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Abstract	

Background		

The	 pathophysiology	 of	 the	 localized	 hypertrophic	 response	 in	 hypertrophic	
cardiomyopathy	 (HCM)	 caused	 by	 MYBPC3	 mutations	 remains	 to	 be	 elucidated.	 We	
hypothesized	that	regional	differences	in	cardiomyocyte	function	and	protein	expression	
(e.g.	haploinsufficiency)	potentially	serve	as	trigger	for	asymmetric	left	ventricular	(LV)	
wall	thickening.		
Methods	and	Results		

We	 studied	 sarcomeric	 properties	 of	 septal	 en	 free	 LV	wall	 tissue	 from	 heterozygous		
cMyBP‐C	null	mice	 (HET)	and	wild	 type	 (WT)	mice	at	6	and	12	months	of	 age.	 Sarco‐
meric	 function	 was	 determined	 in	 single	 membrane‐permeabilized	 cardiomyocytes,	
Septal	 and	 free	 LV	 wall	 thickness	 of	 all	 animals	 were	 accurately	 determined	 using	
cardiovascular	 magnetic	 resonance	 imaging	 (CMR).	 Protein	 analysis	 revealed	
haploinsufficiency	in	HET	compared	to	WT	mice.	cMyBP‐C	protein	level	was	significantly	
lower	 in	septum	compared	 to	 free	 	LV	wall	 samples	at	both	6	and	12	months.	Passive	
force	(Fpas)	was	significantly	higher	in	HET	than	in	WT	both	at	6	and	12	months,	while	no	
difference	was	observed	in	maximal	force.	At	6	months,	Fpas	was	highest	in	the	septum,	
while	at	12	months	the	increase	in	Fpas	was	most	evident	in	the	free	LV	wall.	In	addition,	
region‐specific	 changes	 were	 observed	 in	 Ca2+‐sensitivity	 of	 the	 sarcomeres	 in	 HET	
compared	 to	WT	mice.	 LV	 dimensions	 and	mass	 did	 not	 differ	 between	HET	 and	WT	
mice	at	6	and	12	months	of	age.	
Conclusions		
Present	 study	 showed	 regional	 differences	 in	 cMyBP‐C	 protein	 expression	 and	
sarcomere	passive	force	and	Ca2+‐sensitivity	in	pre‐hypertrophic	heterozygous	cMyBP‐C	
null	 mice.	 These	 region‐specific	 alterations	 in	 sarcomeric	 properties	 may	 serve	 as	
pathological	triggers	for	the	localized	hypertrophic	response	in	HCM.	
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Introduction	

Hypertrophic	 cardiomyopathy	 (HCM)	 is	 a	 relatively	 common	genetic	 heart	 disease	
with	 an	 autosomal	 dominant	 trait	 of	 inheritance.	 Both	 clinical	 presentation	 and	
phenotypic	 manifestation	 of	 HCM	 are	 highly	 diverse,	 ranging	 from	 asymptomatic	
status	with	normal	cardiac	morphology	to	manifest	hypertrophic	obstructive	cardi‐
omyopathy,	and	 in	some	 individuals	end‐stage	heart	 failure	 [1].	The	morphological	
hallmark	of	this	disease	is	asymmetrical	thickening	of	the	left	ventricle	(LV),	typically	
involving	the	interventricular	septum	below	the	aortic	valve	[2].	At	present,	the	exact	
mechanisms	 contributing	 to	 this	 localized	 hypertrophic	 response	 remain	 to	 be	
elucidated.	 A	 variety	 of	 mutations	 in	 genes	 encoding	 for	 sarcomeric	 proteins	 are	
associated	with	HCM.	Mutations	 in	 the	gene	 (MYBPC3)	 encoding	 the	 thick	 filament	
protein	cardiac	myosin	binding	protein	C	(cMyBP‐C)	are	a	frequent	cause	of	HCM	[3].	
Moreover,	 in	 the	 Netherlands,	 ~35%	 of	 all	 HCM	 cases	 are	 caused	 by	 truncating	
founder	mutations	in	the	MYBPC3	gene	[4].	Recent	studies	in	septal	tissue	obtained	
during	myectomy	 surgery	 from	patients	with	 obstructive	HCM	 carrying	 a	MYBPC3	
truncating	 mutation	 revealed	 haploinsufficiency	 (i.e.	 reduced	 level	 of	 full‐length	
cMyBP‐C	 protein)	 and	 absence	 of	 a	 truncated	 cMyBP‐C	 protein	 [5,6].	 In	 addition,	
functional	 measurements	 in	 single	 cardiomyocytes	 isolated	 from	 hypertrophied	
septum	 samples	 revealed	 low	 maximal	 force	 generating	 capacity	 and	 high	
myofilament	 Ca2+‐sensitivity	 [7‐9].	 Studies	 in	 genetically	 engineered	 mice	 [10,11]	
and	 human	 MYBPC3	 mutation	 carriers	 [12‐14]	 revealed	 alterations	 in	 cardiac	
mechanics	even	before	the	presence	of	LV	hypertrophy.	
			Together	these	studies	indicate	that	changes	in	sarcomeric	protein	expression	and	
function	may	represent	an	 initial	 trigger	 for	 cardiac	hypertrophy.	We	propose	 that	
diverse	regional	changes	in	sarcomeric	protein	composition	and	sarcomeric	function	
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underlie	 asymmetric	 remodeling	 in	 HCM.	 In	 the	 present	 study	 we	 investigated	
region‐specific	 changes	 in	 sarcomeric	 properties	 in	 a	 heterozygous	 cMyBP‐C	 null	
mouse	 model,	 which	 has	 been	 shown	 to	 ultimately	 develop	 asymmetric	 septal	
hypertrophy.	 A	 comparison	 was	 made	 between	 samples	 of	 the	 septum	 and	 the	
lateral	LV	 free	wall	at	6	and	12	months	of	age.	To	ensure	 that	mice	were	 in	a	pre‐
hypertrophic	 state,	 we	 performed	 cardiovascular	 magnetic	 resonance	 imaging	
(CMR),	 to	 accurately	 determine	 cardiac	 morphology.	 Based	 on	 asymmetric	
remodeling	of	the	heart	in	HCM,	we	expect	to	find	more	severe	perturbations	in	the	
septum	than	in	the	free	LV	wall	of	the	heterozygous	cMyBP‐C	null	mice.	

	
Methods	

Animal	model	

We	 used	 a	 previously	 generated	 mouse	 model,	 known	 to	 mimic	 the	 human	 HCM	
phenotype	 [11].	 Complete	 transcriptional	 inactivation	 of	 the	 MYBPC3	 gene	 was	
obtained	 by	 replacement	 of	 the	 transcription	 initiation	 site	 and	 exon1‐2	 in	 these	
mice	 with	 male	 gender,	 leading	 to	 haploinsufficiency	 and	 asymmetrical	 LV	
hypertrophy	in	heterozygous	mice.	In	this	study,	heterozygous	knock‐out	(HET)	and	
wild–type	 (WT)	mice	 of	 6	 and	 12	months	 old	were	 used,	 all	 having	 a	 Black	 Swiss	
background.	The	study	was	approved	by	 the	 local	ethical	board	concerning	animal	
experiments	 (Animal	 Experimentation	 Committee	 of	 Utrecht	 University).	 In	 a	
specialized	facility,	the	care	and	handling	was	executed	according	to	current	national	
guidelines.		
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In‐vivo	CMR	image	acquisition	

CMR	 experiments	were	 performed	with	 a	 vertical	 9.4	 T	 Bruker	 scanner	 (Bio‐Spin	
GmbH,	Ettlingen,	Germany).	After	the	administration	of	a	mixture	of	 isoflurane	and	
oxygen,	 mice	 were	 carefully	 positioned	 in	 a	 custom‐made	 cradle.	 Subsequently,	
pressure	 recording	 cushions	were	placed	directly	under	 the	 thorax	of	 the	 rodents.	
Then,	 the	 cradle	 was	 inserted	 in	 the	 core	 of	 the	 magnet	 under	 continuous	
administration	of	anaesthesia,	aimed	 to	keep	 the	respiratory	rate	at	approximately	
50	 breaths	 per	minute.	 Both	 cardiac	 and	 respiratory	motion	 signals	were	 used	 to	
determine	 the	most	appropriate	acquisition	window	and	 repetition	 time.	The	CMR	
protocol	 included	 the	 following;	 first,	 radiofrequency	 (RF)	 pulse	 calibration	 and	
shimming	 were	 performed	 to	 correct	 for	 inhomogeneities	 of	 the	 magnetic	 field.	
Then,	localizing	scouts	were	made	to	allow	adequate	orientation	of	cine	images.	Cine	
images	 were	 made	 with	 a	 self‐gated	 retrospective	 gradient‐echo	 sequence	 [15].	
Subsequently,	 2‐	 and	 4‐chamber	 cines	 were	 assessed,	 followed	 by	 a	 stack	 of	
perpendicular	 planned	 short‐axis	 cine	 images,	 fully	 covering	 the	 left	 ventricle.	
Typical	 scan	 parameters	were:	 echo	 time	 (TE)	 1.9ms,	 repetition	 time	 (TR)	 6.8ms,	
1mm	slice	thickness	with	1mm	gap,	matrix	size	256	x	256,	field	of	view	(FOV)	3	x	3	
cm2.	Usually,	7	to	9	short‐axis	cines	were	necessary	to	allow	full	LV	coverage.		
	

Off‐line	CMR	analysis	

Dedicated	software	(Qmass,	Medis,	Leiden,	the	Netherlands)	was	used	to	allow	semi‐
automatic	calculation	of	LV	volumes	and	LV	mass.	Endocardial	contours	were	drawn	
on	 short‐axis	 cine	 images	 at	 the	 end‐diastolic	 and	 end‐systolic	 phase,	 in	 order	 to	
obtain	LV	end‐diastolic	volumes	(LVEDV)	and	LV	end‐systolic	volumes	(LVESV).	The	
drawing	of	epicardial	contours	at	the	end‐diastolic	phase	allowed	the	calculation	of	
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LV	 mass.	 Papillary	 muscles	 were	 not	 included	 in	 the	 determination	 of	 LV	 mass.	
Maximal	 LV	 wall	 thickness	 was	 determined	 at	 any	 ED	 short‐axis	 slice,	 both	 for	
septum	and	LV	free	wall.	For	the	assessment	of	mean	LV	wall	thickness,	the	maximal	
LV	wall	thickness	per	slice	were	added	and	divided	through	the	number	of	slices.	The	
most	basal	slice	was	excluded	since	it	often	showed	no	myocardium	but	LV	outflow	
tract,	and	the	most	apical	slice	was	excluded	since	the	contrast	between	cavity	and	
myocardium	was	often	blurred,	hampering	delineation	of	contours.		
	

Analysis	of	cMyBP‐C	protein	level		

Proteins	were	separated	by	1D‐gel	electrophoresis	and	stained	with	SYPRO	Ruby	to	
determine	the	level	of	cMyBP‐C	protein	[5].		
	
Isometric	 force	 measurements	 of	 membrane‐permeabilized	 cardiomyocytes	

from	the	LV	septum	and	LV	free	lateral	wall	

After	 mice	 were	 sacrificed	 by	 cervical	 dislocation,	 hearts	 were	 explanted	 after	
thoracotomy	and	immediately	placed	in	a	bath	with	relaxing	solution.	Subsequently,	
cardiac	tissue	of	septum	and	LV	free	wall	was	dissected	and	rapidly	frozen	in	liquid	
nitrogen	and	stored	in	‐80°C.	Mechanical	isolation	of	cardiomyocytes	after	defrosting	
the	 tissue	 in	 relaxing	 solution	 was	 performed	 as	 described	 previously	 [16,17].	
Membranes	were	removed	by	incubation	of	the	cells	in	relaxing	solution	containing	
0.5%	Triton	X‐100	for	5	minutes.	A	single	Triton‐permeabilized	cardiomyocyte	was	
attached	 between	 a	 force	 transducer	 and	 piezoelectric	 motor,	 enabling	 isometric	
force	measurements.	After	 stretching,	a	 fixed	sarcomere	 length	(SL)	of	2.2	μm	was	
used	 and	 myocardial	 preparations	 were	 immersed	 in	 small	 baths	 with	 various	
calcium	 concentrations	 (pCa	 ranging	 from	 4.5	 to	 6.0).	 Maximal	 force	 per	 cross‐
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sectional	 area	 (Fmax)	 was	 determined	 by	 subtracting	 passive	 force	 (Fpas)	 from	 the	
total	force	at	saturating	(maximal)	calcium	concentration.	Fpas	was	determined	after	
slackening	 the	 cells	 in	 relaxing	 solution	 (pCa	 9.0)	 by	 approximately	 a	 third	 of	 the	
original	length	and	subsequent	restretching.	Myofilament	Ca2+‐sensitiviy	(pCa50)	was	
defined	as	the	[Ca2+]	at	which	half	of	Fmax	was	reached.		
	
Statistical	analysis	

All	 statistical	 analyses	 were	 performed	 using	 SPSS	 version	 15.0.	 Data	 are	
represented	as	mean±SEM	for	each	group	of	animals.	Comparisons	between	septum	
and	 lateral	 wall	 were	 performed	 using	 a	 two‐way	 ANOVA	 with	 subsequent	
Bonferroni	 correction.	 In	 case	 of	 significance,	 an	 independent	 student’s	 t‐test	was	
performed.	A	p‐value	<0.05	was	considered	statistically	significant.		
	

Results	

Cardiac	dimensions	

CMR	 analyses	 showed	 no	 significant	 differences	 in	 LV	 volumes,	 LV	 mass	 and	
corrected	LV	mass	between	HET	and	WT	mice	both	at	6	and	12	months	of	age	(Table	
1).	In	addition,	both	mean	and	maximal	LV	wall	thickness	and	septal	thickness	were	
similar	 between	 HET	 and	 WT	 mice	 at	 both	 time	 points	 (Figure	 2).	 The	 only	
significant	difference	between	HET	and	WT	mice	was	a	higher	ratio	of	maximal	LV	
wall	thickness	of	the	septum	versus	lateral	wall	(Max	WT	S/L)	in	HET	compared	to	
WT	mice	at	6	months.		
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original	length	and	subsequent	restretching.	Myofilament	Ca2+‐sensitiviy	(pCa50)	was	
defined	as	the	[Ca2+]	at	which	half	of	Fmax	was	reached.		
	
Statistical	analysis	

All	 statistical	 analyses	 were	 performed	 using	 SPSS	 version	 15.0.	 Data	 are	
represented	as	mean±SEM	for	each	group	of	animals.	Comparisons	between	septum	
and	 lateral	 wall	 were	 performed	 using	 a	 two‐way	 ANOVA	 with	 subsequent	
Bonferroni	 correction.	 In	 case	 of	 significance,	 an	 independent	 student’s	 t‐test	was	
performed.	A	p‐value	<0.05	was	considered	statistically	significant.		
	

Results	

Cardiac	dimensions	

CMR	 analyses	 showed	 no	 significant	 differences	 in	 LV	 volumes,	 LV	 mass	 and	
corrected	LV	mass	between	HET	and	WT	mice	both	at	6	and	12	months	of	age	(Table	
1).	In	addition,	both	mean	and	maximal	LV	wall	thickness	and	septal	thickness	were	
similar	 between	 HET	 and	 WT	 mice	 at	 both	 time	 points	 (Figure	 2).	 The	 only	
significant	difference	between	HET	and	WT	mice	was	a	higher	ratio	of	maximal	LV	
wall	thickness	of	the	septum	versus	lateral	wall	(Max	WT	S/L)	in	HET	compared	to	
WT	mice	at	6	months.		
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cMyBP‐C	protein	levels		

Analysis	of	the	amount	of	cMyBP‐C	protein	(relative	to	myosin	light	chain	2,	MLC2)	
revealed	haploinsufficiency	 in	HET	compared	 to	WT	mice	 (Figure	3).	 Interestingly,	
cMyBP‐C	protein	level	was	significantly	lower	in	septum	compared	to	LV	lateral	free	
wall	samples	(p<0.05	in	two‐way	ANOVA),	indicating	that	haploinsufficiency	is	more	
severe	 in	 the	 interventricular	 septum.	 No	 significant	 effect	 of	 age	 was	 observed,	
although	cMyBP‐C	protein	level	tended	to	be	lower	in	the	LV	free	wall	at	12	months	
compared	to	6	months	in	HET	mice.	

	
Figure	3.	Level	of	cMyBP‐C	protein	(corrected	to	MLC2,	myosin	light	chain	2)	in	septal	and	
free	LV	wall	tissue	samples	from	HET	mice	normalized	to	WT	protein	level,	which	was	set	to	
1.	Protein	level	was	significantly	lower	in	the	septum	than	in	the	free	LV	wall	(p<0.05	in	2‐
way	ANOVA;	#p<0.05,	septum	vs.	free	LV	wall	in	post‐test).	
	

Cardiomyocyte	force	measurements		

Maximal	 force	generating	capacity	of	 cardiomyocytes	 (Fmax)	did	not	differ	between	
HET	 and	 WT	 mice	 both	 at	 6	 and	 12	 months	 of	 age	 (Figure	 4A).	 Moreover,	 no	
differences	were	observed	between	septal	and	LV	free	wall	samples.	A	significantly	
higher	passive	force	(Fpas)	was	found	in	HET	compared	to	wild‐type	animals	at	both	
6	and	12	months	of	age	(p<0.05	in	two‐way	ANOVA)	(Figure	4B).	At	6	months,	Fpas	
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Table	1.	CMR	analysis	of	left	ventricular	dimensions	and	mass	
	 	 6	months	 	 	 12	months	 	
	 	 WT	 HET	 p‐value	 WT	 HET	 p‐value	
Animal	number	(n)	 14	 12	 	 5	 4	 	
Body	weight	(g)	 40	±	4	 43	±	5	 0.10	 44	±	7	 48	±	8	 0.53	
LVM	(mg)	 82	±	12	 81	±	10	 0.98	 99	±	8	 107	±	21	 0.47	
LVM/BW	(mg/g)	 2.1	±	0.31	 1.9	±	0.24	 0.15	 2.3	±	0.4	 2.3	±	0.3	 0.92	
Heart	rate	(bpm)	 369	±	77	 342	±	104	 0.74	 425	±	59	 427	±	63#	 0.98	
EDV	(mL)	 67	±	21	 79	±	21	 0.15	 89	±	11	 72	±	15	 0.09	
ESV	(mL)	 43	±	13	 51	±	14	 0.11	 59	±	13	 44	±	9	 0.09	
EF	(%)	 36	±	8	 35	±	8	 0.75	 34	±	10	 38	±	5#	 0.46	
Mean	WT	septum	(mm)	 0.82	±	0.15	 0.82	±	0.10	 0.95	 0.9	±	0.11	 1.0	±	0.21	 0.22	
Mean	WT	LV	(mm)	 0.85	±	0.12	 0.77	±	0.09	 0.08	 0.9	±	0.09	 1.0	±	0.22	 0.25	
Mean	WT	S/L	 1.0	±	0.13	 1.1	±	0.15	 0.09	 1.0	±	0.05	 1.0	±	0.04	 0.57	
Max	WT	septum	(mm)	 1.0	±	0.18	 1.1	±	0.18	 0.38	 1.1	±	0.11	 1.3	±	0.28	 0.22	
Max	WT	LV	(mm)	 1.1	±	0.17	 1.1	±	0.15	 0.28	 1.2	±	0.16	 1.3	±	0.36	 0.52	
Max	WT	S/L	 0.9	±	0.15	 1.0	±	0.11*	 0.04	 0.9	±	0.11	 1.0	±	0.07	 0.41	
LVM=Left	ventricular	mass,	BW=Body	weight,	EDV=	end‐diastolic	volume,	ESV=end‐systolic	volume,	EF=ejection	
fraction,	WT=wall	thickness,	S/L=septum/lateral	LV	free	wall,	*	p<0.05	HET	vs.	WT,	#	p<0.05	12	vs	6	months	of	
age	

	

		
Figure	2.	CMR	data	showed	no	differences	between	HET	and	WT	mice	in	mean	and	maximal	LV	
wall	 thickness	 at	 the	 septum	 and	 LV	 free	wall	 at	 both	 time	 points	 (6	months,	 left	 panels;	 12	
months,	right	panels).	
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cMyBP‐C	protein	levels		

Analysis	of	the	amount	of	cMyBP‐C	protein	(relative	to	myosin	light	chain	2,	MLC2)	
revealed	haploinsufficiency	 in	HET	compared	 to	WT	mice	 (Figure	3).	 Interestingly,	
cMyBP‐C	protein	level	was	significantly	lower	in	septum	compared	to	LV	lateral	free	
wall	samples	(p<0.05	in	two‐way	ANOVA),	indicating	that	haploinsufficiency	is	more	
severe	 in	 the	 interventricular	 septum.	 No	 significant	 effect	 of	 age	 was	 observed,	
although	cMyBP‐C	protein	level	tended	to	be	lower	in	the	LV	free	wall	at	12	months	
compared	to	6	months	in	HET	mice.	

	
Figure	3.	Level	of	cMyBP‐C	protein	(corrected	to	MLC2,	myosin	light	chain	2)	in	septal	and	
free	LV	wall	tissue	samples	from	HET	mice	normalized	to	WT	protein	level,	which	was	set	to	
1.	Protein	level	was	significantly	lower	in	the	septum	than	in	the	free	LV	wall	(p<0.05	in	2‐
way	ANOVA;	#p<0.05,	septum	vs.	free	LV	wall	in	post‐test).	
	

Cardiomyocyte	force	measurements		

Maximal	 force	generating	capacity	of	 cardiomyocytes	 (Fmax)	did	not	differ	between	
HET	 and	 WT	 mice	 both	 at	 6	 and	 12	 months	 of	 age	 (Figure	 4A).	 Moreover,	 no	
differences	were	observed	between	septal	and	LV	free	wall	samples.	A	significantly	
higher	passive	force	(Fpas)	was	found	in	HET	compared	to	wild‐type	animals	at	both	
6	and	12	months	of	age	(p<0.05	in	two‐way	ANOVA)	(Figure	4B).	At	6	months,	Fpas	
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EF	(%)	 36	±	8	 35	±	8	 0.75	 34	±	10	 38	±	5#	 0.46	
Mean	WT	septum	(mm)	 0.82	±	0.15	 0.82	±	0.10	 0.95	 0.9	±	0.11	 1.0	±	0.21	 0.22	
Mean	WT	LV	(mm)	 0.85	±	0.12	 0.77	±	0.09	 0.08	 0.9	±	0.09	 1.0	±	0.22	 0.25	
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Max	WT	septum	(mm)	 1.0	±	0.18	 1.1	±	0.18	 0.38	 1.1	±	0.11	 1.3	±	0.28	 0.22	
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Max	WT	S/L	 0.9	±	0.15	 1.0	±	0.11*	 0.04	 0.9	±	0.11	 1.0	±	0.07	 0.41	
LVM=Left	ventricular	mass,	BW=Body	weight,	EDV=	end‐diastolic	volume,	ESV=end‐systolic	volume,	EF=ejection	
fraction,	WT=wall	thickness,	S/L=septum/lateral	LV	free	wall,	*	p<0.05	HET	vs.	WT,	#	p<0.05	12	vs	6	months	of	
age	

	

		
Figure	2.	CMR	data	showed	no	differences	between	HET	and	WT	mice	in	mean	and	maximal	LV	
wall	 thickness	 at	 the	 septum	 and	 LV	 free	wall	 at	 both	 time	 points	 (6	months,	 left	 panels;	 12	
months,	right	panels).	
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Figure	2.	CMR	data	showed	no	differences	between	HET	and	WT	mice	in	mean	and	maximal	LV	
wall	 thickness	 at	 the	 septum	 and	 LV	 free	wall	 at	 both	 time	 points	 (6	months,	 left	 panels;	 12	
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was	highest	in	septal	HET	samples,	while	at	12	months	it	was	highest	in	the	LV	free	
wall	samples	from	HET.	Fpas	in	septal	samples	from	12	month	old	HET	mice	did	not	
differ	 from	the	wild‐type	group.	At	6	months	of	age,	 the	direction	of	 the	change	 in	
myofilament	 Ca2+‐sensitivity	 depended	 on	 tissue	 location	 as	 it	 tended	 to	 be	 lower	
compared	 to	wild‐type	 in	 the	 free	 LV	wall,	 and	 higher	 in	 the	 septum	of	HET	mice	
(Figure	4C).	At	12	months,	myofilament	Ca2+‐sensitivity	was	lower	in	HET	compared	
to	 wild‐type	 animals,	 with	 the	 lowest	 value	 observed	 in	 septal	 HET	 samples.	 The	
steepness	of	the	force‐pCa	relationship,	nHill,	which	is	a	measure	of	cooperativity	of	
sarcomere	contraction,	did	not	differ	at	6	months,	but	showed	a	significant	reduction	
at	 12	months	 of	 age	 in	 HET	 compared	 to	WT	mice,	 both	 for	 the	 free	 LV	wall	 and	
septum	(Figure	4D).	
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Figure	 4.	 Cardiomyocyte	 force	measurements	 were	 performed	 in	 septal	 and	 free	 LV	 wall	
samples	from	6	and	12	month	old	HET	and	WT	mice.	A.	No	change	was	observed	in	maximal	
force	generating	capacity	of	 cardiomyocytes	 (Fmax).	B.	Passive	 force	 (Fpas)	was	significantly	
higher	 in	HET	compared	to	WT,	both	at	6	and	12	months	of	age.	Fpas	was	highest	 in	septal	
cells	at	6	months,	while	at	12	months	Fpas	was	highest	in	cells	from	the	free	LV	wall.	*p<0.05,	
HET	 vs	WT;	#p<0.05,	 septum	vs	 free	 LV	wall;	 †p<0.05,	 12	 vs	 6	months	 of	 age.	 C.	 Diverse	
region‐specific	 changes	were	 observed	 in	 Ca2+‐sensitivity	 of	 the	 sarcomeres.	 At	 6	months,	
Ca2+‐sensitivity	tended	to	be	increased	in	septal	tissue	from	HET	compared	to	WT,	while	 it	
was	 significantly	 reduced	 at	 12	 months	 of	 age.	 D.	 The	 steepness	 of	 the	 force‐calcium	
relations,	 nHill,	 did	 not	 differ	 between	 septal	 and	 free	 LV	 wall	 samples,	 but	 significantly	
decreased	in	HET	compared	to	WT	at	12	months	of	age.	
	

Discussion	

Analysis	of	septal	and	LV	free	wall	samples	in	our	heterozygous	MYBPC3	knock‐out	
mouse	model	 revealed	 regional	differences	 in	 cardiomyocyt	 function	and	 cMyBP‐C	
protein	 expression.	 In	 our	 study,	 haploinsufficiency	 was	 most	 profound	 in	 the	
septum	 compared	 to	 LV	 free	wall	 (Figure	 3).	 Besides,	 a	 significant	 rise	 in	 passive	
force	 of	 sarcomeres	 was	 detected	 in	 HET	 mice,	 showing	 highest	 values	 in	 the	
interventricular	septum	at	6	months	of	age.	To	the	best	of	our	knowledge,	this	is	the	
first	study	showing	evidence	of	regional	differences	in	cMyBP‐C	protein	content	and	
sarcomere	 function	 using	 a	 mouse	 model	 known	 to	 mimic	 the	 human	 HCM	
phenotype.	CMR	imaging	showed	that	LV	dimensions	and	thickness	of	 the	LV	were	
virtually	 identical	 in	 HET	 and	 wild‐type	 mice	 both	 at	 6	 and	 12	 months	 of	 age,	
indicating	 that	 the	 animals	 were	 in	 a	 pre‐hypertrophic	 state.	 Overall,	 our	 study	
revealed	 region‐specific	 changes	 in	 sarcomere	 properties	 in	 the	 pre‐hypertrophic	
stage	 of	 HCM,	 potentially	 serving	 as	 a	 trigger	 for	 the	 occurrence	 of	 asymmetric	
remodelling	of	the	LV.	
			Several	experiments	in	human	HCM	tissue	[5,6,18]	showed	that	full	length	cMyBP‐C	
protein	expression	is	generally	decreased	by	20‐30%,	without	showing	evidence	of	a	
truncated	protein.	The	pathomechanism	of	HCM	with	MYBPC3	truncating	mutations	
may	 involve	 haploinsufficiency,	 which	 is	 the	 presumed	 result	 of	 degradation	 of	
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truncated	 (mutant)	 protein	 by	 the	 ubiquitin‐proteasome	 system	 (UPS)	 [19]	 and	
nonsense‐mediated	 mRNA	 decay	 [20].	 The	 exact	 pathophysiology	 behind	 the	
regionally	lowered	cMyBP‐C	protein	content	in	the	HET	mice	of	our	study	remains	to	
be	 resolved.	 We	 propose	 that	 either	 regional	 differences	 may	 be	 induced	 during	
embryogenesis	 and	 therefore	 present	 at	 birth,	 or	 that	 gradual	 changes	 in	 protein	
content	 occur	 during	 the	 disease	 process	 due	 to	 unidentified	 signalling	 routes.	
Future	longitudinal	studies	are	needed	to	draw	definite	conclusions.						
			In	addition	to	the	relatively	extreme	haploinsufficiency	in	septal	tissue	of	HET	mice,	
Fpas	 appeared	 significantly	 elevated	 in	 the	 septum	at	 young	age.	The	high	Fpas	may	
partially	underlie	diastolic	dysfunction,	which	has	been	reported	in	pre‐hypertrophic	
mutation	carriers.	As	shown	 in	Figure	4B,	after	 the	 initial	 increase	of	Fpas	 in	 septal	
cells	 from	 HET	 mice	 ,	 Fpas	 had	 declined	 at	 12	 months	 of	 age.	 This	 is	 in	 line	 with	
previous	studies,	showing	enhanced	Fpas	in	patients	with	less	severe	forms	of	cardiac	
disease,	and	relatively	reduced	Fpas	in	patients	with	end‐stage	heart	failure	[21‐23].	It	
has	been	shown	that	these	serial	changes	in	cardiomyocyt	stiffness	are	the	result	of	
initial	 changes	 in	 titin	 phosphorylation	 and	 a	 subsequent	 shift	 in	 titin	 isoform	
composition.	 It	 has	 been	 suggested	 that	 the	 transition	 from	 the	 stiff	 N2B	 isoform	
towards	 the	N2BA	 isoform	 represents	 an	 adaptive	 cellular	mechanism	 to	diminish	
passive	force	and	improve	myocardial	relaxation	[24].		
	
Study	limitations		

The	 number	 of	 animals	 studied	 was	 limited,	 and	 therefore	 results	 should	 be	
interpreted	with	care.	Nevertheless,	data	clearly	indicate	that	regional	differences	in	
sarcomeric	properties	are	present	in	HET	mice	compared	to	WT.	Another	limitation	
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Figure	 4.	 Cardiomyocyte	 force	measurements	 were	 performed	 in	 septal	 and	 free	 LV	 wall	
samples	from	6	and	12	month	old	HET	and	WT	mice.	A.	No	change	was	observed	in	maximal	
force	generating	capacity	of	 cardiomyocytes	 (Fmax).	B.	Passive	 force	 (Fpas)	was	significantly	
higher	 in	HET	compared	to	WT,	both	at	6	and	12	months	of	age.	Fpas	was	highest	 in	septal	
cells	at	6	months,	while	at	12	months	Fpas	was	highest	in	cells	from	the	free	LV	wall.	*p<0.05,	
HET	 vs	WT;	#p<0.05,	 septum	vs	 free	 LV	wall;	 †p<0.05,	 12	 vs	 6	months	 of	 age.	 C.	 Diverse	
region‐specific	 changes	were	 observed	 in	 Ca2+‐sensitivity	 of	 the	 sarcomeres.	 At	 6	months,	
Ca2+‐sensitivity	tended	to	be	increased	in	septal	tissue	from	HET	compared	to	WT,	while	 it	
was	 significantly	 reduced	 at	 12	 months	 of	 age.	 D.	 The	 steepness	 of	 the	 force‐calcium	
relations,	 nHill,	 did	 not	 differ	 between	 septal	 and	 free	 LV	 wall	 samples,	 but	 significantly	
decreased	in	HET	compared	to	WT	at	12	months	of	age.	
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protein	 expression.	 In	 our	 study,	 haploinsufficiency	 was	 most	 profound	 in	 the	
septum	 compared	 to	 LV	 free	wall	 (Figure	 3).	 Besides,	 a	 significant	 rise	 in	 passive	
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truncated	protein.	The	pathomechanism	of	HCM	with	MYBPC3	truncating	mutations	
may	 involve	 haploinsufficiency,	 which	 is	 the	 presumed	 result	 of	 degradation	 of	

 
 

157 
 

truncated	 (mutant)	 protein	 by	 the	 ubiquitin‐proteasome	 system	 (UPS)	 [19]	 and	
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			In	addition	to	the	relatively	extreme	haploinsufficiency	in	septal	tissue	of	HET	mice,	
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partially	underlie	diastolic	dysfunction,	which	has	been	reported	in	pre‐hypertrophic	
mutation	carriers.	As	shown	 in	Figure	4B,	after	 the	 initial	 increase	of	Fpas	 in	 septal	
cells	 from	 HET	 mice	 ,	 Fpas	 had	 declined	 at	 12	 months	 of	 age.	 This	 is	 in	 line	 with	
previous	studies,	showing	enhanced	Fpas	in	patients	with	less	severe	forms	of	cardiac	
disease,	and	relatively	reduced	Fpas	in	patients	with	end‐stage	heart	failure	[21‐23].	It	
has	been	shown	that	these	serial	changes	in	cardiomyocyt	stiffness	are	the	result	of	
initial	 changes	 in	 titin	 phosphorylation	 and	 a	 subsequent	 shift	 in	 titin	 isoform	
composition.	 It	 has	 been	 suggested	 that	 the	 transition	 from	 the	 stiff	 N2B	 isoform	
towards	 the	N2BA	 isoform	 represents	 an	 adaptive	 cellular	mechanism	 to	diminish	
passive	force	and	improve	myocardial	relaxation	[24].		
	
Study	limitations		

The	 number	 of	 animals	 studied	 was	 limited,	 and	 therefore	 results	 should	 be	
interpreted	with	care.	Nevertheless,	data	clearly	indicate	that	regional	differences	in	
sarcomeric	properties	are	present	in	HET	mice	compared	to	WT.	Another	limitation	
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is	that	only	one	type	of	sarcomeric	mutation	was	studied,	and	therefore	results	might	
not	be	entirely	representative	for	HCM	caused	by	other	gene	defects.		
	
Conclusion	

To	 our	 knowledge,	 this	 is	 the	 first	 study	 showing	 regional	 differences	 in	 cMyBP‐C	
protein	 expression	 and	 sarcomeric	 functional	 properties	 in	 a	 HCM	 mouse	 model	
before	 the	 presence	 of	 pathological	 LV	 wall	 thickening.	 The	 region‐specific	
alterations	 may	 serve	 as	 pathological	 triggers	 for	 the	 localized	 hypertrophic	
response	in	HCM.		
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not	be	entirely	representative	for	HCM	caused	by	other	gene	defects.		
	
Conclusion	

To	 our	 knowledge,	 this	 is	 the	 first	 study	 showing	 regional	 differences	 in	 cMyBP‐C	
protein	 expression	 and	 sarcomeric	 functional	 properties	 in	 a	 HCM	 mouse	 model	
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