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Introduction	

	 Striated	muscles,	which	include	cardiac	muscle,	get	their	unique	appearance	from	

the	repeating	arrangement	of	sarcomeres,	each	of	which	contains	overlapping	actin	(thin)	

and	myosin	(thick)	myofilaments.	Muscle	contraction	depends	on	the	interaction	between	

these	two	myofilaments,	as	well	as	Ca2+-regulation	via	regulatory	proteins	on	thin	

filaments.[1]	

Troponin	(Tn)	for	example,	is	a	regulatory	protein	in	which	it’s	interaction	with	

tropomyosin	(Tm)	plays	a	critical	role	in	striated	muscle	contraction.	The	troponin	complex	

is	composed	of	three	subunits;	the	inhibitory	TnI,	tropomyosin	binding	TnT	and	Ca2+	

binding	TnC.	As	the	sarcoplasmic	reticulum	releases	Ca2+	into	the	cytosol,	TnC	binds	free	

Ca2+	ions,	which	exposes	a	hydrophobic	patch	of	residues	near	the	N-terminus	of	TnC	[2]	

This	conformation	change	allows	for	the	interaction	of	TnC	with	TnI,	which	causes	

tropomyosin	to	move	and	expose	the	myosin-binding	sites	on	the	actin	myofilament	to	the	

myosin	heads	(S1)	on	the	thick	myofilament	[2].	Cross-bridges	can	then	form	between	the	

myosin	heads	and	myosin	binding	sites	on	actin.	Each	myosin	molecule	has	two	heads;	each	

head	is	at	the	N-terminus	of	a	myosin	heavy	chain	molecule	and	is	associated	with	two	light	

chains.	In	addition,	each	myosin	head	contains	not	only	an	actin-binding	region,	but	also	the	

ATP	catalytic	site	where	MgATP	is	hydrolyzed	to	MgADP	and	Pi.	The	myosin	head	must	have	

already	hydrolyzed	MgATP	to	MgADP	and	Pi	in	order	to	be	in	its	active,	high-energy	state	

and	be	able	to	form	a	cross-bridge	[2].	Once	the	cross-bridge	is	formed	the	inorganic	

phosphate	and	ADP	are	released	and	a	“power	stroke”	occurs.	During	the	“power	stroke”	

the	myosin	head	returns	to	its	low	energy	state	while	also	generating	force,	which	

(depending	on	external	loading)	causes	the	thin	myofilament	to	slide	towards	the	center	of	

the	sarcomere;	filament	sliding	is	the	basis	for	sarcomere	shortening,	and	thus	contraction	

of	striated	muscle.		



Many	mutations	can	alter	the	various	aspects	of	this	well	coordinated	yet	delicate	

process,	but	the	focus	of	this	project	is	the	cTnC	A8V	mutation	[3].	This	mutation	has	been	

shown	to	alter	cardiac	contractility	and	increase	Ca2+	sensitivity	of	isometric	force	

generation	and	myofibrillar	MgATPase	activity	[4][5][6].	This	increased	Ca2+	sensitivity	is	

significant	because	it	is	associated	with	the	development	of	hypertrophic	cardiomyopathy	

(HCM)[7][8][9].	HCM	is	a	common	and	often	fatal	condition	caused	by	enlarged	

cardiomyocytes	eventually	causing	the	ventricle	walls	to	thicken	(especially	on	the	left	

side)[1].	This	thickening	of	the	muscle	leads	to	serious	complications	that	can	include	

decreased	cardiac	output,	and	in	the	most	severe	cases	results	in	sudden,	unforeseen	

cardiac	arrest.	[10]	

In	addition	to	the	sarcomeres,	troponin	and	tropomyosin	are	also	located	in	the	

nucleus	of	cardiomyocytes	[11][12].	It	is	unclear,	however,	what	the	role	of	troponin	is	in	

the	nucleus	and	what	nuclear	effects	the	cTnC	A8V	mutation	might	have.	In	an	effort	to	

study	the	nuclear	role	of	troponin,	Chase	et	al.	used	a	knock-in	mouse	model,	developed	by	

Martins	et	al.	[7]	in	order	to	compare	cTnC	A8V	mutated	cardiomyocyte	nuclei	to	wild	type	

cardiomyocyte	nuclei.	Homozygote	cTnCA8V	mice	were	determined	to	have	cardiomyocyte	

nuclear	volumes	half	the	size	of	their	wild	type	counterparts.		

While	there	are	many	explanations	for	a	difference	in	nuclear	size,	given	that	the	

volume	difference	is	a	factor	of	2,	an	intriguing	explanation	for	the	difference	is	the	DNA	

content.	A	ploidy	increase	has	often	been	shown	to	correlate	with	an	increase	in	nuclear	

volume	[13]	[14]	and	is	therefore	a	plausible	explanation.	Thus,	we	predicted	that	the	cTnC	

A8V	cardiomyocytes	had	a	ploidy	2-fold	lower	compared	to	the	wild	Type	counterparts.	

Adult	mouse	cardiomyocytes	tend	to	be	multinucleated	with	the	majority	being	

binucleated	and	few	being	either	mononucleated	or	tetranucleated.	[13]	Therefore	the	



nuclearity	of	the	cardiomyocytes	collected	was	expected	to	be	the	same,	with	most	being	

binucleated	and	a	few	mononucleated	or	tetranucleated.	

	 The	goal	of	this	study	was	to	determine	the	ploidy	of	both	the	wild	type	and	cTnC	

A8V	cardiomyocyte	nuclei	in	order	to	determine	if	there	is	in	fact	a	difference	and	if	so,	

whether	it	correlates	with	the	difference	in	volume	found	in	Chase	et	al.’s	previous	study.	

A	lower	ploidy	may	affect	capacity	for	cardiac	repair	and	cell	turnover	considering	a	lower	

ploidy	has	been	shown	to	correlate	with	an	increase	in	regenerative	capacity	[13][14].	

	

Materials	and	Methods		

A	mixture	of	Leica	fluorescent	in	situ	hybridization	(FISH)	probes	(Leica	Kreatech	

mouse	Tlk2	(11qE1)	RED	(PlatinumBright	550)	/	Aurka	(2qH3)	GREEN	(PlatinumBright	

495)	were	used	in	order	to	stain	two	different	chromosomes	(2	and	11)	of	the	nuclear	DNA.	

The	reasoning	was	that	it	would	not	only	indicate	the	ploidy	of	each	nucleus,	but	the	

manufacturer-supplied	mixture	of	two	probes	should	also	act	as	a	built-in	control	(i.e.,	both	

probes	would	be	expected	to	yield	the	same	answer).	The	protocol	of	the	standard	Leica	

FISH	probes	was	quickly	determined	to	be	far	too	harsh,	as	it	destroyed	much	of	the	nuclear	

structure;	this	was	a	problem	considering	it	was	impossible	to	differentiate	whether	the	

DNA	came	from	living	cardiomyocytes	or	those	that	had	undergone	apoptosis	or	necrosis.	

Therefore	a	new	protocol	was	developed	in	order	to	preserve	more	of	the	cardiomyocyte	

structure.		

Living,	intact	cardiomyocytes	from	WT	and	cTnC	A8V	adult	mice	were	isolated	by	

graduate	student	Karissa	D.	Jones	[7].	These	preparations	were	centrifuged	in	order	to	

remove	the	supernatant,	and	then	fixed	using	a	solution	of	5%	formalin	diluted	1:10	in	

saline	buffer	(extracellular	buffer)	with	no	calcium	added	to	reduce	contractility	during	the	

fixation	step.	The	myocytes	were	then	incubated	in	fixative	with	shaking	at	37°C	for	



15	minutes.	After	both	the	wild	type	and	A8V	cardiomyocyte	solutions	had	been	processed	

they	were	both	fixed	at	the	same	time.	This	entailed	once	again	centrifuging	and	removing	

the	supernatant.	This	was	followed	by	addition	of	1.5	ml	of	0.5%	IGEPAL	solution	(which	

permeabilized	the	membranes	in	order	to	allow	the	FISH	probes	to	diffuse	into	the	nucleus)	

to	each	preparation	in	a	low	[Ca2+]	(pCa	7	=	10-7	M	Ca2+)	relaxing	solution	(mimicking	

cardiac	diastole).	A	10	μl	mixture	of	FISH	probes	(Leica	Kreatech	mouse	Tlk2	(11qE1)	RED	

(PlatinumBright	550)	/	Aurka	(2qH3)	GREEN	(PlatinumBright	495)	was	added	in	order	to	

label	2	different	chromosomes	within	each	preparation.	1	drop	of	NucBlue	(ThermoFisher	

Scientific)	was	added	to	stain	the	DNA	as	well	as	DTT.	Both	preparations	were	then	

incubated	at	37°C	with	shaking	for	15	minutes.	The	preparations	were	then	stored	at	room	

temperature	overnight	in	order	to	allow	for	sufficient	time	for	the	FISH	probes	to	diffuse	

into	the	nuclei.	After	24	hours	the	preparations	were	heated	to	80-85°C	for	10	minutes,	

then	cooled	for	10	minutes	at	40°C	in	order	to	allow	the	probes	to	hybridize.		

Ruth	Didier	and	graduate	student,	Karissa	Dieseldorff	Jones	from	the	College	of	

Medicine	Biomedical	Sciences	department	collected	confocal	z-stack	images	on	the	LSM	880	

Zeiss	confocal	microscope	in	brightfield	plus	3	different	fluorescence	channels;	that	of	the	

2	FISH	probes	(red	and	green)	as	well	as	of	the	nuclei	(DAPI).	At	the	time	of	confocal	

imaging,	glass	wells	were	coated	with	laminin	in	order	ensure	that	the	cardiomyocytes	were	

immobiled	on	the	surface	during	imaging.	A	few	drops	of	each	preparation	were	added	to	

different	glass	wells	in	order	to	image	cardiomyocytes	along	with	their	nuclei.	One	of	the	

advantages	of	creating	a	z-stack	is	that	a	3d	model	can	easily	be	rendered	in	order	to	

visualize	orientation	as	well	as	determine	whether	the	nuclei	are	in	fact	within	the	

cardiomyocytes	or	whether	they	are	free	floating	(figure	1a).	

There	was	a	concern	that	coincident	pairs	of	green	and	red	florescent	spots	seen	on	

the	Zeiss	confocal	images	could	have	occurred	due	to	“cross	talk"	between	the	red	and	



green	channels.	Therefore	an	Andor	revolution	spinning	disk	laser	confocal	microscope	

with	a	larger	range	between	the	wavelengths	of	the	red	and	green	channels	was	employed.		

ZEN	lite	software	was	used	in	order	to	analyze	and	quantify	the	dimensions	of	the	

Zeiss	confocal	z-stack	files	(figure	1a).	Nuclear	areas	were	measured	for	each	slice	of	the					

z-stack	images	(figure	1b)	and	plotted	in	order	to	produce	a	second	order	polynomial	

function	(figure	1c),	which	was	extrapolated	in	order	to	allow	for	the	inclusion	of	the	entire	

nuclear	volume	up	to	the	edges	of	the	nucleus.		The	integral	of	the	curve	was	computed	with	

the	z-slice	thickness	(figure	1d)	in	order	to	quantify	the	nuclear	volume.		

	

	

	

	

	

	

	

	

	

	

	

	

Figure	1.	a)	z-stack	of	a	binucleuated	cardiomyocyte	along	with	it’s	nuclei	shown	in	the	DAPI	channel.	

b)	z-stack	of	nuclear	slices	isolated	in	the	DAPI	channel	with	depth	coding.	c)	Extrapolated	second	order	

polynomial	function	of	the	plotted	area	values	collected	in	order	to	perform	integration	and	thus	

determine	nuclear	volume.	d)	Individual	area	slices	of	the	nuclei	with	depth	coding	illustrating	the	way	

in	which	the	volume	was	quantified.	

	

	



The	Spinning	disk	confocal	microscope	produced	tiff	files,	which	couldn’t	be	

analyzed	using	the	same	Zen	lite	software.	Instead,	these	images	were	analyzed	using	

Image	J	[15],	which	had	its	own	advantages	and	disadvantages.	Nuclear	volumes	were	

analyzed	within	the	DAPI	channel	with	an	intensity	threshold	in	order	to	isolate	the	nuclei.	

This	allowed	for	a	consistent,	accurate	way	to	batch	process	all	of	the	z-slices	of	a	

cardiomyocyte	at	the	same	time.	While	this	saves	a	great	deal	of	time	compared	to	the	Zeiss	

image	analysis,	it	is	much	more	difficult	to	differentiate	free	floating	nuclei	and	

cardiomyocyte	bound	nuclei	without	the	3d	rendered	analysis.		

	

Results	

Most	of	the	cardiomyocytes	imaged	were	diploid	(23)	and	very	few	tetraploid	(2)	as	was	

to	be	expected	because	this	is	the	case	in	most	mammalian	cardiomyocytes	[13].	While	the	

focus	of	the	data	collection	was	on	determining	ploidy,	only	a	limited	number	of	

cardiomyocytes	had	green	and	red	dots	within	their	nuclei	indicating	the	labeled	

chromosomes	(figure	2).	



	

	

Nuclear	dimension	were	also	measured	in	order	to	determine	whether	they	correlated	

with	the	expected	ploidy	difference	between	the	wild	type	and	cTnC	A8V	cardiomyocytes.	

Contrary	to	expectations,	the	difference	in	nuclear	volume	between	the	cTnC	A8V	and	WT	

mice	was	not	consistent	with	the	results	of	the	previous	study.	In	fact,	cTnC	A8V	

cardiomyocyte	nuclear	volumes	were	found	to	be	significantly	larger	(p	<	.001)	than	wild	

type	cardiomyocyte	nuclei	as	shown	in	figure	3.		

	

								 						
	
	

									 	

Figure	2.	a)	Brightfield	image	of	a	cardiomyocyte.	b)	Nuclei	(DAPI	channel)	in	the	same,	

binucleated	cardiomyocyte.	c	&	d)	The	same	cardiomyocyte	imaged	in	the	red	and	green	

fluorescence	channels.	Note	the	lack	of	fluorescent	probes	in	the	nuclei.		

	

	

c)	 d)	

a)	 b)	



	

	

	

Considering	the	results	contradicted	previous	findings,	a	distribution	of	all	nuclei	was	

analyzed	in	order	to	see	if	there	was	potentially	a	multimodal	distribution	irrespective	of	

the	mutation	(figure	4).	

	

	

	

Figure	3.	cTnC	A8V	mutated	mouse	cardiomyocyte	nuclear	volumes	(red)	were	found	to	be	

significantly	(p	=	0.0001145)	larger	than	those	of	wild	type	(blue)	mice.		

	

Figure	4.	Histograms	of	cardiomyocyte	nuclear	volumes	in	cTnC	A8V	cardiomyocytes	(red;	

N	=	32)	or	wild	type	cardiomyocytes	(blue;	N	=	22)		

	



Discussion		

	 While	there	were	a	few	corresponding	green	and	red	fluorescent	dots,	there	is	not	

convincing	evidence	that	they	indicated	the	cardiomyocyte’s	nuclear	ploidy.	One	concern	is	

that	the	probes	were	not	able	to	effectively	diffuse	into	the	nucleus	and	hybridize	with	the	

DNA.	There	is	a	high	likelihood	that	the	probes	were	able	to	bind	nonspecifically	to	proteins	

in	the	myofilament,	considering	the	probes	were	ubiquitous	in	the	images	(figure	2).	

	 Although	ploidy	results	were	inconclusive,	nuclear	dimensions	were	quantified	and	

analyzed	in	order	to	compare	to	previous	results.	The	results	from	this	study	contradicted	

the	previous	findings	because	not	only	were	the	cTnC	A8V	nuclear	volumes	not	smaller	by	a	

factor	of	two,	they	were	actually	significantly	larger	(p<	.001).	A	potential	explanation	is	that	

the	isolation	process	alters	the	volume	and	cell	dimensions,	as	this	is	quite	common		

[16].	While	this	may	explain	the	discrepancy	between	the	two	different	studies,	even	if	the	

fixation	did	alter	the	nuclear	structure	it	theoretically	could	have	done	so	uniformly	to	both	

cTnC	A8V	and	WT	mice	cardiomyocytes.	In	addition	figure	4	indicates	that	there	is	a	

potential	multimodal	distribution	of	nuclei,	but	more	data	would	need	to	be	collected	in	

order	to	come	to	a	conclusion.	This	also	once	again	brings	up	the	question	of	ploidy	and	

DNA	content.		

A	potential	explanation	for	cTnC	A8V	cardiomyocytes	having	a	larger	volume	in	this	

study	as	compared	to	smaller	volumes	measured	in	prior	unpublished	work	from	

Dr.	Chase’s	laboratory	is	a	difference	in	cardiomyocyte	preparation,	specifically	

permeabilization	of	the	membranes,	which	was	not	performed	in	prior	work.	Intact	

cardiomyocyte	nuclei	from	the	prior	study	were	embedded	in	a	constraining	myofilament	

lattice	similar	to	the	cardiomyocyte	in	figure	1a.	Although,	permeabilizing	the	membrane	

during	preparation	was	necessary	in	this	study	in	order	to	allow	FISH	probes	to	enter	the	

nucleus.	This	removes	the	physical	constraint	of	the	myofilament	lattice,	which	could	have	



caused	the	nuclei	to	change	volume.	In	addition	it	is	likely	that	if	a	nucleus	contains	a	

greater	amount	of	DNA,	the	more	the	nucleus	volume	could	vary	due	to	the	electrostatic	

repulsion	between	the	DNA	molecules.	In	order	to	determine	if	this	in	fact	the	case,	the	

cardiomyocytes	could	be	isolated	in	the	same	way	and	split	into	two	different	groups;	one	in	

which	the	cells	are	permeabilized	with	IGEPAL	(as	in	the	present	study)	and	the	other	in	

which	the	cells	are	imaged	without	permeabilization	(as	in	prior	work).	If	permeabilization	

did	in	fact	cause	the	nuclei	to	change	volume,	the	nuclear	volume	of	the	cardiomyocytes	

treated	with	IGEPAL	should	be	larger	than	those	untreated.	In	addition	it	would	be	

interesting	to	compare	the	extent	of	any	volume	changes	between	cTnC	A8V	and	wild	type	

cardiomyocytes.		

A	potential	further	exploration	of	the	topic	could	also	employ	a	method	developed	by	

Bensley	et	al.	which	allows	for	simultaneous	quantitative	analysis	of	cardiomyocyte	volume,	

ploidy,	and	nuclearity	in	thick	histological	sections	[16].	This	technique	utilizes	the	mean	

intensity	through	the	z-stack	images	in	the	DAPI	channel	as	an	indicator	of	ploidy.	This	

technique	would	also	be	beneficial	as	it	would	allow	for	batch	processing	of	a	much	higher	

number	of	nuclei	and	thus	increase	the	amount	of	data	from	which	to	analyze.	
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