles	 represent	 contractile	 element.	 B)	 Linear	 external	 tension	 versus	 recoil	
relationship	for	contractile	unit	length	reduction.	V	is	the	unit	contraction	velocity,	 is	the	
maximum	velocity	of	contractile	unit	length	reduction,	T	is	the	tension	which	the	unit	is	under,	
and	𝑇1	is	external	tension	force	at	which	a	contractile	unit	can	no	longer	contract,	referred	to	
herein	as	𝑇p`Mqq.	C)	Experimental	net	contraction	distribution	of	contractile	units	during	stress	
fibre	laser	severing	response	(distribution	from	Russell	et	al.	(2009)).	Here	the	y	axis	represents	
the	number	of	contractile	units	in	a	single	fibre	which	underwent	the	corresponding	x	axis	net	
contraction	upon	laser	severing	of	the	fibre.	Net	contraction	is	defined	as	the	change	in	length	
of	the	contractile	unit	from	its	pre	ablation	strained	state,	to	its	post	ablation	relaxed	state.	
	

	

As	in	Russell	et	al.	(2009),	the	series	model	included	an	impenetrable	barrier	for	each	contractile	

unit.	This	barrier	stops	the	minimum	length	of	each	contractile	unit	from	reducing	at	a	specific	

value	(refer	Figure	4.2A).	Herein,	this	is	referred	to	as	the	stop	length.	

	

The	contractile	unit	length	distributions	from	Russell	et	al.	(2009)	are	included	by	allocating	each	

contractile	 unit	 a	 simulation	 specific	 individual	 initial	 and	 stop	 length.	 These	 lengths	 were	

determined	 from	 the	 experimental	 sarcomere	 length	 distributions	 provided	 in	 Russell	 et	 al.	

(2009),	 specifically:	 the	Gaussian	 contractile	 unit	 length	 distribution	 of	 contractile	 units	 in	 a	

strained	state,	the	Gaussian	distribution	of	the	contractile	units	at	their	stopped	(final)	length,	

and	the	net	length	reduction	distribution	of	contractile	units	over	the	laser	severing	response	

(Figure	4.2C).	Each	contractile	unit	was	allocated	an	initial	length	and	a	retraction	distance	from	

the	appropriate	distributions,	with	an	additional	constraint	that	the	final	contractile	unit	length	

(initial	minus	retraction	distance)	had	to	be	within	the	stopped	length	distribution.		

	

The	series	model	was	solved	in	Matlab	via	custom	written	code	by	applying	the	Explicit	Euler	

Method	to	both	Equation	4.2	and	Equation	4.3.	Stop	lengths	were	applied	as	a	constraint	upon	

Equation	 4.3.	 Unless	 otherwise	 stated	 initial	 contractile	 unit	 strains	 were	 assumed	 to	 be	 at	

steady	 state	 ( ).	 To	 represent	 fibre	 connections,	 the	 nodes	 at	 either	 end	 of	 the	

maxV

StallTT =
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contractile	fibre	were	assumed	to	be	fixed.	Laser	severing	of	a	contractile	fibre	was	simulated	

by	removal	of	a	contractile	unit	in	the	fibre.	Based	on	analysis	on	both	contractile	fibre	length	

reduction	data	and	associated	cell	images	(Russell	et	al.	2009),	the	length	reduction	portion	of	

the	 contractile	 fibre	 was	 assumed	 to	 have	 20	 contractile	 units.	 Specifically,	 the	 number	 of	

contraction	units	in	the	cell	images	were	counted	manually,	and	then	the	predicted	distribution	

of	 the	 series	model	 fibre	 at	 appropriate	 numbers	 of	 contractile	 units	was	 contrasted	 to	 the	

experimental	data	from	Russell	et	al.	(2009).	The	number	of	contractile	units	that	lead	to	the	

most	appropriate	alignment	with	the	Russell	et	al.	(2009)	experimental	data	was	then	selected.	

	

	

Series	Model	Parameters	

The	series	model	had	four	parameters:	the	stiffness	 ,	the	external	drag	𝜇,	the	stall	force 	

,	and	the	maximum	contractile	units	retraction	velocity	 .	I	used	experimentally	appropriate	

values	for	all	of	these	parameters.	To	find	these	values	I	 first	set	the	stiffness	to	49	 as	 in	

Kaunas	 et	 al.	 (2011)	 (which	 was	 based	 on	 experiments	 in	 Deguchi	 et	 al.	 (2006)).	 I	 then	

determined	 appropriate	 stall	 force	 (7.5 ),	 maximum	 contractile	 unit	 retraction	 velocity	

(0.018 )	 and	 external	 drag	 (0.12	 )	 values	 to	 match	 the	 model	 to	 the	

experimental	data	from	Russell	et	al.	(2009).	

	

The	7.5	 	stall	force	fitted	well	within	the	5-15	 	range	found	by	Balaban	et	al.	(2001),	and	

was	 very	 similar	 to	 the	 10	 	 found	 by	Deguchi	 et	 al.	 (2005).	 The	 0.018	 	maximum	

retraction	velocity	was	within	the	0.0099	±	0.01 	(mean	±	one	standard	deviation)	range	

found	 in	 Russell	 et	 al.	 (2009).	 As	 in	 Stachowiak	 and	 O'Shaughnessy	 (2009),	 I	 can	 relate	 the	

external	drag	of	a	cylindrical	contractile	unit	to	cytoplasmic	viscosity	(see	Appendix	B.1	Appendix	

Methods).	Via	this	method,	our	external	drag	value	can	be	converted	into	a	cytoplasmic	viscosity	

of	 895	 .	 This	 value	 fits	 well	 within	 the	 100	 –	 1000	 	 cytoplasmic	 viscosity	 range	

predicted	 by	 experiments	 (Valberg	 and	 Feldman	 1987,	 Bausch	 et	 al.	 1999,	 Stachowiak	 and	

O'Shaughnessy	2009).	
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Parallel	Model	

To	 ensure	 that	 any	 spatial	 length	 representation	 findings	were	 not	 solely	 due	 to	 the	model	

choice,	 I	 also	 implemented	 the	 Stachowiak	 and	 O'Shaughnessy	 (2009)	 model,	 which	 has	 a	

contractile	 element	 in	 parallel	 with	 an	 elastic	 element	 (refer	 Figure	 4.3	 for	 contractile	 unit	

representation).	 The	 contractile	 element	of	 this	model	 followed	 the	 same	 linear	 contraction	

velocity	versus	external	load	relationship	as	the	series	model	(Figure	4.2B).	The	parallel	model	

elastic	element	had	two	stages,	with	large	elastic	forces	at	larger	contractile	unit	lengths,	which	

then	 rapidly	 decrease	 and	 become	 negative	 at	 smaller	 sarcomere	 lengths.	 This	 model	 also	

included	both	external	and	internal	viscous	forces	which	are	relative	to	the	environment	and	

the	 movement	 of	 each	 contractile	 unit	 respectively,	 and	 applied	 the	 same	 overdamped	

assumption	as	the	series	model.	With	all	these	included	the	final	equation	of	motion	was:	

	

𝑥) 𝜇rN` + 2𝜐Lu\ + 2𝜇)]` + 𝑥)WI −𝜐Lu\ − 𝜇)]` + 𝑥)aI −𝜐Lu\ − 𝜇)]` = −𝑓)WIw + 𝑓)WIw − 𝐹)WI,)rqMw + 𝐹),)aIrqMw 		 4.8	

	

𝐹)WI,)rqMw = 𝑘I 𝑥) − 𝑥)WI − 𝑥)WI,)[\qq − 𝑓𝑠														𝑥) − 𝑥)WI ≥ 𝑥)WI,)∗ 	 4.9	

𝐹)WI,)rqMw = 𝑘- 𝑥) − 𝑥)WI − 𝑓𝑠																												𝑥) − 𝑥)WI < 𝑥)WI,)∗ 	 4.10	

𝑥)WI,)∗ =
𝑓𝑠+|cNYbc,Y

QRkk

|cW|}
	 4.11	

	

where	 𝜇rN`	 is	 external	 viscosity,	 𝜐Lu\	 is	 the	 slope	 of	 the	myosin	 contraction	 velocity	 versus	

external	tension	relationship,		𝜇)]`	is	the	internal	viscosity,	𝑓w	is	the	stall	force	of	contractile	unit	

contraction,			𝐹rqMw	is	the	elastic	force	applied	by	contractile	units	to	the	node,	𝑘I	is	the	tension	

element	spring	constant	for	smaller	contractile	unit	lengths,	𝑥[\qq 	is	the	minimum	length	of	each	

contractile	unit	and	𝑘-	is	the	tension	element	spring	constant	for	longer	contractile	units.	

	

 	



 63 

	
Figure	4.3:	Parallel	model	contractile	unit	mechanics	description.	

	

The	same	contractile	unit	 length	methods	were	applied	as	 for	the	series	model.	The	average	

contractile	 unit	 lengths	 for	 all	 distributions	were	 taken	 from	 Stachowiak	 and	O'Shaughnessy	

(2009),	while	the	standard	deviations	were	taken	from	Russell	et	al.	(2009).	Boundary	conditions	

and	the	introduction	of	laser	severing	were	as	per	the	series	model.	Parameters	were	taken	from	

Stachowiak	and	O'Shaughnessy	(2009),	and	are	shown	in	Table	4.1.	The	model	was	solved	using	

Matlab,	with	an	Explicit	Euler	Method	for	the	time	stepping	and	the	Matlab	backslash	operate	

used	to	obtain	the	velocities	of	each	node	at	every	time	step.	
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Parameter	 Symbol	 Value	

External	viscosity	 𝜇rN`	 5.3	pN.s/µm	

Slope	of	the	myosin	

contraction	velocity	

versus	external	

tension	relationship	

𝜐Lu\	 28	pN.s/µm	

Internal	viscosity	 𝜇)]`	 5.0	pN.s/µm	

Stall	force	of	

contractile	unit	

contraction	

𝑓w	 17	pN	

Tension	element	

spring	constant	for	

smaller	contractile	

unit	lengths	

𝑘I	 500	pN/	µm	

Minimum	length	of	

each	contractile	unit	
𝑥[\qq 	 0.62	µm	

Tension	element	

spring	constant	for	

longer	contractile	

units	

𝑘-	 4	pN/	µm	

Table	4.1:	Parameters	used	in	parallel	model.	Parameters	and	associated	values	were	taken	
from	Stachowiak	and	O'Shaughnessy	(2009).	
	

	

4.3	Results	

	

The	reproduction	of	the	severed	contractile	fibre	movement	by	the	series	model	 is	shown	in	

Figure	4.4.	Here	I	have	compared	the	model	to	experimental	stress	fibre	data	taken	from	Russell	

et	 al.	 (2009).	 Figure	 4.4A	 shows	 that	 the	 series	 model	 can	 quantitatively	 reproduce	 the	

experimental	movement	 of	 the	 total	 severed	 contractile	 fibre,	 including	 both	 the	 initial	 and	

longer	time	response.	Figure	4.4B	demonstrates	the	model	can	also	reproduce	the	two	phase	

response	of	individual	contractile	units	as	in	Russell	et	al.	(2009).	For	Figure	4.4B,	I	selected	a	

contractile	unit	that	had	a	similar	length	reduction	as	the	representative	contractile	unit	from	

Russell	et	al.	(2009),	which	resulted	in	a	quantitatively	accurate	match.	
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Figure	4.4:	Series	model	reproduction	of	experimental	dataset.	Experimental	data	is	shown	in	
black,	 and	model	 is	 grey.	A)	 Total	 stress	 fibre	 length	 reduction.	B)	 Individual	 contractile	unit	
movement.	Both	model	and	experimental	data	have	been	normalised	to	the	initial	contractile	
unit	 length	and	end	of	 contraction	phase	 respectively	 (experimental	 data	 from	Russell	 et	 al.	
(2009)).	
	

	

In	addition	to	reproducing	the	experimental	severed	contractile	fibre	length	change,	the	series	

model	 can	 internally	 generate	 the	necessary	pre	 strain	 to	 reproduce	 the	 severed	 contractile	

fibre	response.	This	is	shown	in	Figure	4.5,	where	the	contractile	fibre	starts	at	zero	strain,	moves	

to	a	pre	strained	steady	state,	and	then	finally	reproduces	the	length	reduction	upon	severing.	

	

	
Figure	4.5:	Series	model	reproduction	of	both	initial	strain	development	and	contractile	fibre	
response	to	severing.	Model	and	experiment	are	shown	in	grey	and	black	respectively.	
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Contractile	Fibre	Mechanisms	from	Contractile	Unit	Description	

Using	the	series	model,	I	investigated	how	the	individual	contractile	unit	mechanics	combined	

to	cause	the	both	the	contractile	fibres	overall	movement	and	the	forces	produced	its	end.	The	

model	results	presented	are	representative	for	all	stress	fibre	length	distributions.	The	model	

indicated	 that	 stress	 fibres	 have	 both	 tension	 and	 contraction	 mediated	 length	 reduction	

mechanisms.	 The	 tension	 mechanism	 is	 defined	 as	 length	 reduction	 caused	 by	 the	 fibre	

attempting	 to	 reduce	 any	 tensile	 (or	 stretching)	 force	 by	 returning	 to	 its	 minimum,	 or	

unstrained,	length.	The	contraction	mechanism	is	defined	as	length	reduction	due	to	the	myosin	

motor	 motion	 walking	 along	 actin	 filaments	 and	 causing	 a	 minimum	 length	 reduction	 of	

individual	contractile	units.	

	

The	relative	rates	of	contractile	fibre	 length	reduction	caused	by	the	tension	and	contraction	

mechanisms	are	shown	in	Figure	4.6B.	This	figure	shows	that	the	initial	contractile	fibre	length	

change	 is	 completely	 driven	 by	 the	 tension	mechanism.	 This	 tension	mechanism	 drives	 the	

contractile	fibre	length	reduction	until	approximately	two	seconds.	The	tension	and	contraction	

mechanisms	then	drive	about	the	same	amount	of	length	reduction	until	three	seconds,	after	

which	the	recoil	of	the	contractile	fibre	is	driven	by	the	contraction	mechanism.	The	impact	of	

the	two	mechanisms	on	the	length	reduction	of	the	contractile	fibre	can	be	seen	in	Figure	4.6E.	

The	initial	fast	response	is	driven	by	the	tension	mechanism,	and	then	the	slower	longer	time	

response	is	driven	by	the	contraction	mechanism.	

	

How	individual	contractile	units	drive	the	tension	mechanism	can	be	seen	in	Figure	4.6A.	This	

figure	 shows	 that	 the	 initial	 contractile	 fibre	 tension	 driven	 response	 is	 the	 result	 of	 each	

contractile	 unit	 reducing	 its	 tension	 to	 approximately	 0.4 .	 The	 figure	 also	 shows	 that	

contractile	units	close	to	the	severed	edge	 location	drop	 in	tension	much	faster	than	others,	

with	the	rate	of	tension	drop	reducing	with	distance	from	the	cut	location.		

	

As	shown	 in	Figure	4.6C,	 the	contraction	mechanism	 is	caused	by	 individual	contractile	units	

reducing	in	length	via	contraction.	As	the	initial	contractile	unit	tension	drops,	each	contractile	

unit	starts	to	contract.	When	contractile	units	hit	their	final	length,	their	contraction	rate	goes	

to	zero.	I	can	see	that	as	each	contractile	units	hits	its	stop	length,	there	are	corresponding	drops	

in	the	total	contraction	mediated	contractile	fibre	retraction	rate	(Figure	4.6B)	and	the	tension	

of	all	contractile	units	in	the	fibre	(Figure	4.6A).	As	the	number	of	contractile	units	at	stop	length	

nN
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increases,	the	length	reduction	of	the	contractile	fibre	slows	down.	When	all	contractile	units	

have	stopped	contracting,	the	contractile	fibre	also	stops	reducing	in	length.	

	

During	the	contraction	mediated	contractile	fibre	length	reduction,	there	is	a	variation	in	tension	

across	the	contractile	units,	with	those	closest	to	the	cut	having	much	lower	tension	than	those	

further	away	(Figure	4.6A).	This	difference	in	tension	between	adjacent	contractile	units	is	larger	

closer	the	cut,	with	those	far	from	the	cut	showing	minimal	differences	in	tension.	Throughout	

the	contraction	mediated	contractile	fibre	length	reduction,	the	tension	in	all	contractile	units	

drops	significantly	from	approximately	six	percent	of	the	pre	severing	tension	to	zero	tension	at	

the	end.	

	

In	Figure	4.6C,	contractile	units	closer	to	the	severed	edge	have	faster	contraction	rates	than	

those	 further	 from	 the	 cut.	 These	 faster	 contraction	 rates	 correspond	 to	 the	 lower	 tension	

values	in	contractile	units	closer	to	the	cut.	As	the	tension	of	all	contractile	units	in	the	fibre	drop	

during	contraction	mediated	length	reduction,	any	contractile	units	still	contracting	increase	in	

speed.	

	

Figure	4.6D	shows	the	movement	of	contractile	unit	end	points	relative	to	the	environment.	In	

this	Figure,	the	ends	of	contractile	units	closest	to	cut	move	fastest,	with	these	rates	decreasing	

with	distance	along	 the	 fibre.	As	 individual	contractile	units	 stop	contracting,	 their	 two	ends	

move	at	approximately	the	same	rate	for	the	remainder	of	the	contractile	fibre	length	reduction.	

Additionally,	 if	 adjacent	 contractile	 units	 are	 no	 longer	 contracting,	 whole	 portions	 of	 the	

contractile	fibre	move	at	approximately	the	same	rate.	
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Figure	 4.6:	 Relationship	 between	 contractile	 fibre	 and	 contractile	 unit	 movement	 and	
mechanisms	using	the	series	model	upon	simulated	fibre	severing	at	1	second.	Contractile	unit	
location	is	represented	by	shades	of	grey,	with	light	grey	representing	contractile	units	close	to	
the	severing	location	and	black	contractile	units	next	to	fixed	end.	Solid	lines	represent	break	
between	left	or	right	y	axes.	Data	to	the	left	and	right	of	line	use	left	and	right	axes	respectively.	
A)	Tension	that	individual	contractile	units	are	under	during	contractile	fibre	length	reduction.	
B)	Rate	of	overall	contractile	fibre	length	reduction	by	driving	mechanism.	Tension	mechanism	
is	the	length	reduction	caused	by	the	fibre	attempting	to	reduce	any	tensile	(or	stretching)	force	
by	returning	to	its	minimum,	or	unstrained,	length.	Contraction	mechanism	is	length	reduction	
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due	to	the	myosin	motor	motion	walking	along	actin	filaments	and	causing	a	minimum	length	
reduction	of	 individual	contractile	units.	Overall	contraction	mechanism	rate	is	the	sum	of	all	
contractile	unit	recoil	rates,	and	overall	tension	rate	is	the	difference	between	contractile	fibre	
length	 reduction	 rate	 and	 total	 overall	 contraction	 rate.	C)	 Individual	 contractile	 unit	 length	
reduction	rates	due	to	contraction	mechanism.	D)	Rates	that	the	connection	points	between	
individual	contractile	units	(cross	linking	regions)	move	as	the	fibre	recoils.	Light	grey	lines	with	
high	recoil	rates	represent	connections	close	to	the	fibre	cut	point.	E)	Overall	contractile	fibre	
length	reduction.		
	

	

Impact	of	Contractile	Units	Length	Reduction	Distribution	

	

Series	Model	

I	investigated	the	impact	of	the	experimental	contractile	unit	length	distributions	on	the	series	

model.	The	length	distributions	led	to	a	variation	of	model	solutions,	refer	to	Figure	4.7,	which	

shows	the	spread	of	solution	which	occurred	from	seventy	simulations.	During	tension	mediated	

contractile	 fibre	 length	 reduction,	 all	model	 solutions	 had	 the	 same	 result,	 though	once	 the	

contraction	mediated	 length	 reduction	starts	 (approximately	0.5	seconds	after	 severing),	 the	

solutions	start	to	differ.	At	the	end	of	the	severing	response	(approximately	25	seconds),	the	

contractile	unit	length	variation	caused	a	five	percent	standard	deviation	error	on	the	contractile	

fibre	length	reduction.	This	is	the	error	of	the	distribution	obtained	from	combining	all	seventy	

simulations	length	reductions	at	25	seconds.		

	

	
Figure	4.7:	Impact	of	contractile	unit	length	distributions	on	series	model	predicted	contractile	
fibre	response,	showing	spread	of	model	predicted	distributions	using	contractile	unit	 length	
distributions.	Experimental	results	from	Russell	et	al.	(2009)	in	black,	spread	of	simulations	in	
grey.	
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Figure	4.8	shows	the	contractile	 fibre	 length	reduction	of	six	representative	simulations.	This	

figure	demonstrates	that	the	shape	of	the	contraction	mediated	length	reduction	depends	on	

the	 contractile	 unit	 lengths	 taken	 from	 the	 associated	 length	 distributions	 (such	 as	 net	

contraction	 length	 shown	 in	 Figure	 4.2C).	 The	 shape	 dependence	 of	 the	 contractile	 fibre	

contraction	 mediated	 length	 reduction	 fits	 with	 the	 reduction	 in	 individual	 contractile	 unit	

length	reduction	recoil	rate	and	the	total	fibre	recoil	rate	reduction	shown	in	Figure	4.6	C	and	B	

respectively.	 As	 individual	 contractile	 units	 reach	 their	 stop	 length,	 the	 recoil	 rate	 of	 the	

contractile	 fibre	 slows	 abruptly,	 leading	 to	 the	 gradient	 changes	 of	 contractile	 fibre	 length	

reduction	shown	in	Figure	4.8.		
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Figure	4.8:	Contractile	unit	length	reduction	upon	simulated	laser	severing	of	six	representative	
fibres,	 showing	 contractile	 unit	 length	 distribution	 of	 each	 simulation.	 A)	 Contractile	 fibre	
response	to	laser	severing.	Black	line	is	experimental	data	taken	from	Russell	et	al.	(2009),	and	
grey	is	model	simulation.	B)	Corresponding	contractile	unit	lengths	pre	(above)	and	post	(below)	
each	severing	simulation.	
	

	

Parallel	Model	

The	 contractile	 unit	 length	 distributions	 were	 also	 introduced	 into	 the	 parallel	 model	 from	

Stachowiak	and	O'Shaughnessy	(2009).	These	distributions	led	to	a	similar	variation	of	responses	

as	the	series	model	(refer	to	Appendix	B.2	Appendix	Results).	
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Impact	of	Contractile	Unit	Number	on	Contractile	Fibre	Retraction	

I	 varied	 the	 number	 of	 contractile	 units	 in	 the	 severed	 portion	 of	 the	 simulated	 fibre	 to	

investigate	any	 impact	on	the	contractile	 fibres	response	to	severing.	This	can	be	considered	

analogous	to	varying	the	length	of	the	cut	contractile	fibre.	As	can	be	seen	in	Figure	4.9,	as	the	

number	of	contractile	units	 is	 reduced,	 there	 is	a	corresponding	decrease	 in	contractile	 fibre	

length	 reduction	 upon	 severing.	 The	 magnitude	 of	 the	 decrease	 in	 contractile	 fibre	 length	

reduction	due	to	exclusion	of	a	contractile	unit	depends	on	the	net	length	reduction	distance	

for	 that	 contractile	 units,	 which	 is	 shown	 in	 Figure	 4.2C.	 This	 distribution	 had	 a	 mean	 and	

standard	 deviation	 of	 0.28	 and	 0.11	 microns	 respectively,	 which	 matches	 the	 incremental	

increases	in	the	fibre	length	reduction	as	new	contractile	units	are	added	(refer	Figure	4.9A).	

Additionally,	as	the	number	of	contractile	units	are	reduced,	there	is	a	sharper	transition	from	

the	initial	fast	fibre	movement	to	the	longer	contraction	mediated	movement,	and	the	shape	of	

the	 longer	 term	 contraction	 response	 becomes	 less	 curved	 and	more	 a	 series	 of	 connected	

straight	lines.	

	

	

	
Figure	4.9:	 Impact	of	contractile	unit	number	and	initial	contractile	fibre	length	on	retraction	
distance	 upon	 laser	 severing.	 A)	 Change	 in	 severed	 contractile	 fibre	 length	 reduction	 with	
reducing	number	of	contractile	units.	Black	and	grey	are	experimental	results	and	simulations	
respectively.	Distribution	is	the	same	as	for	model	validation	in	Figure	4.4A.	First	simulation	has	
19	 contractile	 units,	 last	 simulation	 has	 1	 contractile	 unit.	B)	 Final	 severed	 contractile	 fibre	
length	reduction	versus	pre-cut	severed	portion	length	of	simulations	from	left	hand	figure.	
	

	

Impact	of	Contractile	Fibre	Length	on	Initial	Retraction	

I	analysed	the	impact	of	contractile	fibre	length	on	the	initial	tension	drop	of	the	fibre	due	to	

severing	(Figure	4.6A	first	3.5	seconds).	Fibre	length	was	increased	by	adding	contractile	units	

(with	the	heterogeneous	length	distribution).	As	shown	in	Figure	4.10,	I	found	that	increasing	

the	length	of	the	fibre	significantly	slowed	down	the	initial	tension	reduction	of	the	fibre.	
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Figure	4.10:	Relationship	between	contractile	fibre	length	and	initial	tension	response	of	fibre	
upon	severing.	A)	Tension	in	contractile	unit	next	to	end	of	fibre	over	time.	Curves	represent	
fibres	of	 increasing	 length.	Colour	 scale	 is	 light	grey	 to	black	being	 fibres	of	3	 to	35	microns	
respectively.	Colours	are	matched	to	those	in	B.	B)	Time	for	contractile	unit	next	to	end	of	fibre	
to	reduce	to	0.5	tension	(dashed	horizontal	line	in	A)	by	fibre	cut	section	length	prior	to	severing.	
Colours	same	as	those	in	A.	
	

	

Impact	of	Contractile	Unit	Length	Spatial	Heterogeneity	on	Contractile	Fibre	Retraction	

I	investigated	whether	contractile	unit	length	spatial	heterogeneity	had	an	impact	on	severed	

contractile	fibre	length	reduction	by	first	setting	up	a	simulation	with	longer	contractile	units	on	

the	 outside.	 I	 then	 ran	 thirty	 contrasting	 homogeneous	 simulations	 where	 these	 same	

sarcomere	lengths	were	randomly	rearranged	within	the	contractile	fibre.	As	shown	in	Figure	

4.11,	 there	 was	 very	 little	 difference	 between	 movement	 of	 contractile	 fibres	 with	

homogeneous	or	heterogeneous	contractile	unit	length	distributions.	

	

	
Figure	4.11:	Impact	of	contractile	unit	length	spatial	heterogeneity	on	severed	contractile	fibre	
length	 reduction.	 Grey	 region	 represents	 variation	 caused	 by	 running	 30	 simulations	 with	
random	reassignment	of	contractile	units	within	a	contractile	fibre.	Initial	distribution	had	larger	
contractile	units	on	the	outside	of	the	fibre.	
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Impact	of	Non	contracting	Contractile	Units	on	Contractile	Fibre	Force	Production	

To	investigate	the	impact	of	non-contracting	contractile	units	on	the	force	produced	at	the	end	

of	 contractile	 fibres,	 I	 ran	 simulations	 of	 contractile	 fibre	 force	 development	 with	 varying	

numbers	of	non-contracting	contractile	units.	I	found	that	only	one	actively	contracting	unit	is	

necessary	to	produce	the	force	which	fibres	apply	at	their	ends.	This	is	demonstrated	in	Figure	

4.12,	which	also	shows	that	the	time	required	for	a	 fibre	to	reach	 its	maximum	possible	end	

force	depends	on	the	number	of	actively	contracting	units	within	the	fibre.	

	

	
Figure	4.12:	 Impact	of	non-contracting	contractile	units	on	contractile	fibre	force	production.	
Black	and	grey	represent	force	produced	by	contractile	fibre	with	all	and	only	one	contractile	
unit	contracting	respectively.	
	

	

Contractile	Unit	Force	Variation	Impact	on	Contractile	Fibre	Force	Production	

I	used	the	series	model	to	investigate	the	force	at	the	end	of	contractile	fibres	when	additional	

contractile	unit	contraction	is	simulated	in	individual	contractile	units.	Based	on	the	assumption	

that	 increased	 myosin	 contraction	 was	 caused	 by	 myosin	 proteins	 applying	 force	 within	 a	

contractile	unit,	additional	contractile	unit	contraction	was	simulated	by	 increasing	their	stall	

force.	As	shown	in	Figure	4.13,	increasing	the	contraction	force	of	one	contractile	unit	lead	to	

the	same	final	force	as	when	all	contractile	units	have	 increased	contraction	force.	However,	

increasing	the	force	of	more	contractile	units	leads	to	faster	achievement	of	the	final	end	force.	
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Figure	4.13:	Impact	of	contractile	unit	force	variation	on	force	produced	at	ends	of	contractile	
fibre.	 Heavy	 black	 lines	 represent	 contractile	 fibre	 force	 produced	 with	 all	 contractile	 units	
contracting	with	a	stall	force	of	7.5	(lower	line)	and	7.875	(upper	line).	Thin	lines	show	increase	
in	force	over	time	as	individual	contractile	units	have	their	stall	force	increased	from	7.5	to	7.875	
at	zero	seconds.	Light	grey	to	black	thin	lines	represent	1,	2,	3,	4,	5,	10	and	15	contractile	units	
with	increased	stall	force.	
	

	

Contractile	Fibre	Relationship	Between	External	Load	and	Contraction	

I	investigated	the	impact	of	external	loading	conditions	by	simulating	different	amounts	of	force	

on	the	end	of	contractile	units.	I	considered	this	to	represent	the	varying	amount	of	force	that	

can	 be	 applied	 throughout	 the	 epithelium.	 As	 shown	 in	 Figure	 4.14,	 I	 found	 that	 the	 entire	

contractile	fibre	reproduces	the	same	linear	external	load	versus	contraction	relationship	as	was	

assumed	for	each	individual	contractile	unit.	The	external	force	of	the	entire	contractile	fibre	is	

quantitatively	the	same	as	for	each	contractile	unit,	though	the	contraction	rate	of	the	entire	

contractile	fibre	is	the	sum	of	contraction	rates	of	all	actively	contracting	contractile	units	within	

the	contractile	fibre.	

	

	

	
Figure	4.14:	Overall	contractile	fibre	force	versus	contraction	relationship.	
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4.4	Discussion	

	

In	this	chapter,	I	have	shown	that	the	series	contractile	fibre	model,	which	was	developed	based	

on	the	findings	of	Russell	et	al.	(2009),	can	reproduce	the	entire	stress	fibre	response.	This	is	the	

first	series	model	that	can	capture	known	stress	fibre	movements.	Additionally,	I	showed	that	

the	 series	 model	 could	 reproduce	 tension	 generation	 of	 the	 stress	 fibre	 as	 well,	 which	 is	

something	that	parallel	contractile	fibre	modelling	approaches	cannot	do.	Resultantly,	the	series	

contractile	fibre	model	that	I	developed	is	appropriate	for	investigations	of	general	contractile	

fibre	behaviour,	especially	under	conditions	with	external	tension	application,	such	as	occurs	for	

apical	epithelium	contractile	fibres.	As	the	series	contractile	fibre	model	is	based	more	on	the	

observed	mechanics	of	contractile	units,	it	can	also	utilise	experimentally	observed	parameters,	

making	 its	 results	more	 quantitatively	 accurate	 than	 parallel	 contractile	 fibre	models,	which	

require	a	higher	degree	of	fitting.	

	

The	series	contractile	model	here	builds	on	the	contractile	unit	mechanics	description	of	Russell	

et	 al.	 (2009)	 by	 adding	 a	 parallel	 viscous	 element	 to	 the	 contractile	 unit	 description,	

incorporating	 the	unit	description	 into	a	whole	contractile	 fibre	model,	 and	 including	both	a	

contractile	unit	minimum	length	reduction	mechanisms	and	a	linear	recoil	versus	external	load	

contractile	relationship.	I	note	that	another	series	contractile	fibre	model	has	been	developed	

in	Kaunas	et	al.	(2011),	which	was	used	to	look	at	the	interplay	between	tension	and	contraction	

of	stress	fibres	under	externally	applied	cyclical	load.		

	

Due	to	the	focus	of	the	Kaunas	et	al.	(2011)	model	on	cyclical	 load,	 it	did	not	include	viscous	

forces	(cytoplasmic	drag),	nor	contractile	unit	length	and	force	variations.	As	our	results	have	

shown,	the	inclusion	of	viscous	forces	is	necessary	to	be	able	to	accurately	describe	the	entire	

responses	of	severed	stress	fibres,	especially	the	initial	tension	response.	Due	to	the	relatively	

small	scale	of	cells	and	their	contractile	fibres,	external	viscous	forces	are	large	for	these	systems	

(Fletcher	 et	 al.	 2014),	 and	 therefore	 the	 inclusion	 of	 viscosity	 leads	 to	 a	 more	 realistic	

representation	of	their	biomechanics.	While	external	viscous	forces	have	been	incorporated	into	

parallel	stress	fibre	models	before	(Stachowiak	and	O'Shaughnessy	2009),	they	have	not	been	

used	with	series	descriptions,	nor	has	their	importance	to	accurately	capturing	series	description	

contractile	fibre	tension	responses	been	demonstrated.	As	also	shown	in	our	results,	contractile	

unit	length	and	force	variations	are	also	required	to	capture	both	the	amount	and	time	scales	of	

contractile	fibres	movement	both	upon	severing	and	in	general.	
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Our	results	indicated	that	the	incorporation	of	spatial	contractile	units	into	a	contractile	fibre	

description	leads	to	significant	changes	in	the	contractile	fibre	movement	upon	severing	and	in	

general,	regardless	of	whether	a	series	or	parallel	contractile	unit	mechanics	description	is	used.	

These	 fibre	movement	 changes	 are	 sufficiently	 large	 to	 impact	 apical	 epithelium	movement	

upon	 severing.	 Specifically,	 the	 initial	 time	 for	 contractile	 fibre	 tension	 to	 be	 dissipated	 is	

significantly	longer	and	depends	on	the	number	of	contractile	units;	the	amount	and	velocity	of	

fibre	 length	 change	 during	 contraction	 induced	 movement	 depends	 on	 the	 number	 of	

contractile	 units;	 and	 it	 takes	 time	 to	 re-establish	 fibre	 tension	 which	 also	 depends	 on	 the	

number	of	contractile	units.	

	

The	slowing	down	of	the	 initial	contractile	fibre	tension	response	 is	 important	for	epithelium	

modelling,	as	it	would	slow	down	the	response	of	the	epithelium	to	any	movement.	This	would	

slow	down	the	initial	response	of	an	epithelium	model	upon	laser	severing,	as	was	necessary	in	

the	model	used	in	Chapter	3.	Additionally,	the	slowing	down	of	tension	reduction	has	a	flow	on	

affect	to	the	contraction	induced	length	reduction	of	the	fibre.	As	the	tension	takes	longer	to	

reduce,	it	therefore	means	that	fibre	contraction	induced	length	reduction	starts	off	slower	as	

well,	 as	 each	 contractile	 unit	 is	 closer	 to	 its	 stall	 force	 and	 further	 away	 from	 its	maximum	

contraction	velocity.	

	

Finding	that	fibre	movement	and	tension	change,	and	associated	time	scales,	depends	strongly	

on	the	number	of	contractile	units	is	also	important	for	epithelium	modelling.	This	means	that	

the	mechanics	of	a	fibre	depends	on	its	length.	In	contrast	to	longer	fibres,	smaller	fibres	can	

release	tension	forces	(by	moving	to	their	minimum	length)	faster,	though	take	longer	to	move	

or	build	up	tension	due	to	myosin	mediated	 length	reduction	(which	reduces	their	minimum	

length	value).	Our	results	also	indicate	that	fibre	length	changes	impact	the	tension	release	of	

longer	contractile	fibres	more	strongly	than	for	shorter	fibres.	This	means	fibre	length	variation	

will	have	a	larger	impact	on	flatter	epithelia,	which	have	longer	length	fibres.	I	note	that	here	I	

have	only	looked	at	one	fibre,	while	epithelium	apical	movements	affect	a	large	number	of	fibres	

at	once,	essentially	increasing	the	effective	length	of	fibres	influenced	by	epithelium	movement.	

	

I	also	found	that	the	contractile	unit	length	variations	reported	in	Russell	et	al.	(2009)	had	an	

impact	 on	 the	 amount	 and	 speed	 of	 contractile	 fibre	 response.	 Specifically,	 these	 variations	

control	the	shape	of	the	curve	upon	laser	severing,	and	would	also	be	expected	to	impact	the	



 78 

qualitative	 shape	of	 general	 epithelium	movements.	 Russell	 et	 al.	 (2009)	 also	 found	 a	 lot	 of	

variability	 in	 the	 contractile	 unit	 length	 variations,	 which	 provides	 an	 explanation	 for	 the	

considerable	variability	seen	in	the	shape	of	contractile	fibres	response	to	laser	severing.	This	

contractile	 unit	 variation	would	 be	 expected	 to	 occur	 in	 every	 contractile	 fibre	 in	 the	 apical	

epithelium,	which	would	 result	 in	each	contractile	 fibre	having	 response	variability,	 and	also	

impact	 the	shape	of	 the	epithelia	 response	to	 laser	severing.	As	such,	contractile	unit	 length	

variations	are	a	likely	source	of	epithelium	laser	severing	response	variation	as	well.	

	

Contrasting	to	results	just	discussed,	our	findings	suggest	that	the	force	applied	by	a	fibre	at	its	

ends	does	not	depend	on	the	number,	or	spatial	location,	of	the	contracting	units.	Contrastingly,	

the	fibre	end	force	is	the	largest	force	produced	by	any	single	contracting	unit	within	the	fibre.	

In	 this	 case,	 contractile	units	producing	 lower	 levels	of	 force	 resist	 the	additional	 force	by	 a	

passive	tension	resistance,	rather	than	a	contraction	induced	tension	response.	The	number	of	

contractile	units	only	impacts	how	fast	the	fibre	can	achieve	maximum	force	application	during	

tension	 generation.	 This	 result	makes	 physical	 sense	 given	 that	 contractile	 fibres	 are	 a	 one	

dimensional	system.	It	does	however	raise	a	biological	question	as	to	why	cells	have	multiple	

contractile	units	all	applying	the	same	force.	

	

For	the	epithelium,	all	 fibres	applying	the	same	level	of	 force	supports	the	assumption	that	 I	

made	in	our	apical	epithelium	model	in	Chapter	3.	The	findings	of	this	chapter	may	also	provide	

guidance	that	the	kinking	seen	in	the	apical	epithelium	at	the	end	of	the	laser	severing	in	Chapter	

3	is	due	to	internal	cell	resistance,	though	more	investigation	of	this	is	needed.	

	

Our	 force	 investigations	 have	 also	 provided	 a	 contractile	 fibre	 scale	 force	 versus	 contractile	

relationship	that	has	been	directly	derived	from	an	experimentally	derived	spatial	contractile	

unit	description.	This	description	could	be	used	for	contractile	fibres	in	apical	epithelium	models,	

and	supports	the	tension	versus	contractile	velocity	recoil	relationship	used	in	Chapter	3.	I	note	

that	the	model	from	this	chapter	predicts	that	the	velocity	recoil	will	vary	between	contractile	

fibres	in	the	apical	epithelium	due	to	differences	in	the	number	of	contractile	units	they	contain	

(fibre	length).	

	

In	this	chapter,	I	have	demonstrated	a	contractile	fibre	model	derived	from	the	mechanics	of	

individual	contractile	units.	I	have	shown	that	this	model	is	appropriate	for	tension	applications,	

such	as	in	the	apical	epithelium,	and	captures	experimentally	observed	stress	fibre	behaviour.	
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Investigations	utilising	this	model	have	provided	interesting	observations	related	to	epithelium	

movement,	which	are	also	applicable	to	contractile	 fibres	 in	 individual	 cells	 (Kassianidou	and	

Kumar	 2015),	 Kassianidou	 et	 al.	 (2017).	 Importantly,	 through	 our	 contractile	 unit	

implementation,	 I	 have	 demonstrated	 that	 both	 fibre	 spatial	 length,	 and	 associated	

heterogeneity,	 significantly	 impact	 contractile	 fibre	 movement.	 I	 have	 also	 provided	 an	

indication	that	pre	mature	stopping	of	cell	edges	upon	laser	severing	of	the	apical	epithelium	

may	be	due	 to	 internal	 cell	 resistance.	 Finally,	our	 contractile	unit	based	 investigations	have	

indicated	a	whole	fibre	scale	relationship	that	can	represent	apical	epithelium	fibre	mechanics.	
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5.	Results:	Impact	of	local	apical	cell	edge	severing	

on	cell	shape,	volume	and	surface	area	
	

5.1	Introduction	

	

This	 chapter	develops	an	experimental	approach	 to	visualise	 the	 three-dimensional	 shape	of	

individual	Drosophila	wing	disc	columnar	epithelial	cells,	and	apply	laser	severing	to	the	apical	

cell	edges	of	the	contractile	cross	section.	Initially,	this	approach	is	used	to	investigate	how	cell	

shapes	and	their	volume	and	surface	area,	vary	under	normal	conditions	and	upon	laser	severing	

of	nearby	apical	cell	edges.	The	approach	is	then	combined	with	genetic	inhibition	of	ROCK,	and	

subcellular	partitioning,	to	investigate	the	underlying	mechanisms	of	any	cell	shape	change	upon	

laser	severing.	

	

The	relevant	literature	for	this	chapter	is	reviewed	in	Chapter	2.9,	which	leads	to	the	following	

aims:	

	

1) Determine	an	experimental	approach	that	can	be	used	to	identify	the	entirety	of	individual	

columnar	cells	within	 the	epithelial	 sheet	and	apply	simple	apical	perturbations,	 such	as	

laser	severing,	to	them.	

	

2) Determine	whether	a	simple	apical	perturbation,	laser	severing	of	nearby	apical	cell	edges,	

can	be	used	to	study	complicated	three	dimensional	epithelial	cell		

	

3) Investigate	the	shape,	and	shape	variation,	of	 individual	cells	 in	the	columnar	epithelium	

under	normal	conditions	and	during	nearby	apical	edge	laser	severing	

	

4) Identify	 volume	 and	 surface	 area	 behaviour	 of	 columnar	 epithelial	 cells	 under	 normal	

conditions	and	during	nearby	apical	edge	laser	severing	

	

5) Investigate	 the	 impact	 of	 ROCK	 inhibition	on	 the	 volume	and	 surface	 area	behaviour	 of	

columnar	epithelial	cells	during	nearby	apical	edge	severing.	

	

6) Investigated	whether	there	is	sub	cellular	regional	variation	in	volume	and	surface	area	with	

individual	cells	under	normal	conditions	and	during	nearby	apical	edge	laser	severing	 	
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5.2	Methods	

	

Fly	Stocks	and	Genetics	

GFP-marked	clones	were	induced	in	flies	by	Flp-mediated	recombination	at	FRT	sites	(Pignoni	

and	 Zipursky	 1997)	 in	 hs-FLP/+;Act<CD2<GAL4,UAS-GFP/shg-GFP	 flies	 raised	 at	 25	 degrees	

Celsius.	The	shg-GFP	transgene	(BDSC	60584)	permitted	visualisation	of	the	apical	contractile	

network	 via	 fluorescently-tagged	 E-cadherin	 (Ecad-GFP).	 Rho/Rock	 pathway	 inhibition	 was	

achieved	 via	 Y27632	 a	 Rho-associated	 protein	 kinase	 inhibitor	 (Sigma	 Aldrich)	 at	 1mM	

concentration	after	an	incubation	time	of	40	minutes	(Ishizaki	et	al.	2000,	Farhadifar	et	al.	2007,	

LeGoff	et	al.	2013,	Diaz-de-la-Loza	et	al.	2018).	To	test	 the	 impact	of	Y27632	on	myosin,	 the	

myosin	expression	of	an	individual	discs	was	imaged	pre	and	post	Y27632	addition,	indicating	

that	at	40	minutes	the	inhibitor	had	a	significant	effect	on	myosin	localisation	(Appendix	Figure	

C.7).	

	

Live	Imaging	&	Laser	Severing	

Approximately	18	hours	prior	to	dissection,	larvae	were	heat	shocked	at	33	°C	for	30	minutes	in	

a	 water	 bath.	 Wing	 discs	 from	 third	 stage	 instar	 larvae	 were	 then	 dissected	 in	 Phosphate	

Buffered	 Saline	 (PBS).	 Wing	 discs	 were	 placed	 apical	 side	 up	 in	 wells	 on	 a	 Superfrost	 Plus	

adhesion	 slide	 (MENZEL-GÄSER),	 with	 120	 µm	 SecureSeal	 Spacers	 (Electron	 Microscopy	

Sciences),	and	covered	with	a	standard	cover	slip	(slide	system	shown	in	Appendix	Figure	C.1).	

Wells	contained	FM	4-64	Dye	at	10	µM	diluted	with	PBS.	Approximately	30	minutes	after	cover	

slipping,	wing	discs	were	imaged.	

	

Live	imaging	was	performed	on	a	Zeiss	multiphoton	scanning	microscope	(ZEISS	LSM710	NLO)	

using	a	NA	1.4	x63	oil	immersion	objective	or	a	Zeiss	LSM880	confocal	scanning	microscope	using	

a	NA	1.4	x63	oil	 immersion	objective.	Stacks	of	 images	were	obtained	using	0.62	µm	optical	

sections.	The	number	of	sections	 in	stacks	varied	depending	on	specific	sample,	 leaving	5-10	

stacks	above	and	below	columnar	epithelial	tissue.	Images	were	taken	with	512	x	512	resolution.	

Laser	power	was	set	based	on	the	deepest	image	required.	For	laser	severing,	dataset	stacks	of	

images	were	taken	approximately	5	minutes	apart.	Non-ablated	samples	were	imaged	at	this	

frequency	or	more	often.	The	error	of	the	live	cell	imaging	method	was	tested	by	imaging	two	

of	the	live	cells	at	approximately	2	minute	intervals	over	fifteen	minutes	combined,	which	gave	

a	normalised	live	cell	imaging	error	standard	deviation	(SD)	of	2.55.	These	cells	were	also	imaged	

over	longer	time	scales,	ensuring	that	they	were	not	undergoing	slow	volume	change.	
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Laser	severing	was	completed	in	multi-photon	mode	using	a	Tunable	Coherent	Chameleon	Ultra	

II	 One	 Box	 Titanium:sapphire	 laser	 source	 (Coherent,	 Santa	 Clara,	 CA).	 Apical	 cross	 section	

structure	was	 initially	determined	using	confocal	 illumination,	then	checked	via	multi-photon	

prior	to	severing.	Severing	was	completed	using	a	region	of	interest,	which	was	varied	depending	

on	the	sample.	Severing	was	conducted	at	approximately	600	mW	on	wavelength	780	nm	(König	

et	al.	1999)	at	6.5	µs	dwell	time	with	pulse	length	of	140	fs	and	the	same	512	x	512	resolution.	

Tissues	were	checked	for	successful	severing	in	multiphoton	mode.	

	

Image	Analysis	

Image	analysis	was	predominantly	completed	using	a	combination	of	Fiji	(Schindelin	et	al.	2012)	

and	the	Visualisation	Toolkit	(Vtk)	(Schroeder	et	al.	2004).	A	script	from	the	Vascular	Modelling	

Toolkit	(Vmtk)	(Antiga	et	al.	2008)	was	also	imported	into	Vtk	for	cell	centreline	tracing.	Paraview	

(Ayachit	 2015)	 and	 its	 Vtk	 Python	 shell	 were	 used	 for	 visualisation	 and	 calculation	 of	 cell	

properties.	 Various	 custom	 code	was	written	 for	 both	 Fiji	 and	 Vtk	 to	 implement	 the	 image	

analysis	pipeline	(available	from	A.	Boyd	upon	request).	Further	details	of	the	 image	analysis	

pipeline	are	in	Appendix	C.1	Appendix	Methods.	
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5.3	Results	

	

Individual	cell	quantification	and	apical	perturbation	system	

I	developed	an	experimental	system	to	quantify	the	shape	of	individual	epithelial	cells	both	over	

time	and	during	apical	cross	section	perturbations.	Initially	I	attempted	to	define	individual	cells	

via	membranes	 as	 in	Gelbart	 et	 al.	 (2012).	 However,	 despite	 trying	 a	 number	 of	membrane	

markers	 (FM4-64,	 CD8-GFP,	 Myr-10xGFP),	 I	 could	 not	 consistently	 distinguish	 the	 entire	

boundaries	 of	 individual	 columnar	 wing	 disc	 epithelial	 cells	 from	 their	 neighbours	 in	 the	

epithelium.	

	

Our	 experimental	 approach	 (Figure	 5.1)	 used	 a	 clonal	 based	 system	 to	mark	 the	 entirety	 of	

individual	 cells	 in	 the	 epithelium	with	 GFP.	 To	 provide	 non-quantitative	 visualisation	 of	 the	

remainder	 of	 the	 cells	 in	 the	 epithelium,	 I	marked	 cell	membranes	with	 FM4-64	 dye.	 I	 also	

marked	the	apical	cross	section	with	Ecad-GFP,	to	provide	a	target	for	laser-based	perturbation.	

To	ensure	that	the	wing	disc	was	not	under	any	externally	applied	forces,	such	as	flattening,	I	

used	a	spacer	in	the	slide	mount	system	as	shown	in	Appendix	Figure	C.1.	

	

	
Figure	 5.1:	 Representative	 microscope	 images	 of	 experimental	 system.	 Solid	 green	 shape	
represents	marked	clone	cell	(GFP).	Apical	green	fluorescence	marks	E-cadherin	located	at	cell	
junctions	(Ecad-GFP).	Red	sections	represent	cell	membranes	(FM4-64).	Left)	Three-dimensional	
representation	of	dataset	created	using	Imaris	(Bitplane,	AG).	Right)	Example	slices	from	stack	
showing	cell-cell	junction	markings	in	apical	cross	section	(top)	and	marked	cell	contrast	relative	
to	membranes	(bottom).	Scale	bar:	5	µm.	
	

	

I	applied	a	laser	ablation	perturbation	to	the	apical	cross	section	by	severing	an	edge	of	the	cell	

adjacent	 to	 the	marked	cell.	This	ablation	caused	both	a	 retraction	and	shape	change	of	 the	

marked	 cell	 apical	 section	 as	 is	 common	 in	 2D	 laser	 ablation	 experiments	 (Figure	 5.2).	 The	
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marked	cell	changes	occurred	similarly	to	two-dimensional	 laser	ablation	experiments,	which	

have	a	retraction	time	scale	of	5-10	minutes	(Farhadifar	et	al.	2007)	and	significant	background	

sheet	translocation	not	related	to	the	ablation.	As	previously	found,	at	longer	time	scales	this	

background	translocation	started	to	dominate	sheet	shape	change	 (approximately	5	minutes	

plus)	(Boyd	et	al.	2017).	

	

Upon	ablation,	there	was	no	visible	damage	to	other	parts	of	the	cut	cells,	or	the	marked	cells	

next	to	them.	I	note	that	while	single	cell	wounding	experiments,	which	destroy	single	cells	in	

the	epithelium	entirely,	have	healing	responses	on	similar	time	scale	to	our	ablation	responses,	

none	 of	 the	 characteristics	 of	 wound	 healing	 were	 seen	 in	 our	 experiments.	 These	

characteristics	 include:	 rosette	 formation	 (Florian	 et	 al.	 2002),	 movement	 of	 adjacent	 cells	

towards	the	wound	site	(Florian	et	al.	2002),	damaged	cell	extrusion	(Rosenblatt	et	al.	2001),	a	

round	taunt	hole	at	the	wound	site	(Abreu-Blanco	et	al.	2012).	The	lack	of	these	characteristics	

suggest	that	the	marked	cell	retraction	that	occurred	in	our	experiments	is	a	different	cellular	

response	to	that	of	standard	wound	healing	experiments	(Rosenblatt	et	al.	2001,	Florian	et	al.	

2002,	Abreu-Blanco	et	al.	2012).	

	

	

Static	cell	geometry	has	significant	variation	

Using	data	from	initial	time	points,	the	individual	marked	cells	(n=29)	were	found	to	have	aspect	

ratios	of	12.31		±	2.93	SD,	where	aspect	ratio	was	calculated	as	distance	between	centreline	top	

and	bottom	divided	by	average	diameter,	and	an	average	cell	height	was	35.50	µm	±	5.24	SD.	

Significant	 cross-sectional	 area	 variation	 was	 seen	 along	 the	 length	 of	 marked	 cells	 with	 a	

standard	 deviation	 that	 was	 53%	 of	 the	 mean	 (7.06	 µm-	 ±	 3.76	 SD).	 In	 general,	 cells	 had	

significant	 shape	 variation	 along	 their	 length	 (Figure	 5.2),	with	 large	 bends,	 protrusions	 and	

sections	that	seemed	to	wrap	around	neighbouring	cells;	demonstrating	that	a	simple	columnar	

epithelium	is	more	complex	than	often	described.	

	

	

Cells	change	shape	under	natural	conditions	while	generally	conserving	volume	

Individual	cells	were	found	to	undergo	considerable	shape	change	over	our	experiments	(up	to	

30	minutes)	without	an	external	perturbation.	This	included	variable	cell	height	changes	of	0.44	

µm	±	4.77	SD,	which	was	driven	from	both	apical	(axial	top	movement	of	1.55	µm	±	3.50	SD)	and	

basal	(axial	bottom	movement	of	1.00	µm	±	1.92	standard	deviation)	change.	The	shape	of	the	
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apical	cross	section	also	varied	without	perturbation,	as	shown	in	Appendix	Figure	C.2.	Two	of	

the	ten	cells	that	were	followed	without	perturbation	showed	major	overall	shape	change	over	

time.	One	of	these	appeared	to	be	located	very	close	(within	2-3	cells)	of	two	separate	dividing	

cells	(D29,	Appendix	Figure	C.3A),	and	the	other	was	undergoing	rounding	(D26,	refer	Appendix	

Figure	 C.3B),	 perhaps	 in	 anticipation	 of	 itself	 dividing.	 Further	 sub-cellular	 data	 for	 non-

perturbed	cell	volume	and	surface	area	is	shown	in	Appendix	Table	C.2.	

	

The	non-perturbed	cells	were	generally	found	to	conserve	volume.	Aside	from	two	short	time	

segments,	nine	of	the	ten	cells	maintained	volume	within	plus	or	minus	two	standard	deviations	

(normalised	SD	of	2.72)	for	93.7	percent	of	the	time.	The	short	time	segments	in	the	remaining	

6.3	 percent	 of	 the	 time	 came	 from	 datasets	 D27	 and	 D28,	 where	 cell	 volumes	 changed	 by	

approximately	15	and	19	percent	over	about	eight	minutes	before	returning	to	within	plus	or	

minus	two	standard	deviations.	These	large	changes	were	excluded	from	the	standard	deviation	

calculations.	Statistical	testing	(F-test)	was	used	to	show	that	the	standard	deviation	of	the	cells	

maintaining	volume	(2.72	SD)	was	not	significantly	different	to	the	measured	error	of	the	live	

cell	imaging	method.	The	excluded	cell	was	the	one	located	near	a	dividing	cell	(D29,	Appendix	

Figure	C.3A),	and	underwent	constant	volume	change	(Appendix	Figure	C.4).	The	cell	volume	

changes	occurred	both	with	and	without	cell	shape	change,	and	always	in	conjunction	with	cell	

length	change.		

	

The	surface	area	of	the	cells	followed	the	same	qualitative	change	over	time	as	their	volume,	

with	nine	of	ten	cells	conserving	surface	area	within	plus	or	minus	two	standard	deviations	for	

99.0	percent	of	the	time	(excluding	the	same	dataset	as	for	volume,	D29).	

	
	

Laser	severing	perturbation	induces	cell	movement	and	volume	control	response	

Laser	ablation	of	an	adjacent	cell	caused	shape	change	of	marked	cell	apical	cross	sections	as	

already	outlined.	Upon	ablation,	the	non-apical	region	of	the	marked	cells	also	underwent	shape	

change.	 Cell	 heights	 reduced	 by	 a	 mean	 of	 9.24	 %	 ±	 11.96	 SD,	 and	 the	 shape	 of	 the	 cells	

underwent	both	major	and	minor	changes.	A	representative	example	of	these	shape	changes	is	

shown	 in	 Figure	 5.2,	which	 shows	 axial	 rotation,	major	 feature	 reduction,	 thin	 section	 cross	

sectional	area	increase	and	general	small	shape	variations.	
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Figure	 5.2:	 Representative	 cell	 shape	 change	 from	 the	 laser	 severing	 of	 cell-cell	 junctions	
perturbation	(D4).	A)	Cell	shape	from	pre-perturbation	to	final	recorded	position.	Red	shapes	
designate	 where	 cell-cell	 junctions	 connect	 to	 cell.	 Red	 ring	 is	 the	 cross	 section	 of	 cell-cell	
junctions.	White	line	is	the	cell	centreline.	Light	blue	rings	are	cell	cross	sections	at	10	%	intervals	
along	cell	length.	Time	is	in	min:sec.	B)	Apical	microscope	images	of	individual	cell	just	prior	and	
post	apical	edge	severing.	Solid	green	represents	individual	cell	and	green	lines	represent	cell-
cell	junctions	marked	with	E-Cadherin-GFP.	Brown	circle	represents	severing	location	(marked	
with	brown	arrow).	Scale	bars:	2	µm.	
	

	

All	nineteen	of	 the	 laser	perturbation	datasets	 showed	significant	volume	change	 relative	 to	

control	with	an	absolute	mean	of	13.18	%	±	6.35	SD.	Eighteen	of	these	cells	showed	a	significant	

initial	change	in	volume	and	then	a	return	towards	the	original	value	within	approximately	5-15	

minutes.	 Of	 these	 eighteen	 cells,	 twelve	 and	 six	 initially	 moving	 upwards	 and	 downwards	

respectively	(63	and	31%).	The	returns	toward	the	original	volume	were	statistically	significant	

in	 seventeen	 of	 the	 eighteen	 cells,	 with	 the	 outstanding	 one	 (D12)	 qualitatively	 returning	

towards	 the	 original	 volume	 but	 not	 being	 statistically	 significant.	 The	 nineteenth	 cell	 (D19)	

volume	did	not	significantly	return.	As	show	in	Appendix	Figure	C.3A,	this	nineteenth	cell	was	

quite	close	(less	than	5	cells)	to	a	dividing	cell,	which	made	it	difficult	to	distinguish	the	ablation	

induced	 response	 from	 underlying	 volume	 changes.	 The	 normalised	 mean	 (and	 results	

distribution)	 of	 volume	and	 surface	 area	 changes	 for	 all	 non-inhibited	perturbation	 cells	 are	

shown	in	Figure	5.3A	and	B.	I	note	that	five	of	the	perturbation	datasets	(D7,	D8,	D10,	D11)	had	

a	longer	time	scale	(20	minute	plus)	volume	change	similar	to	the	few	volume	changes	seen	in	
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the	non-perturbed	datasets.	No	correlation	could	be	found	between	the	volume	changes	of	cells	

and	their	corresponding	apical	cross	section	shape,	area	or	perimeter	changes.	
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Figure	5.3:	Volume	and	surface	area	significant	change	over	time	of	both	non-inhibited	(A	and	
B)	and	ROCK	 inhibited	 (C	and	D)	 laser	 severing	perturbation	datasets	 (all	 datasets	 included).	
Non-inhibited	 perturbation	 volume	 (A)	 and	 surface	 area	 (B)	 show	 a	 return	 towards	 original	
volume,	which	does	not	occur	in	the	inhibited	perturbation	volume	(C)	and	surface	area	(D).	Bar	
Plots)	Normalised	average.	Pre:	prior	to	severing,	Max:	maximum	change	after	cut,	and	Post:	
final	 position.	 (A	 and	 B)	 Average	 includes	 all	 datasets.	 *	 Nineteen	 datasets	 significant	 (95%	
confidence).	 **	 Seventeen	 datasets	 significant	 (95%	 confidence),	 with	 one	 qualitatively	
confirmed	but	not	statistically	significant	(D12).	 (C	and	D)	Average	includes	all	datasets.	Grey	
markers	represent	seven	of	nine	datasets	with	significant	volume	and	surface	area	change	(95%	
confidence).	White	markers	represent	two	datasets	(D37	and	D38)	without	significant	volume	
or	 surface	 area	 change	 (95%	 confidence).	 Scatter	 Plots)	 Representative	 dataset	 normalised	
percentage	over	time	of	D4	for	non-inhibited	perturbed	datasets	(A	and	B)	and	D30	for	inhibited	
perturbed	datasets	(C	and	D).	
	

	

The	surface	areas	of	the	cells	with	perturbations	generally	changed	the	same	as	their	volumes,	

though	 were	 less	 likely	 to	 be	 significant.	 Twelve	 of	 the	 sixteen	 datasets	 showed	 significant	

surface	area	changes	with	an	absolute	mean	9.09%	±	4.63	SD.	The	surface	areas	initial	and	return	

movements	were	always	 in	the	same	direction	as	the	volumes,	and	as	shown	 in	Figure	5.3B,	

generally	 showed	 the	 same	 qualitative	 shape.	 However,	 the	 surface	 area	 changes	 dropped	

below	the	original	values	more	often	than	cell	volume.	
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ROCK	Inhibition	Stops	Volume	Control	Response	of	Ablated	Datasets	

I	inhibited	the	ROCK	of	wing	discs	via	Y27632,	and	confirmed	an	impact	on	epithelium	myosin	

expression	(Appendix	Figure	C.7).	I	then	perturbed	these	inhibited	epithelia	by	ablating	the	cell-

cell	 junctions	adjacent	 to	marked	cells.	The	 inhibited	perturbed	cells	underwent	some	shape	

change	but	considerably	 less	 than	non-inhibited	perturbed	cells.	 In	contrast	 to	non-inhibited	

perturbed	cells,	 the	 inhibited	perturbed	cells	 retained	the	same	major	 features,	had	no	axial	

rotations,	and	did	not	exhibit	a	thickening	of	thin	sections.	Additionally,	inhibited	cells	did	not	

show	the	same	height	decrease	as	non-inhibited	ones,	with	a	mean	height	increase	of	16.74	%	

±	12.36	SD.	

	

The	volume	of	inhibited	perturbed	cells	showed	a	significant	initial	volume	change	of	16.60	%	±	

10.44	SD	(n=9),	as	shown	in	Figure	5.3c.	The	significant	initial	volume	change	came	from	seven	

of	the	cells	investigated,	with	the	remaining	two	(D37	and	D38)	maintaining	constant	volume	

throughout.	Of	the	seven	datasets	with	an	initial	volume	change,	two	decreased	(D35	and	D36),	

with	the	remaining	five	increasing.	The	initial	change	occurred	on	similar	time	scales	as	for	non-

inhibited	perturbed	cells	(significant	within	5-15	minutes).		

	

After	the	initial	response,	the	volumes	of	cells	with	an	initial	change	continued	to	move	in	the	

same	direction,	with	a	final	average	volume	change	of	26.15	%	±	19.87	SD	(n=9).	None	of	the	

inhibited	perturbed	cells	showed	a	significant	return	towards	the	original	volume	(Figure	5.3C).	

	

The	surface	areas	of	 inhibited	perturbed	cells	generally	 showed	the	same	qualitative	change	

over	time	as	their	volumes,	as	was	also	found	for	non-inhibited	perturbed	cells.	The	inhibited	

perturbed	cells	had	a	mean	absolute	surface	area	change	of	16.88	%	±	13.24	SD	(n=9),	which	is	

shown	in	Figure	5.3D.	The	same	seven	inhibited	perturbed	cells	that	exhibited	significant	volume	

change	also	had	significant	surface	area	change,	with	the	remaining	two	cells	 (D37	and	D38)	

maintaining	constant	surface	area	throughout.	

	

	

Overall	volume	response	arises	from	heterogeneous	sub	cellular	region	responses	

I	investigated	the	subcellular	changes	of	marked	cells	under	natural	conditions	and	after	laser	

severing	 perturbation	 by	 defining	 a	 sub	 region	 for	 each	 10	 %	 interval	 along	 the	 cell	 length	

(example	intervals	shown	in	Figure	5.2).		
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When	analysing	cell	changes	under	natural	conditions,	I	included	all	recorded	values,	including	

the	 6.3	 percent	 of	 time	with	 volume	 change.	 For	 the	 seven	 cells	without	 overall	 volume	 or	

surface	area	change,	six	of	them	had	very	little	volume	or	surface	area	change	in	all	segments,	

with	the	remaining	cell	having	volume	and	surface	area	exchange	from	one	region	of	the	cell	to	

another	(D26,	see	Appendix	Table	C.2).	I	note	that	this	cell	with	large	volume	and	surface	area	

change	was	undergoing	rounding.	For	the	three	cells	with	overall	volume	and/or	surface	area	

change,	one	(D29)	had	large	changes	in	the	majority	of	regions,	another	(D27)	had	small	changes	

in	two	basal	regions,	and	the	final	one	(D28)	had	an	increase	in	volume	in	the	lower	middle	of	

the	cell.	
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Cell	Perturbation	Induced	Regional	Volume	Changes	

Dataset	

Cell	Intervals	
Whole	
Cell	

Response	
Shape	0.0	

-	
0.1	

0.1	
-	0.2	

0.2	
-	0.3	

0.3	
-	0.4	

0.4	
-	0.5	

0.5	
-	0.6	

0.6	
-	0.7	

0.7	
-	
0.8	

0.8	
-	
0.9	

0.9	
-	
1.0	

D1-Vol	 0.8	 2.0	 2.1	 0.5	 1.5	 4.6	 6.7	 1.7	 4.6	 6.1	 5.6	 Inc	->	Ret	

D2-Vol	 1.4	 1.1	 0.8	 1.2	 2.2	 2.9	 1.9	 1.7	 3.6	 2.3	 6.9	 Inc	->	Ret	

D3-Vol	 4.3	 2.8	 1.9	 5.1	 6.3	 2.9	 4.6	 6.7	 10.1	 2.8	 24.6	 Inc	->	Ret	

D4-Vol	 2.2	 1.9	 3.8	 2.3	 3.3	 4.4	 7.1	 5.9	 9.3	 5.8	 24.2	 Inc	->	Ret	

D5-Vol	 3.9	 1.4	 2.1	 2.6	 3.4	 3.4	 2.2	 3.0	 3.1	 4.0	 18.8	 Inc	->	Ret	

D6-Vol	 4.5	 2.2	 1.2	 4.9	 4.1	 1.9	 3.1	 4.3	 3.9	 5.8	 15.1	 Inc	->	Ret	

D7-Vol	 6.6	 1.2	 0.5	 1.3	 1.5	 2.3	 4.2	 3.5	 3.6	 3.6	 6.4	 Inc	->	Ret	

D8-Vol	 5.0	 1.3	 1.7	 2.8	 9.1	 10.0	 11.8	 11.0	 1.5	 5.9	 21.0	 Inc	->	Ret	

D9-Vol	 2.3	 3.6	 3.7	 5.2	 6.4	 6.6	 5.0	 8.1	 7.9	 3.2	 16.4	 Inc	->	Ret	

D10-Vol	 2.8	 1.0	 2.3	 1.3	 2.0	 1.1	 2.5	 1.3	 1.4	 1.2	 6.0	 Inc	->	Ret	

D11-Vol	 5.5	 2.5	 1.4	 4.1	 5.3	 5.5	 2.0	 5.5	 4.3	 2.7	 14.2	 Inc	->	Ret	

D12-Vol	 7.1	 4.1	 5.7	 7.9	 5.2	 5.9	 7.5	 4.0	 2.5	 1.7	 6.8	 Inc	->	NSig	

D13-Vol	 7.2	 10.3	 13.1	 8.3	 11.9	 11.7	 3.4	 3.5	 1.6	 2.6	 13.0	 Dec	->	Ret	

D14-Vol	 3.5	 3.8	 3.8	 1.7	 5.8	 3.9	 1.1	 4.2	 5.2	 6.6	 20.5	 Dec	->	Ret	

D15-Vol	 3.8	 0.9	 1.1	 2.1	 1.7	 1.8	 3.0	 3.0	 1.0	 3.6	 6.4	 Dec	->	Ret	

D16-Vol	 3.5	 6.7	 7.8	 4.7	 2.2	 8.7	 5.5	 2.4	 3.4	 4.2	 6.2	 Dec	->	Ret	

D17-Vol	 4.6	 2.5	 5.0	 2.5	 1.7	 2.5	 7.7	 5.0	 7.4	 11.8	 9.0	 Dec	->	Ret	

D18-Vol	 2.1	 0.9	 1.7	 2.7	 1.7	 4.6	 4.8	 3.3	 7.5	 2.2	 13.3	 Dec	->	Ret	

D19-Vol	 5.9	 2.5	 2.8	 1.4	 4.1	 7.3	 5.7	 4.8	 4.7	 1.6	 9.9	 Dec	

Table	5.1:	Heat	map	of	non-inhibited	laser	perturbed	sub	cellular	regional	normalised	volume	
change	 (maximum	minus	minimum	 values)	 after	 severing,	 broken	 into	 sections	 by	 response	
shape.	 Volume	 are	 normalised,	 and	 taken	 over	 20-30	minute	 time	 frame	 depending	 on	 the	
dataset.	 Colours	 represent	 direction	of	 change:	 green	 increase,	 red	decrease,	 and	 yellow	an	
initial	change	followed	by	a	return	to	original	value.	Regions	with	greater	than	4	overall	change	
are	marked	with	colours.	Cells	are	separated	into	10	%	intervals	along	their	centreline	length.	
Whole	 Cell	 and	 Response	 Shape	 columns	 represent	 the	 maximum	 of	 the	 whole	 cell	 initial	
response	(same	data	as	in	Figure	5.3),	and	the	qualitative	shape	of	the	response,	respectively.	
Inc:	Increase,	Dec:	Decrease,	Ret:	Return,	NSig:	Not	Significant.	
	

	

The	 volume	 changes	 of	 the	 10	 %	 intervals	 along	 the	 length	 of	 the	 cells	 with	 laser	 severing	

perturbations	are	shown	in	Table	5.1,	with	the	surface	areas	changes	in	Appendix	Table	C.1.	The	

overall	cell	volume	and	surface	area	changes	did	not	come	from	a	consistent	movement	of	cell	

regions.	Some	regions	of	the	cells	both	increase	and	decrease,	while	other	parts	just	increase	or	

decrease.	Additionally,	 the	 location	of	 regions	undergoing	 increases	and/or	decreases	varied	

between	perturbed	cells.	 The	only	 consistency	between	 region	 changes,	was	 that	 low	cross-



 92 

sectional	area	regions	always	gained	volume	and	surface	area.	The	subcellular	changes	of	the	

ROCK	inhibited	perturbed	cells	were	also	inconsistent	and	are	shown	in	Appendix	Table	C.3.	
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5.4	Discussion	

	

In	this	chapter,	 I	have	demonstrated	a	unique	dynamic	visualisation	system	for	the	columnar	

epithelium.	This	system	utilises	single	cell	cloning	techniques	(Bielmeier	et	al.	2016,	Icha	et	al.	

2016,	Sui	et	al.	2018)	to	allow	visualisation	of	the	entirety	of	individual	cells,	while	also	visualising	

the	 apical	 cross	 section,	 and	 the	 membranes	 of	 other	 cells	 in	 the	 epithelium.	 Further,	 our	

mounting	approach	allows	for	the	natural	structure	of	the	disc,	without	any	external	pressing	or	

tissue	flattening	due	to	media.	This	visualisation	system	can	be	combined	with	any	perturbation	

technique	 that	 requires	 visualisation	 of	 the	 apical	 cross	 section,	 such	 as	 laser	 ablation	

(Farhadifar	et	al.	2007)	or	magnetic	tweezers	(Bambardekar	et	al.	2015).		

	

I	 used	 the	 common	 two-dimensional	 laser	 severing	 of	 apical	 cross	 section	 cell-cell	 junctions	

experiment	 to	 investigate	 the	 three	 dimensional	 shape	 response	 of	 nearby	 cells.	 With	 this	

simple	approach,	I	found	a	complicated	overall	cell	shape	change,	that	could	not	be	correlated	

to	 the	 size	 or	 shape	 of	 the	 two-dimensional	 apical	 cross	 section	 response.	 These	 results	

demonstrate	 that	 simple	 perturbations	 applied	 at	 the	 apical	 cross	 section	 have	 three	

dimensional	 affects	 and	 can	 be	 used	 as	 an	 investigative	 tool	 for	 the	 three-dimensional	

mechanics	 of	 the	 epithelium.	 Simple	 perturbations	 also	 allow	 the	 study	 of	 normal	 epithelial	

mechanics	without	any	of	the	additional	forces	or	shape	changes	caused	by	tissue	morphological	

events	such	as	dorsal	closure.	

	

Even	without	a	perturbation,	I	found	that	under	normal	conditions	epithelial	cell	cross	sectional	

area	 varied	drastically	 along	 the	 long	axis	 of	 the	 individual	 cells,	 and	 that	 three-dimensional	

epithelial	 cells	 shapes	 vary	 considerably	 over	 time.	 The	 results	 provide	 an	 experimental	

quantification	of	epithelial	cell	shape,	which	will	be	useful	for	any	theoretical	studies	to	further	

investigate	 the	 importance	 of	 capturing	 exact	 epithelial	 cell	 shape	 (Tamulonis	 et	 al.	 2011,	

Ishimoto	and	Morishita	2014,	Fletcher	et	al.	2017).	

	

Our	results	suggest	that	on	30	minute	time	scales,	cells	generally	conserve	volume	under	normal	

conditions	(93.7	percent	of	time,	with	the	6.3	percent	coming	from	two	short	time	segments),	

including	during	cell	shape	change.	However,	specific	changes	to	overall	tissue	shape	can	cause	

individual	cell	volume	change,	such	as	laser	severing	of	cell-cell	junctions	or	local	cell	division.	
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Our	experiments	showed	unexplained	volume	changes	over	two	short	time	segments	(the	6.3	

percent	of	the	time),	which	could	be	an	interesting	area	of	further	research.		

	

Laser	severing	of	cell-cell	junctions	specifically	induced	local	cells	to	undergo	a	fast	initial	volume	

change	 (5-10	 minutes),	 followed	 by	 a	 correction	 back	 towards	 the	 original	 volume	 (10-25	

minutes).	 As	 proposed	 in	 some	 theoretical	 literature	 (Honda	 et	 al.	 2008,	Okuda	 et	 al.	 2013,	

Bielmeier	et	al.	2016,	Misra	et	al.	2016),	 this	 suggests	 that	 individual	 cells	have	an	optimum	

volume	to	which	they	attempt	to	return	to.	I	also	witnessed	cell	volume	change	without	laser	

severing,	 commonly	 when	 nearby	 cells	 were	 undergoing	 division.	 In	 this	 case,	 cell	 volumes	

moved	 slowly	 (15	minutes	plus)	 to	new	values	without	any	 retraction.	 This	 suggests	 that	on	

longer	time	scales,	cells	can	change	their	optimum	volume	value.	

	

Inhibition	of	ROCK	 reduces	 the	activity	of	 cells	Rho/Rock	 signalling	pathway	 (Sit	 and	Manser	

2011).	In	our	experiments,	ROCK	inhibition	significantly	changed	the	marked	cells	responses	to	

laser	severing	of	cell-cell	 junctions.	 Inhibited	cells	did	not	exhibit	as	much	shape	change,	and	

gained	rather	than	lost	height.	There	was	also	a	small	reduction	in	the	number	of	inhibited	cells	

which	showed	a	 significant	 initial	 volume	change.	This	 reduction	suggests	 that	 the	Rho/Rock	

pathway	 plays	 a	 role	 in	 the	 initial	 volume	 response	 of	 the	 cell,	 and	may	 also	 have	 a	 role	 in	

maintaining	the	height	and	entire	shape	of	 the	cell.	Prior	research	has	shown	that	myosin,	a	

downstream	effector	of	ROCK	inhibition,	is	applied	throughout	the	lateral	side	of	cells	(Wu	et	al.	

2014),	which	supports	the	concept	that	the	Rho/Rock	pathway	is	involved	in	epithelial	tissue	cell	

height	control.		

	

Introduction	of	the	ROCK	inhibitor	completely	removed	the	cell	volume	return	response	of	laser	

perturbed	 cells.	 This	 indicates	 that	 the	 volume	 return	 response	 is	 driven	 by	 the	 Rho/Rock	

pathway.	In	addition	to	identifying	the	mechanism	of	the	volume	return	response,	this	finding	

provides	 a	 potential	 connection	 between	 the	 three	 dimensional	 mechanical	 responses	

demonstrated	 in	 this	 paper	 and	 cell	 signalling	 pathways.	 As	 shown	 herein,	 and	 elsewhere	

(LeGoff	 et	 al.	 2013),	myosin	 activity	 is	 affected	 by	 ROCK	 inhibition.	 However,	 the	 Rho/Rock	

pathway	also	impacts	other	cytoskeletal	elements,	such	as	actin	stabilisation	(Sit	and	Manser	

2011).	Therefore,	the	specific	effectors	through	which	ROCK	inhibition	impacts	the	cell	volume	

return	response	still	remains	to	be	determined.	Further,	how	cells	identify	that	an	initial	volume	

change	 has	 occurred,	 and	 how	 this	 change	 is	 connected	 to	 the	 Rho/Rock	 pathway	 remains	

unclear.	
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While	our	cell-cell	junction	severing	experiment	led	to	consistent	overall	volume	changes,	sub	

cellular	 analysis	 indicated	 that	 the	 overall	 response	 of	 each	 cell	 was	 produced	 from	 both	

different	regions	(e.g.	apical	and	basal),	and	different	types	of	responses	within	those	regions.	

Whether	 Rho/Rock	 pathway	 signalling	 is	 controlled	 spatially,	 or	 volume	 change	 location	

depends	 on	 the	 location	of	 subcellular	 structures	 such	 as	 the	nucleus	 or	 organelles	 remains	

unknown.	

	

The	tight	control	of	volume	exhibited	by	cells	in	our	experiments	suggests	that	it	is	an	important	

mechanism	to	hold	epithelial	sheets	in	three	dimensional	force	equilibrium.	This	control	would	

help	the	sheet	to	maintain	its	shape,	especially	during	local	cell	divisions	or	tissue	scale	changes.	

Due	to	cells	in	the	sheet	being	squashed	together	into	complex	shapes,	the	sub	region	variation	

witnessed	would	be	required	to	easily	maintain	this	three-dimensional	force	equilibrium.	
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6.	Summary,	Future	Work	and	Conclusion	
	

The	overall	goal	of	this	thesis	was	to	investigate	whether	including	the	mechanics	of	cell	and	sub	

cell	structures	provides	new	insight	into	the	causal	mechanisms	impacting,	and	more	accurate	

prediction	 of,	 simple	 columnar	 epithelium	 movement.	 This	 goal	 was	 achieved	 over	 three	

separate	pieces	of	research.		

	

In	the	first	piece	of	research,	I	developed	a	model	to	describe	apical	epithelium	movement	upon	

severing	from	experimentally	derived	descriptions	of	contractile	fibres	only,	and	then	used	that	

description	 to	 investigate	 mechanisms	 that	 impact	 epithelium	 movement.	 In	 the	 second,	 I	

developed	an	 individual	 contractile	 fibre	model	 to	 investigate	 the	apical	 epithelium	 relevant	

impact	 of	 spatially	 distributed	 fibre	 contraction.	 In	 the	 third,	 I	 investigated	 individual	 cell	

mechanics	 by	 developing	 a	 new	 experimental	 technique	 to	 analyse	 whole	 cell	 shape	 and	

movement	under	normal	conditions	and	during	nearby	apical	cell	edge	laser	severing.	

	

Our	findings	have	consistently	demonstrated	that	 investigations	of	cell	and	sub	cell	structure	

mechanics	 can	 lead	 to	 discovery	 of	 both	 new	mechanisms	 that	 impact,	 and	more	 accurate	

prediction	 of,	 epithelium	 movement.	 Through	 these	 cell	 and	 sub	 cell	 investigations,	 I	 also	

identified	a	number	of	mechanisms	that	require	further	research.	In	the	below	I	outline	the	key	

findings,	their	relevance	to	the	overall	goal	of	this	thesis	and	the	epithelium	mechanics	field,	

and	potential	future	work	for	each	piece	of	research.		

	

	

6.1	Chapter	3:	Modelling	apical	columnar	epithelium	movement	from	

circumferential	contractile	fibres	

	

In	this	work,	I	developed	a	model	for	describing	apical	epithelium	movement	from	contractile	

structures	only,	where	the	contractile	structure	mechanics	description	was	derived	based	on	

individual	contractile	fibre	investigations.	I	found	that	the	model	could	reproduce	the	majority	

of	 epithelium	movement	 upon	 laser	 severing,	 and	was	more	 accurate	 than	 other	modelling	

approaches.	The	reproduction	of	epithelium	movement	suggests	that	contractile	fibres	can	drive	

the	 majority	 of	 apical	 epithelium	 movement	 without	 any	 other	 potential	 suggested	
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mechanisms.	 I	 also	 determined	 that	 the	 columnar	 epithelial	 cells	 of	 the	 wing	 disc	 do	 not	

conserve	apical	cell	area,	which	was	a	mechanisms	suggested	to	impact	flat	epithelial	cells.	

	

Further,	I	found	that	natural	movement	of	the	apical	epithelium	(movement	not	related	to	the	

laser	severing)	had	a	significant	impact	on	apical	epithelium	movement	on	the	time	and	length	

scales	 of	 laser	 ablation.	 This	 implies	 that	 this	 non	 laser	 ablation	movement	 is	 an	 important	

mechanism	whose	significance	has	not	previously	been	recognised,	and	should	be	considered	

in	future	investigations.	

	

While	 the	 model	 reproduced	 the	 majority	 of	 the	 laser	 severing	 induced	 apical	 epithelium	

movement,	it	could	not	quantitatively	describe	the	initial	fast	response	of	the	epithelium,	nor	

the	premature	stopping	of	cell	edges	seen	experimental	data.	These	discrepancies	suggested	

that	the	model	was	missing	unknown	mechanisms	that	impact	apical	epithelium	movement.	I	

hypothesised	 that	 these	mechanisms	were	 related	 to	 the	 contractile	 fibre	 description	 used,	

which	 did	 not	 include	 spatial	 contraction	 affects.	 The	 potential	 impact	 of	 these	 spatial	

mechanisms	was	investigated	in	Chapter	4.	

	

Overall	this	research	demonstrated	that	by	developing	an	apical	epithelium	model	which	more	

accurately	 captured	 contractile	 fibre	 forces	 and	movement,	 I	 can	 identify	 new	mechanisms,	

learn	about	the	relative	impact	of	different	types	of	mechanisms,	determine	which	parts	of	the	

responses	 need	more	 investigation,	 and	 provide	models	 which	 can	more	 accurately	 predict	

epithelium	movement.	

	

	

6.2	Chapter	4:	Impact	of	spatial	length	representation	on	individual	epithelial	

contractile	fibre	forces	and	movement	

	

This	chapter	was	inspired	by	the	discrepancies	between	model	and	experiment	found	in	Chapter	

3.	 The	 work	 developed	 an	 individual	 contractile	 fibre	 model	 that	 incorporates	 a	 spatial	

contraction	 distribution,	 and	 allowed	 variation	 in	 the	 length	 and	 forces	 applied	 along	 that	

distribution.	The	model	was	developed	using	a	series	contractile	unit	description,	as	this	was	

determined	to	be	most	representative	of	the	tension	and	contraction	forces	seen	in	the	apical	

epithelium.	After	 the	model	was	validated,	 I	used	 it	 to	 investigate	both	the	 impact	of	spatial	
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contraction	on	the	overall	contractile	fibre	response	to	severing	perturbations,	and	other	forces	

and	movement	relevant	to	the	columnar	epithelium.	

	

Due	 to	 the	 large	 amount	 of	 experimental	 investigations	 focussed	 on	 stress	 fibres,	 and	 the	

similarity	 between	 epithelial	 contractile	 fibres	 and	 stress	 fibres,	 I	 utilised	 stress	 fibre	

investigations	to	develop	the	apical	epithelium	contractile	fibre	model.	The	model	was	able	to	

reproduce	 stress	 fibre	 response	 to	 both	 laser	 severing	 and	 initial	 tension	 generation,	which	

meant	 that	 it	 was	 appropriate	 for	 investigations	 into	 apical	 epithelium	 related	 forces	 and	

movement.	

	

Using	 the	 model,	 I	 determined	 that	 spatially	 distributed	 contractions	 and	 forces	 have	 a	

significant	 impact	on	 the	movement	of	 the	 fibre,	and	 that	 the	contraction	movement	of	 the	

overall	 fibre	 depends	 on	 its	 length.	 These	 mechanisms	 were	 not	 included	 in	 the	 apical	

epithelium	model	 in	 Chapter	 3,	 and	would	 have	 a	 significant	 impact	 on	how	 the	 epithelium	

responds	to	laser	severing.	Therefore,	the	spatial	distribution	of	contractile	fibres	would	impact	

apical	epithelium	movement.	

	

I	 also	 determined	 that	 the	 contraction	 speed	 of	 an	 overall	 fibre	 depends	 on	 the	 number	 of	

actively	contraction	units	(fibre	length),	with	the	shape	of	the	overall	fibres	response	to	severing	

depending	on	the	variation	in	contraction	length	of	the	units	along	the	fibre.	Contrastingly,	the	

model	indicated	that	contractile	force	exerted	by	the	fibre	does	not	depend	on	fibre	length	and	

is	the	largest	contractile	force	produced	by	any	section	of	the	fibre.	These	results	indicate	that	

overall	 fibre	 contractile	 force	 and	 contraction	 speed	 behave	 very	 differently,	 which	 has	 not	

previously	 been	 taken	 into	 account	 in	 apical	 epithelium	modelling.	 Further,	 variation	 in	 unit	

contraction	 lengths	 along	 a	 fibre	 causes	 differences	 in	 individual	 fibre	 responses	 to	 laser	

severing,	and	therefore	could	also	be	a	likely	source	of	differences	in	laser	severing	responses	

seen	between	apical	epithelia.	

	

The	 research	 in	 this	 chapter	 showed	 that	 inclusion	 of	 the	 spatial	 sub	 structure	 of	 individual	

contractile	fibres	led	to	identification	of	a	number	of	mechanisms	which	would	be	expected	to	

impact	apical	epithelium	mechanics,	but	had	not	previously	been	considered	in	the	Chapter	3	

model,	nor	generally	in	the	literature.	Further	work	could	implement	the	mechanisms	identified	

in	this	chapter	into	an	apical	epithelium	model	to	validate	and	quantify	their	effects	on	sheet	

movement.	 	
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6.3	Chapter	5:	Impact	of	local	apical	cell	edge	severing	on	cell	shape,	volume	and	

surface	area	

	

In	 this	 chapter,	 I	 developed	 an	 experimental	 approach	 to	 both	 visualise	 entire	 individual	

columnar	epithelial	cells	and	apply	simple	apical	perturbations	to	the	contractile	cross	section.	

I	 then	 investigated	 the	 shape,	 movement	 and	 properties	 of	 individual	 cells	 under	 normal	

conditions	and	during	apical	severing	of	nearby	cell	edges.	

	

Initially,	I	demonstrated	it	was	possible	to	visualise	individual	whole	cells,	the	apical	cross	section	

and	the	general	shape	of	the	Drosophila	wing	disc	epithelium	using	a	combination	of	Drosophila	

genetic	approaches	and	a	live	cell	dye.	This	provided	a	new	experimental	system	that	can	be	

used	to	investigate	individual	three-dimensional	cell	movements	in	general,	and	upon	any	of	the	

numerous	apical	perturbations	that	have	previously	been	used	in	two-dimensional	research.		

	

I	then	found	that	laser	severing	of	nearby	apical	cell	edges	led	to	whole	cell	responses,	which	

demonstrates	the	viability	of	using	simple	apical	perturbations	to	investigate	three-dimensional	

mechanics.	Previous	investigative	approaches	for	these	mechanics	have	strongly	relied	on	whole	

tissue	shape	changes	as	perturbations,	which	due	to	the	tissue	movements,	will	 likely	exhibit	

more	complex	cell	mechanics	behaviour.	

	

These	 techniques	 allowed	 us	 to	 investigate	 the	 volume	 responses	 of	 cells	 under	 normal	

conditions	and	during	laser	severing.	For	93.7	percent	of	the	time	(with	the	6.3	precent	of	the	

time	 coming	 from	 two	 short	 time	 segments),	 cells	 retained	 the	 same	 volume	 under	 normal	

conditions	even	when	changing	shape.	However,	cells	seemed	to	be	able	to	change	volume	in	

response	 to	 nearby	 events,	 such	 as	 cell	 division,	 on	 15	minute	 plus	 time	 scales.	 Upon	 laser	

severing	 of	 nearby	 apical	 edges,	 cells	 had	 a	 fast	 initial	 volume	 change,	 which	 they	 then	

attempted	to	counter	by	changing	the	volume	back	towards	its	original	value.	These	combined	

results	suggest	that	cells	have	a	mechanism	to	maintain	an	optimum	volume	on	shorter	time	

scales,	though	this	optimum	volume	can	be	changed	on	longer	time	scales.		

	

Inhibition	of	ROCK	activity	removed	the	cells	ability	to	counter	volume	change	induced	by	laser	

severing.	This	indicates	that	the	volume	response	is	driven	by	the	Rho/Rock	pathway.	In	addition	

to	identifying	the	mechanism	of	the	volume	return	response,	this	finding	provides	a	potential	
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connection	between	the	three	dimensional	mechanical	responses	demonstrated	in	this	paper	

and	cell	signalling	pathways.	

	

On	the	sub	cell	scale,	I	found	that	even	though	overall	cells	showed	consistent	volume	control,	

the	whole	cell	response	can	originate	from	different	parts	of	cells,	and	even	different	types	of	

responses	 within	 those	 parts.	 This	 suggests	 complicated	 sub	 cell	 spatial	 mechanisms	 that	

combine	to	produce	the	consistent	overall	volume	response.	

	

In	this	chapter,	I	found	complicated	three-dimensional	cell	mechanisms	at	the	whole	and	sub	

cells	scales,	which	were	identified	through	investigations	into	epithelium	underlying	structure	

mechanics.		

	

Further	 work	 could	 further	 investigate	 how	 cells	 identify	 that	 an	 initial	 volume	 change	 has	

occurred,	 and	 the	 reason	 for	 the	 6.3	 percent	 volume	 change	 under	 normal	 conditions.	

Additionally,	 the	 experimental	 techniques	 developed	 provide	 information	 on	 the	 general	

position	of	all	cells	in	the	sheet,	and	the	specific	position	of	individually	marked	cells.	This	data	

could	be	utilised	to	develop	a	three	dimensional	mechanical	model	of	the	movement	of	the	wing	

disc	epithelium	both	under	normal	conditions	and	during	laser	ablation	induced	perturbation.	

The	 models	 specific	 predictions	 of	 each	 cells	 position	 could	 be	 compared	 precisely	 to	 the	

experimental	cell	positions,	enabling	exact	quantitative	analysis	of	how	well	the	model	describes	

the	movement	of	the	epithelium.		

	

A	 three	 dimensional	 epithelium	mechanics	modelling	 framework	 developed	 to	 describe	 the	

epithelial	 cell	movement	seen	 in	 the	data	of	 this	 thesis	could	 incorporate:	1)	components	of	

three	dimensional	vertex	modelling	(Honda	et	al.	2004,	Honda	et	al.	2008,	Osterfield	et	al.	2013),	

2)	 continuum	 mechanics	 descriptions	 (Deshpande	 et	 al.	 2006,	 Lim	 et	 al.	 2006,	 Jones	 and	

Chapman	 2010),	 3)	 active	 representations	 of	 the	 cells	 ability	 to	 internally	 produce	 force	

(Deshpande	et	al.	2006,	McGarry	2009),	and	4)	explicit	representations	of	cell	structures	(e.g.	

nucleus	as	in	McGarry	(2009),	stress	fibres	as	in	Deshpande	et	al.	(2006),	or	microtubules	as	in	

Barreto	et	al.	 (2014)).	 In	this	 framework,	the	cell	body	could	be	represented	by	a	continuum	

mechanics	description,	and	apical	contractile	fibres	could	be	explicitly	incorporated	via	a	vertex	

based	 description	 that	 also	 includes	 their	 active	 force	 production.	 This	 description	 of	 apical	

contractile	 fibres	 would	 either	 be	 developed	 from	 the	 apical	 epithelium	 vertex	 model	
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investigated	 in	Chapter	3	solely,	or	also	 incorporate	the	 individual	contractile	unit	mechanics	

investigated	in	Chapter	4.	

	

	

6.5 Overall Conclusion	
	

In	this	thesis,	it	has	consistently	been	shown	that	including	the	mechanics	of	cell	and	sub	cell	

structures	can	provide	new	insights	into	the	causal	mechanisms	of	simple	columnar	epithelium	

movement.	In	relation	to	the	objectives	outlined	in	introduction	Chapter	1.2,	it	has	been	shown	

that	contractile	fibres	drive	the	majority	of	epithelium	movement;	inclusion	of	individual	units	

along	contractile	 fibres	 leads	to	new	mechanisms	which	could	 impact	epithelium	movement;	

and	 that	 the	 three	 dimensional	 shape	 of	 individual	 epithelial	 cells	 varies	 under	 normal	

conditions	and	during	laser	severing	of	nearby	apical	cell	edges.	

	

As	these	findings	are	derived	from	the	mechanics	of	underlying	cell	structures,	they	should	be	

applicable	 to	 a	wide	 range	 of	 biological	 events,	 and	 provide	 improved	 prediction	 of	 general	

epithelium	movement.	 These	 findings	 also	 provide	 key	 information	which	 could	 be	 used	 to	

connect	epithelium	movement	to	protein	signalling	networks.	There	still	remains	a	lot	to	learn	

about	 the	 underlying	 mechanics	 of	 epithelium	 movement,	 especially	 in	 relation	 to	 how	

epithelium	mechanics	interact	with	protein	signalling.	
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Appendix	A	
This	 appendix	 contains	 the	 supporting	 materials	 for	 research	 Chapter	 3,	 Modelling	 apical	

columnar	epithelium	movement	from	circumferential	contractile	fibres.	

	

	

A.1	Appendix	Methods	

	

Automated	Image	Analysis	

The	location	of	cell	vertices	in	the	experimental	data	was	determined	using	a	custom	written	

semi-automated	image	analysis	approach	in	Matlab.	This	software	was	based	on	a	skeletisation	

approach	(Lam	et	al.	1992),	where	the	black	area	of	all	cell	bodies	increase	concurrently	until	

only	a	skeleton	of	thin	white	lines	was	left	to	separate	them.	These	thin	lines	represented	the	

cell	edge	locations,	which	were	in	turn	used	to	identify	the	cell	vertices.	

	

The	image	analysis	pipeline	had	eight	steps.	First	images	were	contrast	adjusted	to	spread	the	

greyscale	 information	 over	 the	 available	 contrast	 range	 (0	 –	 255).	 Second	white	 lines	 were	

manually	drawn	over	any	low	contrast	cell	edges	to	ensure	cell	bodies	were	identified	correctly.	

Third	areas	of	varying	contrast	were	identified	in	images	and	used	to	separate	each	image	into	

regions.	Each	region	had	an	appropriate	black	and	white	cut	off	filter	applied	to	distinguish	the	

cell	edge	from	background	noise	of	the	image.	Fourth	white	lines	were	manually	drawn	over	any	

faded	or	incomplete	cell	edges	in	the	black	and	white	images,	again	ensuring	cell	bodies	were	

identified	correctly.		

	

Fifth	the	black	areas	representing	cell	bodies	were	identified	and	numbered,	and	each	black	area	

was	 increased	 concurrently	until	 it	 nearly	 touched	any	other	black	 areas	 in	 the	 local	 region.	

Contact	between	black	areas	was	determined	by	checking	a	circular	area	at	each	edge	point	of	

a	black	body;	if	the	edge	of	another	black	area	was	found,	then	the	black	area	stops	increasing	

at	 that	 location.	 Sixth	 the	 skeletised	 image	 was	 compared	 to	 the	 original	 data,	 and	 any	

incorrectly	 identified	 cell	 bodies	 were	 detected.	 Unexpected	 cell	 bodies	 were	 removed	 by	

breaking	unnecessary	cell	edges,	and	rerunning	the	skeletisation	process	(fifth	step).		

	

Seventh	the	vertices	were	identified	by	checking	for	locations	were	multiple	lines	connect.	For	

this,	the	circumference	of	a	square	surrounding	each	pixel	in	the	image	was	checked	for	changes	
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from	white	 to	black.	 If	more	than	 four	changes	occur	 the	pixel	was	considered	to	be	a	 likely	

vertex	point.	Pixels	identified	as	likely	vertex	points	were	grouped	together	based	on	proximity.	

To	identify	the	exact	vertex	point,	a	square	increasing	in	size	was	drawn	around	each	potential	

point.	The	size	at	which	more	than	four	changes	from	white	to	black	occurred	along	the	square	

circumference	was	determined	for	each	potential	vertex	point.	The	potential	point	which	has	

the	largest	square	from	this	was	determined	as	the	exact	vertex	point.	In	the	case	that	multiple	

points	were	found,	an	average	was	taken	and	rounded	as	required.	

	

Finally,	for	the	eighth	step,	the	image	vertex	points	were	scaled	to	the	appropriate	dimensions	

based	on	scale	bars	for	the	primary	dataset	or	by	cut	edge	lengths	in	figures	for	the	validation	

dataset.	

	

	

Experimental and Automated Image Analysis Vertex Error	

The	error	on	vertex	 locations	determined	from	experimental	data	was	calculated	based	on	a	

grading	system.	Here	each	vertex	identified	was	given	a	specific	grade	based	on	either	contrast	

intensity	or	the	relative	size	of	background	to	vertex	intensities	in	the	local	region.	First	a	local	

region	 surrounding	 each	 vertex	 was	 determined,	 based	 on	 a	 square	 box	 drawn	 around	 the	

vertex	point.	Then	a	series	of	dataset	appropriate	contrasts	bands	were	determined	based	on	

the	relative	contrast	of	the	image.	Starting	from	the	highest	contrast	band	the	number	of	local	

region	pixels	at	or	above	each	band	was	then	calculated.	The	first	band	that	had	this	number	

exceeded	a	specific	value	(approximately	10	percent	of	the	local	region	area),	determined	the	

grade	of	each	point.	This	was	the	grading	based	on	local	region	contrast	intensity.	

	

In	the	validation	dataset,	there	were	a	number	of	vertex	points	with	contrast	very	close	to	the	

background	 contrasts	 (points	with	 generally	 less	 than	150	 contrast	 intensity),	 and	 for	 these,	

gradings	were	determined	based	on	the	relative	size	of	background	to	vertex	intensities	in	the	

local	region.	Here	the	background	pixels	were	rated	as	anything	below	90	contrast	intensity.	In	

the	local	region	(square	box)	of	a	vertex	point,	the	number	of	background	pixels	was	compared	

to	the	total	number	of	pixels.	Vertex	points	with	greater	than	95	percent,	between	95	and	20	

percent,	between	20	percent	and	10	percent,	and	less	than	10	percent	background	were	given	

separate	gradings.	
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The	error	associated	with	each	grade	of	vertex	points	was	determined	using	a	representative	

sample	of	points	from	each	grade.	The	sample	was	taken	from	varying	sheet	locations	and	times	

for	 which	 the	 points	 should	 not	 be	moving.	 The	magnitude	 of	movement	 of	 sample	 points	

between	two	adjacent	time	frames	was	calculated	for	a	large	number	of	time	frames,	using	only	

time	 frames	 where	 theoretically	 the	 points	 should	 not	 be	 moving.	 This	 was	 then	 used	 to	

calculate	an	average	movement	and	variance	for	each	grade	based	on	a	Gaussian	distribution.	

For	each	grade,	a	total	of	forty	or	more	point	movements	were	calculated.	The	point	movements	

making	up	the	sample	of	each	grade	were	taken	evenly	from	a	minimum	of	two	vertex	points.	

	

This	process	was	completed	for	each	dataset	analysed	to	obtain	sheet	specific	point	gradings	

and	associated	error.	

	

	

Experimental	Shift	on	Laser	Ablation	

All	experimental	data	was	found	to	shift	uniformly	in	a	single	direction	when	struck	by	the	laser.	

To	determine	the	amount	and	direction	of	experimental	shift	that	occurred	during	laser	severing	

of	contractile	fibres,	the	change	 in	 location	of	a	sample	of	points	(minimum	of	ten)	from	the	

image	just	prior	and	just	post	laser	severing	was	determined	using	automated	image	analysis	

point	 locations.	The	points	selected	from	the	sample	were	those	that	should	theoretically	be	

least	 impacted	by	the	laser	strike.	Such	points	were	considered	to	be	both	far	from	the	laser	

severing	location	and	orthogonal	to	the	cut	fibre	direction.	Points	were	also	selected	from	both	

orthogonal	directions	to	reduce	any	bias	caused	by	differences	across	the	sheet.	

	

The	amount	and	direction	of	the	experimental	shift	was	then	calculated	as	an	average	of	the	

sample	 point	movements,	with	 error	 based	on	 the	 variance	of	 the	 sample.	 All	 experimental	

datasets	were	adjusted	to	take	into	account	this	experimental	shift.	

	

	

Determination	of	Point	Movement	Over	Time	

Whether	 a	 vertex	 point	 had	 moved	 significantly	 during	 a	 time	 period	 was	 determined	 by	

calculating	the	largest	magnitude	of	displacement	between	any	two	time	points	of	the	vertex	

during	the	time	period.	If	this	displacement	was	greater	than	the	three	standard	deviations	of	

the	experimental	error	determined	for	the	appropriate	point	grade,	the	vertex	point	movement	

was	considered	significant.	It	is	noted	that	throughout	the	experimental	time	series,	there	are	
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occasional	significant	contrasts	changes	between	time	frames	(generally	caused	by	flickering	of	

the	 microscopy	 image).	 To	 ensure	 this	 does	 not	 give	 false	 point	 movements,	 displacement	

comparisons	were	only	compared	within,	and	not	between,	a	specific	contrast.	

	

General	error	calculations	

The	 experimental	 error	 for	 radial	 and	 angular	 movement	 of	 vertex	 points	 was	 calculated	

individually	for	each	vertex.	First	the	worst	case	error	grading	for	a	point	over	the	relevant	time	

frames	was	determined	for	each	vertex.	This	was	then	used	to	calculate	the	radial	and	angular	

movement	error	for	each	vertex.	For	radial	movement,	the	error	of	each	vertex	 location	was	

combined	using	error	propagation	methods	 (by	adding	 the	variance	 for	both	vertex	 location	

distributions	 together),	 assuming	 the	 worst	 case	 that	 vertex	 location	 error	 was	 completely	

aligned	with	the	radial	direction.	For	calculation	of	angular	movement	error,	error	propagation	

methods	were	also	used.	However,	the	worst	case	was	considered	to	be	when	vertex	location	

error	was	completely	aligned	in	the	angular	direction,	and	an	additional	step	was	required	to	

determine	the	final	angular	movement	error.	This	step	involved	simulating	the	maximum	and	

minimum	worst	case	location	of	each	vertex	point,	based	on	displacing	each	vertex	two	standard	

deviations	 in	both	angular	directions.	The	appropriate	error	of	 the	angular	movement	of	 the	

point	could	then	be	determined	based	on	these	maximums	and	minimums.	This	additional	step	

was	required	as	the	amount	of	error	in	vertex	angular	movement	is	dependent	on	how	close	a	

vertex	point	is	to	the	origin	(cut	point).	The	closer	a	point	is	to	the	cut	point,	the	larger	the	impact	

of	vertex	location	error	on	the	angular	location	error.	

	

The	error	on	 figures	of	severed	edge	relative	 length	was	calculated	using	 the	propagation	of	

error	principle.	Assuming	a	worst	case	scenario	of	the	two	points	on	either	end	of	the	join	being	

independent,	 the	severed	edge	relating	 length	error	distribution	was	obtained	by	adding	the	

variance	of	the	two	points	at	each	end	together.	

	

The	absolute	error	of	the	cell	area	and	average	root	mean	squared	change	was	determined	using	

the	 experimental	 and	 auto	 image	 analysis	 vertex	 location	 error	 distribution.	 For	 each,	

appropriate	vertices	were	relocated	two	standard	deviations	in	the	directions	to	maximise	and	

minimise	the	possible	cell	area	and	average	root	mean	squared	change,	with	experimental	and	

automated	image	analysis	error	of	vertex	locations	taken	into	account.	The	cell	area	and	average	

root	mean	squared	change	was	then	recalculated	using	these	relocated	points	to	find	the	two	

standard	deviation	error	bounds	for	results	figures. 	
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Cell	Area	Calculations	

For	 the	 simulation,	 change	 in	 the	area	of	each	cell	was	calculated	by	 finding	 the	percentage	

different	of	the	cells	maximum	and	minimum	areas	relative	to	the	minimum	area.	The	cell	areas	

from	prior	to	laser	ablation	to	final	steady	state	were	considered	when	looking	for	the	maximum	

and	minimum.	

	

For	 the	 experiment,	 determination	 of	 whether	 a	 cell	 had	 significantly	 changed	 area	 was	

calculated	from	the	statistical	error	distributions	of	the	cell	areas	over	the	entire	experiment.	

First,	the	area	error	distribution	of	the	first	time	point	of	each	cell	was	used	to	determine	the	

error	distribution	of	a	cell	with	constant	area.	This	was	achieved	by	removing	the	first	time	point	

statistical	 error	 distribution	 from	 itself,	 using	 error	 propagation	methods.	While	 this	 gave	 a	

mean	change	of	area	of	zero	(no	area	change),	it	also	provided	the	statistical	error	distribution	

of	cell	areas	that	could	occur	for	a	cell	that	was	not	changing	area.	

	

Secondly,	 the	 largest	 change	 in	 area	 of	 the	 cell	 over	 the	 experiment	 was	 determined	 by	

comparing	the	minimum	and	maximum	cell	areas	over	the	time	period.	This	 largest	cell	area	

change	was	 then	compared	 to	 the	 statistical	error	distribution	of	 the	cell	 assuming	constant	

area.	If	the	largest	cell	area	change	was	greater	than	three	standard	deviations	from	the	mean	

of	the	constant	area	distribution,	then	the	cell	was	considered	to	have	shown	significant	area	

change	over	the	time	period	of	interest.	

	

Finally,	cells	that	were	located	near	the	boundary	of	the	experiment,	or	had	a	relatively	small	

area,	were	removed	as	outliers,	leaving	a	reasonably	number	of	cells	showing	significant	area	

changes	over	the	experiment.	
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A.2	Appendix	Results	

	

Model	Testing	-	Validation	Dataset	

To	 complete	 model	 testing,	 and	 check	 for	 generality,	 the	 model	 was	 used	 to	 predict	 the	

movement	 of	 the	 validation	 dataset	with	 the	 same	 parameters	 as	 the	 primary	 dataset.	 The	

validation	experimental	dataset	was	slightly	different	to	the	primary	dataset.	It	showed	less	of	

the	sheet,	and	was	over	a	shorter	time	period,	with	less	time	before	and	after	the	laser	ablation.		

	

The	 comparison	 between	 the	model	 and	 experiment	 for	 the	 validation	 dataset	 is	 shown	 in	

Appendix	Figures	A.1	and	A.2.	As	can	be	seen	in	Appendix	Figure	A.1,	the	model	reproduced	the	

general	laser	ablation	movement	of	the	sheet,	including	the	anisotropic	movement	relaxation	

after	ablation,	and	the	reduced	vertex	movement	at	larger	distances	from	the	severed	edge.		

	

	
Figure	A.1:	Model	to	experiment	comparison	for	the	validation	dataset	movement	post	 laser	
ablation.	Vertex	Movement	from	just	prior	to	laser	cut	(9.5	seconds)	to	30	seconds	for	model	
(A)	 and	 experiment	 (B).	 For	 A)	 and	 B)	 displacement	 vectors	 represent	 four	 times	 actual	
displacement.	Scale	Bar:	5	microns.	
	

	

The	comparison	between	the	model	and	experiment	average	root	mean	square	displacement	is	

shown	in	Appendix	Figure	A.2A.	The	model	reproduced	the	dynamic	experimental	movements,	

showing	 the	 initial	 fast	displacement,	 followed	by	a	 slow	 increase,	 and	a	 final	 increase	after	

approximately	 90	 seconds.	 From	 a	 quantitative	 perspective,	 the	 model	 predicted	 the	 same	

displacement	as	the	experiment	within	experimental	error.	
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As	shown	in	Appendix	Figure	A.2B,	the	model	captured	the	trend	of	severed	edge	length	change	

of	 the	validation	dataset	over	 time,	predicting	 the	 fast	 initial	 response	 followed	by	a	 slowed	

response.	As	 for	 the	primary	dataset,	 the	model	 over	predicted	 the	magnitude	of	 the	 initial	

response.	The	model	indicated	that	the	validation	dataset	severed	edge	would	continue	to	grow	

in	length	for	a	further	period	of	time.	As	no	data	was	available	beyond	109.5	seconds,	it	was	not	

possible	to	validate	this	prediction	of	the	model.		

	

	
Figure	 A.2:	 Quantitative	 model	 (dashed	 line)	 to	 experiment	 (solid	 line)	 comparison	 for	 the	
validation	dataset	movement	post	laser	ablation.	A)	Average	Root	Mean	Squared	displacement	
of	all	vertices	from	just	prior	to	laser	ablation	over	time.	B)	Severed	edge	length	relative	to	length	
just	prior	to	laser	ablation	over	time.	For	A	and	B,	shaded	region	represents	experimental	error	
taken	 as	 two	 standard	 deviations	 of	 a	 Gaussian	 distribution,	 and	 data	 is	 smoothed	 via	 a	
windowed	moving	average.	
	

	

The	model	was	validated	by	the	second	dataset,	though	I	note	that	the	sheet	final	steady	state	

post	 laser	ablation	could	not	be	compared	due	to	 lack	of	available	data.	Aside	from	this,	 the	

model	 reproduced	all	 the	same	trends	and	quantitative	matches	of	 the	validation	dataset	as	

seen	in	the	primary	dataset	using	the	same	parameters.	
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Figure	A.3:	Entire	sheet	steady	state	strain	distribution	from	simulation	of	primary	dataset	just	
prior	to	laser	ablation.	
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Figure	 A.4:	 Entire	 sheet	 steady	 state	 edge	 minimum	 length	 distribution	 from	 simulation	 of	
primary	dataset	just	prior	to	laser	ablation.	
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Figure	 A.5:	 Match	 of	 model	 steady	 state	 vertex	 locations	 (dashed	 lines)	 compared	 to	
experimental	vertex	locations	(solid	lines)	just	prior	to	laser	severing.	Scale	Bar:	5	microns.	
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Figure	A.6:	Vertex	point	groupings	based	on	distance	from	laser	ablation	site.	Sheet	has	been	
rotated	so	that	cut	edge	is	at	zero	degrees.	Separation	boundaries	shown	by	dashed	circles	at	5,	
10	and	15	microns.	
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Figure	A.7:	Area	of	cell	5	(identified	in	Figure	3.6)	throughout	duration	of	primary	dataset.	Error	
Bars	represent	two	standard	deviations	of	a	Gaussian	distribution,	and	data	is	smoothed	via	a	
windowed	moving	average.	
	

	

	
Figure	 A.8:	 Validation	 dataset	 vertex	 movement	 throughout	 experiment.	 Anisotropic	 laser	
ablation	induced	movement	can	be	seen	from	9.5	to	approximately	70	seconds.	After	that	the	
sheet	shows	a	very	different	movement	pattern,	towards	the	top	right,	that	is	unrelated	to	laser	
ablation.	Displacement	vectors	represent	four	times	actual	displacement.	Scale	Bar:	5	microns.	
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Appendix	B	
	

This	appendix	contains	the	supporting	materials	for	research	Chapter	4,	Impact	of	spatial	length	

representation	on	individual	epithelial	contractile	fibre	forces	and	movement.	

	

	

B.1	Appendix	Methods	

	

Relating	external	drag	of	cylinder	to	cytoplasmic	viscosity	

Here	I	show	the	method	used	by	Stachowiak	and	O'Shaughnessy	(2009)	to	relate	the	total	drag	

coefficient	 of	 a	 cylindrical	 sarcomere	 to	 cytoplasmic	 viscosity.	 The	 relationship	 between	

cylindrical	sarcomere	drag	and	cytoplasmic	viscosity	(Tirado	and	de	la	Torre	1979)	is:	

	

𝑛L)])𝑣rN` =
-��Q�iN�j�QC

q] m�j�Q
C

� a1.-�
	 B.1	

	

where	𝑛L)]) 	is	the	number	of	minifilaments	per	sarcomere,	𝑣rN`is	the	external	drag	coefficient	

of	the	sarcomere,	𝑥wM�[1 	is	the	initial	sarcomere	length,	𝑤	is	the	fibre	diameter,	and	𝜂[u`	is	the	

cytoplasmic	viscosity.	A	minifilament	is	considered	to	be	one	of	the	actin	myosin	linkages	making	

up	a	sarcomere.	

	

Using	the	following	values	taken	from	our	work	or	Stachowiak	and	O'Shaughnessy	(2009):	

	

𝑛L)]) 	 50	

𝑣rN`	 120	𝑝𝑁. 𝑠/𝜇𝑚	

𝑥wM�[1 	 1.21	𝜇𝑚	

𝑤	 0.5	𝜇𝑚	

	

I	obtain	a	cytoplasmic	viscosity	of	895	𝑃𝑎. 𝑠	.	
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B.2	Appendix	Results	

	

	

	

	
Figure	B.1:	Validation	of	parallel	model	implementation.	Results	match	those	in	Stachowiak	and	
O'Shaughnessy	(2009)	using	linear	myosin	contraction	versus	external	tension	relationship.	Dots	
represent	experimental	fibre	severing	data	points	taken	from	Stachowiak	and	O'Shaughnessy	
(2009).	Grey	line	represents	model	solution.	
		

	
Figure	B.2:	Impact	of	contractile	unit	length	distributions	on	parallel	model	predicted	contractile	
fibre	 response,	 showing	 spread	 of	 model	 predicted	 distributions	 using	 sarcomere	 length	
distributions.	 Black	 dots	 represent	 experimental	 fibre	 severing	 data	 points	 taken	 from	
Stachowiak	and	O'Shaughnessy	(2009).	Grey	represents	spread	of	simulations.	
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Figure	 B.3:	Parallel	model	 sarcomere	 length	 distribution	 for	 curves	 used	 to	 show	 impact	 of	
sarcomere	 length	distribution	on	contractile	 fibre	severing	response	of	model.	A)	Contractile	
fibre	response	curves.	Black	dots	represent	fibre	severing	data	points	taken	from	Stachowiak	
and	O'Shaughnessy	(2009),	and	grey	line	is	model.	B)	Corresponding	contractile	unit	lengths	pre	
(above)	and	post	(below)	each	severing	simulation.	
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Appendix	C	
This	appendix	contains	the	supporting	materials	for	research	Chapter	5,	Impact	of	local	apical	

cell	edge	severing	on	cell	shape,	volume	and	surface	area.	

	

	

C.1	Appendix	Methods	

	

Image	Analysis	Method	

The	steps	of	the	individual	cell	image	analysis	and	software	pipeline	were:	

	

1) Fiji:	De-noising	of	microscope	images	via	Gaussian	Smoothing	with	Sigma	Radius	2.	

	

2) Fiji:	Manual	tracing	of	individual	cell	outer	wall	on	each	appropriate	slice	using	

segmented	lines	and	Roi	Manager.	Manual	thresholding	of	cell	and	membrane	

markers	were	used	as	appropriate	for	each	slice	and	dataset.	

	

3) Fiji:	Custom	plugin	written	to	convert	stored	cell	shapes	into	a	tiff	file.	Voxel	with	cell	

marked	with	1,	everything	else	0.	

	

4) Vtk:	Tiff	file	read	into	vtk	via	standard	tiff	reader	(vtkTIFFReader)	

	

5) Vtk:	Surface	smoothed	using	a	3D	Gaussian	Smoother	(vtkImageGaussianSmooth):	

standard	deviation	of	1	in	z,	and	2.5	in	x	and	y;	radius	of	three	times	each	standard	

deviation.	This	approximates	the	natural	z	curvature	of	cells	as	in	Tassy	et	al.	(2006).	

To	test	for	the	impact	of	marching	cubes	and	smoother	parameters	on	final	results,	a	

parameter	analysis	was	conducted.	This	analysis	found	that	selection	of	parameters	

had	an	insignificant	impact	on	final	results.	

	

6) Vtk:	Surface	of	individual	cell	found	using	marching	cubes	filter	(vtkMarchingCubes).	

Marching	Cubes	contour	value	80.	

	

7) Vtk:	Cell	centreline	found	using	imported	vmtk	script	(vmtkCenterLines),	and	then	

smoothing	via	(vmtkCenterLineSmoothing):	1000	smoothing	iterations.	
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8) Vtk:	Cell	Surface	and	Centreline	output	into	vtp	(vtk	polydata	files).	

	

9) Paraview:	Cell	Surface	and	Centreline	read	in	using	standard	vtp	reader	

	

10) Paraview	Vtk:	Find	and	create	planes	at	each	10	percent	interval	along	cell	centreline	

lengths.			

	

11) Paraview	Vtk:	Calculate	cell	and	sub	section	volume	and	surface	area	using	vtk	script	

(vtkMassProperties)	

	

12) Paraview	Vtk:	Output	all	data	to	csv	files	for	reading	into	Matlab	and	Excel	for	

statistics.	

	

All	Vtk	scripts	were	written	in	python	using	Spyder.		

	

The	steps	of	the	apical	contractile	cross	section	pipeline	were:	

	

1) Fiji:	Same	as	individual	cell	steps	1-3	

	

2) Vtk:	Same	as	individual	cell	steps	4-6:		

- 3D	Gaussian	Smoother	values	z	standard	devation	0.5,	x	and	y	standard	

deviation	2.5,	radius	factors	three	times	standard	deviations	

- Marching	Cubes	values	0,100	

	

3) Vtk:	Centre	plane	of	apical	cross	section	determined	by	finding	centre	of	mass	of	

marching	cube	surface	(vtkCenterOfMass),	then	solving	a	linear	2D	plane	that	goes	

through	the	centre	of	mass	and	has	a	best	fit	for	all	other	points	on	the	surface.	

System	solved	using	python	numpy	linear	solver	(numpy.linalg.solve).	

	

4) Vtk:	Centre	plane	then	used	to	cut	cell	surface	to	determine	apical	contractile	cross	

section	along	centre	plane.	

	

5) Vtk:	Cut	Surface	and	centre	plane	written	to	vtk	polydata	files	(vtp)	
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6) Paraview:	Used	for	visualisation	of	apical	contractile	cross	section	along	centre	plane	

	

	

C.2	Appendix	Results	

	

	
Figure	 C.1:	 Plating	 system	 for	 experiments.	 Top)	 Top	 down	 view	 showing	 all	 components.	
Bottom)	Magnified	side	view	showing	location	and	height	of	slide	(1	mm),	spacer	(0.12	mm)	and	
cover	slip.	
	

	

	
Figure	C.2:	Natural	variation	of	cell	apical	cross	section	without	perturbation	applied	(D21).	A)	
Top	down	view.	B)	Side	view	showing	vertical	movement	of	cross	section.	Scale	Bars:	1	µm.	
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Figure	C.3:	Cells	that	showed	major	overall	shape	change	over	time	without	a	perturbation.	A	
and	B)	Marked	cell	located	next	to	two	dividing	cells	(D29).	A)	Microscopy	image	showing	cell	
location	relative	to	dividing	cells.	B)	Change	of	cell	shape	over	time.	C)	Cell	undergoing	rounding	
(D26).	Scale	Bars:	2	µm.	
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Figure	C.4:	Significant	normalised	volume	change	of	non-perturbation	outlier	 cell	 (D29)	over	
time.	Cell	located	next	to	dividing	cells,	as	shown	in	Appendix	Figure	C.3.	
	

	

	
Figure	C.5:	Microscope	image	showing	D19	GFP	marked	cell	in	close	proximity	to	dividing	cell	
(lower	right).	Scale	Bar:	2	microns.	
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Figure	 C.6:	Normalised	 volume	 change	 of	 D12	 over	 time,	 showing	 significant	 initial	 volume	
change,	followed	by	qualitative	return	towards	original	value.	
	

	

	
Figure	C.7:	Microscope	images	of	wing	disc	myosin	expression	pre	(A	–	0	minutes)	and	post	(B	–	
34	minutes)	Rho-associated	protein	kinase	inhibition	via	Y27632.	Post	inhibition,	myosin	is	no	
longer	localised	to	cell	edges,	and	the	disc	shape	has	flattened.	Scale	Bars:	5	microns.		
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Cell	Perturbation	Induced	Regional	Surface	Area	Changes	

Dataset	

Cell	Intervals	
Whole	
Cell	

Response	
Shape	

0.0	
-	
0.1	

0.1	
-		
0.2	

0.2	
-		
0.3	

0.3	
-		
0.4	

0.4	
-		
0.5	

0.5	
-		
0.6	

0.6	
-		
0.7	

0.7	
-		
0.8	

0.8	
-		
0.9	

0.9	
-		
1.0	

D1-Vol	 0.6	 2.0	 2.1	 0.5	 1.0	 4.1	 3.9	 0.8	 1.5	 2.9	 11.8	 Inc	->	Ret	

D2-Vol	 0.8	 0.4	 0.5	 0.9	 1.1	 1.4	 0.9	 0.7	 1.7	 1.6	 4.7	 Inc	->	Ret	

D3-Vol	 2.1	 1.9	 1.6	 2.4	 1.9	 1.1	 2.0	 3.5	 4.3	 1.9	 7.1	 Inc	->	Ret	

D4-Vol	 3.8	 0.9	 1.3	 2.0	 2.0	 2.4	 1.4	 1.4	 1.8	 2.0	 11.9	 Inc	->	Ret	

D5-Vol	 3.4	 2.0	 1.2	 2.3	 1.0	 0.5	 1.6	 2.2	 1.8	 3.2	 11.7	 Inc	->	Ret	

D6-Vol	 4.4	 1.0	 0.9	 1.3	 1.2	 1.7	 2.4	 1.7	 1.3	 1.9	 6.4	 Inc	->	Ret	

D7-Vol	 3.1	 1.1	 1.6	 1.3	 4.0	 2.3	 4.9	 4.5	 1.5	 4.3	 24.0	 Inc	->	Ret	

D8-Vol	 4.0	 1.3	 1.1	 1.7	 2.0	 2.3	 1.2	 3.1	 2.2	 2.0	 10.8	 Inc	->	Ret	

D9-Vol	 2.2	 2.0	 2.2	 3.0	 3.5	 2.8	 2.7	 3.7	 3.9	 1.8	 9.1	 Dec	->	Ret	

D10-Vol	 1.9	 0.9	 1.3	 1.0	 1.1	 0.3	 1.3	 1.0	 0.8	 0.9	 14.6	 Inc	

D11-Vol	 2.0	 1.4	 3.0	 1.7	 1.7	 1.8	 5.0	 2.9	 3.8	 4.0	 39.6	 Inc	

D12-Vol	 5.2	 2.4	 2.7	 3.7	 1.8	 1.4	 3.8	 3.2	 1.8	 1.8	 10.9	 Inc	->	Ret	

D13-Vol	 1.8	 3.6	 4.6	 3.7	 6.1	 6.4	 2.5	 1.9	 0.8	 1.9	 9.2	 Dec	

D14-Vol	 4.9	 1.9	 2.0	 1.1	 2.2	 1.3	 0.8	 1.5	 2.5	 5.3	 13.0	 Dec	->	Ret	

D15-Vol	 2.7	 0.9	 1.0	 1.5	 1.1	 1.2	 1.8	 1.6	 0.7	 2.6	 8.1	 Dec	->	Ret	

D16-Vol	 3.2	 3.4	 3.4	 1.8	 1.2	 3.3	 3.9	 1.7	 1.8	 3.1	 12.3	 Dec	->	Ret	

D17-Vol	 4.5	 2.0	 3.8	 2.9	 2.1	 1.8	 2.8	 1.4	 3.1	 7.3	 6.5	 Dec	->	Ret	

D18-Vol	 1.6	 0.7	 1.0	 1.5	 1.0	 2.0	 1.9	 1.5	 3.1	 1.0	 6.9	 Dec	->	Ret	

D19-Vol	 3.4	 3.4	 3.8	 2.7	 2.8	 3.2	 2.0	 1.7	 2.1	 1.9	 16.2	 Dec	

Table	 C.1:	Heat	map	 of	 non-inhibited	 ablated	 sub	 cellular	 regional	 normalised	 surface	 area	
change	 (maximum	minus	minimum	 values)	 after	 severing,	 broken	 into	 sections	 by	 response	
shape.	Surface	areas	are	normalised,	and	taken	over	20-30	minute	time	frame	depending	on	the	
dataset.	 Colours	 represent	 direction	of	 change:	 green	 increase,	 red	decrease,	 and	 yellow	an	
initial	change	followed	by	a	return	to	original	value.	Regions	with	greater	than	4	overall	change	
are	marked	with	colours.	Cells	are	separated	into	10	%	intervals	along	their	centreline	length.	
Whole	 Cell	 and	 Response	 Shape	 columns	 represent	 the	 maximum	 of	 the	 whole	 cell	 initial	
response	(same	data	as	in	Figure	5.3),	and	the	qualitative	shape	of	the	response,	respectively.	
Inc:	Increase,	Dec:	Decrease,	Ret:	Return.	
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Natural	Cell	Movement	Regional	Volume	&	Surface	Area	Changes	

Dataset	

Cell	Intervals	
Whole	Cell	
Significance	0.0	

	-		
0.1	

0.1	
	-		
0.2	

0.2	
	-		
0.3	

0.3	
	-		
0.4	

0.4	
	-		
0.5	

0.5	
	-		
0.6	

0.6	
	-		
0.7	

0.7	
	-		
0.8	

0.8	
	-		
0.9	

0.9	
	-		
1.0	

D20-Vol	 0.9	 2.2	 2.2	 2.2	 2.5	 2.7	 5.0	 1.5	 3.8	 7.3	 Not	Sig	

D21-Vol	 3.1	 1.7	 1.9	 3.8	 3.3	 2.8	 2.6	 3.8	 1.5	 7.2	 Not	Sig	

D22-Vol	 2.5	 2.7	 3.6	 2.0	 1.6	 1.7	 2.0	 2.8	 2.0	 3.3	 Not	Sig	

D23-Vol	 2.5	 2.2	 2.6	 3.1	 4.6	 2.1	 3.3	 3.2	 4.7	 3.9	 Not	Sig	

D24-Vol	 4.4	 2.3	 1.4	 1.9	 2.8	 2.7	 2.1	 3.7	 2.4	 3.0	 Not	Sig	

D25-Vol	 0.7	 3.5	 1.5	 4.0	 1.4	 2.3	 2.6	 3.2	 1.2	 3.0	 Not	Sig	

D26-Vol	 1.1	 2.4	 5.7	 7.9	 7.2	 7.7	 6.5	 7.2	 4.0	 1.7	 Not	Sig	

D27-Vol	 1.6	 2.3	 1.7	 2.0	 2.7	 2.6	 2.9	 4.1	 1.7	 5.1	 Sig,Part	

D28-Vol	 2.8	 3.4	 1.7	 3.9	 3.0	 4.3	 8.5	 4.1	 2.7	 3.7	 Sig,Part	

D29-Vol	 2.6	 2.1	 2.4	 1.2	 5.2	 9.0	 11.9	 5.9	 11.2	 8.8	 Sig,Whole	

D20-SA	 0.7	 1.5	 2.6	 2.0	 1.9	 2.0	 2.4	 0.7	 1.7	 4.5	 Not	Sig	

D21-SA	 2.3	 1.4	 1.0	 1.2	 1.0	 1.0	 1.3	 2.6	 0.4	 1.4	 Not	Sig	

D22-SA	 2.0	 0.9	 1.8	 2.0	 0.8	 0.3	 0.4	 1.5	 1.0	 2.7	 Not	Sig	

D23-SA	 2.1	 0.8	 2.0	 2.9	 2.7	 0.8	 1.5	 1.8	 3.0	 3.3	 Not	Sig	

D24-SA	 2.7	 1.6	 1.3	 1.2	 1.3	 0.8	 1.3	 1.3	 1.2	 1.6	 Sig,	Part	

D25-SA	 0.8	 2.4	 1.3	 3.0	 0.9	 1.5	 1.4	 2.1	 1.0	 2.5	 Sig,	Whole	

D26-SA	 1.6	 2.0	 3.1	 3.2	 3.4	 2.9	 2.9	 4.5	 3.3	 2.4	 Not	Sig	

D27-SA	 1.8	 1.4	 2.2	 1.3	 1.2	 1.1	 1.2	 2.0	 1.1	 3.9	 Sig,	Part	

D28-SA	 1.6	 1.5	 0.6	 2.3	 3.0	 3.2	 3.5	 1.4	 1.8	 2.1	 Not	Sig	

D29-SA	 2.6	 1.3	 1.9	 0.8	 2.7	 4.3	 3.8	 2.0	 4.2	 5.7	 Sig,	Whole	

Table	 C.2:	 Cells	 without	 perturbation	 (D20-29)	 magnitude	 change	 of	 sub	 cellular	 regions	
allocated	by	10	%	intervals	along	cell	centreline.	Values	are	normalised,	and	taken	over	20-30	
minute	 time	 frames	 depending	 on	 the	 dataset.	 Top)	 Volumes.	 Bottom)	 Surface	 areas.	
Highlighted	cells	have	magnitude	greater	than	4	for	volume	and	3	for	surface	area.	Highlight	
represent	an	increase	(green),	decrease	(red),	or	both	a	decrease	and	increase	(yellow).	Whole	
cell	significance	represents	whether	dataset	showed	overall	significant	volume	or	surface	area	
change.	Part:	Significance	applies	to	a	segment	of	the	time	cell	was	analysed,	Whole:	Significance	
applied	to	entire	time	cell	was	analysed.	All	significant	volume	or	surface	area	changes	were	
increases.		
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Inhibited	Perturbation	Induced	Regional	Cell	Volume	and	Surface	Area	Changes	

Dataset	

Cell	Intervals	
Response		
Shape	0.0	

-	
0.1	

0.1	
-	
0.2	

0.2	
-	
0.3	

0.3	
-	
0.4	

0.4	
-	
0.5	

0.5	
-	
0.6	

0.6	
-	
0.7	

0.7	
-	
0.8	

0.8	
-	
0.9	

0.9	
-	
1.0	

D30-Vol	 6.7	 14.0	 4.1	 14.1	 8.9	 1.3	 2.7	 1.2	 2.5	 3.8	 Inc	

D31-Vol	 8.0	 3.7	 5.6	 4.3	 6.2	 2.0	 1.9	 2.5	 5.4	 7.2	 Inc	

D32-Vol	 1.2	 1.0	 0.7	 3.3	 1.1	 10.2	 1.5	 9.4	 1.3	 2.3	 Inc	

D33-Vol	 1.9	 2.2	 2.7	 1.5	 1.6	 2.7	 1.6	 2.3	 3.2	 7.2	 Inc	

D34-Vol	 3.5	 1.6	 1.5	 1.9	 2.2	 0.8	 5.1	 2.4	 1.3	 4.4	 Inc	

D35-Vol	 4.1	 2.6	 11.4	 11.8	 6.6	 12.8	 4.9	 3.7	 3.0	 3.3	 Dec	

D36-Vol	 1.6	 2.7	 3.4	 3.2	 1.6	 1.6	 3.8	 2.4	 2.9	 13.1	 Dec	

D37-Vol	 2.0	 0.7	 1.8	 0.8	 1.8	 7.0	 1.2	 7.9	 1.3	 2.4	 Not	Sig	

D38-Vol	 2.9	 1.4	 3.2	 4.3	 6.6	 6.2	 6.8	 5.9	 4.3	 4.2	 Not	Sig	

D30-SA	 6.2	 5.9	 1.2	 6.4	 5.5	 0.9	 2.2	 1.2	 1.1	 3.0	 Inc	

D31-SA	 5.3	 2.4	 1.7	 1.8	 2.4	 2.0	 2.4	 2.6	 3.2	 5.2	 Inc	

D32-SA	 1.3	 0.8	 0.3	 2.6	 0.9	 3.9	 0.5	 3.9	 0.9	 1.4	 Inc	

D33-SA	 1.5	 1.2	 1.4	 2.8	 2.1	 1.3	 1.0	 1.0	 1.8	 5.3	 Inc	

D34-SA	 3.3	 0.8	 1.5	 0.6	 1.5	 0.9	 2.8	 1.3	 1.1	 4.1	 Inc	

D35-SA	 3.1	 2.5	 4.6	 4.8	 2.5	 6.4	 3.4	 2.6	 2.4	 2.2	 Dec	

D36-SA	 1.4	 2.4	 2.8	 2.0	 1.3	 1.2	 1.9	 1.2	 0.8	 9.3	 Dec	

D37-SA	 1.0	 0.4	 1.3	 0.5	 1.0	 3.2	 0.6	 3.2	 0.7	 1.8	 Not	Sig	

D38-SA	 2.2	 1.3	 0.9	 4.6	 2.8	 2.0	 2.7	 3.2	 2.3	 2.7	 Not	Sig	

Table	C.3:	Heat	map	of	Rho-associated	protein	kinase	inhibited	laser	perturbed	cells	(D30-D38)	
sub	cellular	regional	normalised	volume	and	surface	area	change	(maximum	minus	minimum	
values)	after	severing,	broken	into	sections	by	response	shape.	Surface	areas	are	normalised,	
and	 taken	over	20-30	minute	 time	 frame	depending	on	 the	dataset.	Top)	Volumes.	Bottom)	
Surface	areas.	Colours	represent	direction	of	change:	green	increase,	red	decrease,	and	yellow	
an	 initial	 change	 followed	 by	 a	 return	 to	 original	 value.	 Regions	with	 greater	 than	 4	 overall	
change	are	marked	with	colours.	Cells	are	separated	into	10	%	intervals	along	their	centreline	
length.	Response	Shape	column	represents	the	qualitative	shape	of	the	response,	with	those	
cells	which	did	not	change	marked	as	not	significant.	Inc:	Increase,	Dec:	Decrease.	
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