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Abstract

 

Mutations in multiple cardiac sarcomeric proteins includ-
ing myosin heavy chain (MyHC) and cardiac troponin T
(cTnT) cause a dominant genetic heart disease, familial hy-
pertrophic cardiomyopathy (FHC). Patients with mutations
in these two genes have quite distinct clinical characteris-
tics. Those with MyHC mutations demonstrate more signif-
icant and uniform cardiac hypertrophy and a variable fre-
quency of sudden death. Patients with cTnT mutations
generally exhibit mild or no hypertrophy, but a high fre-
quency of sudden death at an early age. To understand the
basis for these distinctions and to study the pathogenesis of
the disease, we have created transgenic mice expressing a
truncated mouse cTnT allele analogous to one found in
FHC patients. Mice expressing truncated cTnT at low (

 

,

 

 5%)
levels develop cardiomyopathy and their hearts are signifi-
cantly smaller (18–27%) than wild type. These animals also
exhibit significant diastolic dysfunction and milder systolic
dysfunction. Animals that express higher levels of transgene
protein die within 24 h of birth. Transgenic mouse hearts
demonstrate myocellular disarray and have a reduced num-
ber of cardiac myocytes that are smaller in size. These stud-
ies suggest that multiple cellular mechanisms result in the
human disease, which is generally characterized by mild hy-
pertrophy, but, also, frequent sudden death. (

 

J. Clin. Invest.
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Introduction

 

Ordered assembly of multiple proteins into the sarcomere is a
prerequisite of normal cardiac muscle contraction. A number
of structural proteins of the sarcomere have been implicated in
familial hypertrophic cardiomyopathy (FHC),

 

1

 

 including com-
ponents of both the thick and thin filament systems (for a re-
view see reference 1). FHC is an autosomal dominant disease

characterized by frequent hypertrophy and is the most com-
mon cause of sudden death “on the field” in young athletes
(2). Although it is not yet known how mutations in structural
sarcomeric proteins cause this disease, it is thought that they
operate through a common pathway, presumably by causing
either a structural and/or functional alteration in the cardiac
sarcomere. At least seven different genes and multiple alleles
within genes cause FHC, but they all encode highly abundant
structural proteins. Despite the fact that all FHC alleles occur
in structural proteins, the disease is clinically heterogeneous.
Affected individuals within and among families demonstrate
highly diverse clinical phenotypes. For example, there is much
more significant hypertrophy in patients with myosin heavy
chain (MyHC) mutations than in patients with cardiac tropo-
nin T (cTnT) mutations (3, 4). In contrast, patients with cTnT
mutations have a significantly higher incidence of sudden
death than patients with MyHC mutations (4, 5). The basis for
this difference is not yet known.

To understand the pathogenesis of FHC, both biochemical
and transgenic mouse analyses have been undertaken. Three
mutant MyHC alleles have been characterized in in vitro bio-
chemical studies and two of the three alleles studied have re-
duced actin-activated ATPase activity, indicating a defect in
the motor activity of the myosin molecule (6). One of these de-
fective alleles has been tested in an in vitro motility assay for
its dominant effect on wild-type (WT) myosin by mixing the
mutant and WT proteins. The mutant myosin inhibited the
motile activity of the WT protein disproportionately, suggest-
ing a dominant negative mechanism of action (7). Transgenic
mice expressing two different MyHC mutations in their hearts
have been produced, and exhibit somewhat distinct pheno-
types with respect to hypertrophy (8, 9). However, many of the
other clinical features of the disease are replicated in one or
both of the mouse models.

Less is known about the molecular pathogenesis of cTnT-
based FHC. cTnT is one of three subunits of troponin, the
complex of which regulates muscle contraction via Ca

 

2

 

1

 

 bind-
ing to troponin C (TnC). The primary role of TnT is thought to
be to promote assembly of the troponin–tropomyosin complex
onto the actin filament. TnT binds to, or interacts directly with,
tropomyosin, actin, TnC, and troponin I. Nine mutations have
been described in cTnT that cause FHC, including seven mis-
sense mutations, a deletion of an internal amino acid and a
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splice-site mutation that would result in the loss of either the
14 or 28 carboxy-terminal residues with the addition of seven
non-cTnT amino acids in the latter case (4, 5, 10). Given that
such a truncated mutant structural protein might be unstable,
one mechanism for pathogenesis might be haploinsufficiency
(11). However, cell biological and biochemical analysis of two
mutant and wild-type cTnT alleles suggest that the truncated
cTnT is stable and behaves as a dominant negative mutation
(12; our study). These studies have provided some insight into
the functional implications of these mutations. The truncated
cTnT FHC allele causes a reduction in contractile force when
expressed in quail myotubes, as well as a regional disruption in
sarcomeres (12). The mutant showed a clear incorporation
into the myofibril, suggesting that this function of cTnT was
not defective, consistent with a dominant negative mode of ac-
tion. In a biochemical study, an FHC missense mutation (Arg
92 Gln) in cTnT was shown to bind normally to thick and thin
filament components, but actually increases the velocity of
movement of thin filaments on myosin (13).

One of the more intriguing aspects of the molecular genetic
and clinical characterizations of FHC is the observation that
mutations in the motor protein, myosin, generally result in sig-
nificant hypertrophy and a highly variable frequency of sud-
den death, whereas mutations in the thin filament protein,
cTnT, generally result in mild or no discernable hypertrophy
and frequent sudden death. By creating transgenic mice ex-
pressing a cTnT allele with a carboxy-terminal truncation, we
have found that the hearts from these mice are smaller than
WT because of a primary loss of myocytes and a decrease in
myocyte cell size. In addition, these animals exhibit significant
diastolic dysfunction. Transgenic mice, expressing 

 

,

 

 10% of
their total cTnT as the mutant form, die within hours of birth.

 

Methods

 

Clone construction and screening.

 

A full-length (1,089 nt) adult mouse
cTnT cDNA clone was isolated from a BALB/c mouse cardiac lgt11
cDNA library (Clontech, Palo Alto, CA) and cloned into Bluescript
KS

 

1

 

 (Stratagene Cloning Systems, La Jolla, CA). The full-length
cDNA (WT) was tagged with an 11aa human c-

 

myc

 

 epitope (14) via
PCR using Vent DNA polymerase (New England Biolabs, Beverly,
MA). The 5

 

9

 

 oligonucleotide (containing sequence for the c-

 

myc

 

 tag
and MluI-EcoRI restriction sites): ACGCGTGAATTCTAATG-
GTGGAGCAAAAGCTCATTTCTGAAGAGGAGGACTTGTC-
TGACGCCGAGGAGGTGGTG was paired with the 3

 

9

 

 oligonucle-
otide CCGAAGCTTTCATCATTTCCAACGCCCGGTGACTTTG.
The resultant DNA fragment was subcloned into Bluescript and the
sequence verified by Thermal Cycle Sequencing. The truncation con-
struct was generated by a two-step process. First, the truncated 3

 

9

 

 end
was generated via PCR using the WT-Bluescript clone as a template
with the internal 5

 

9

 

 oligonucleotide CGGAATTCTGGCCATCGA-
CCACCTGAAT and the 3

 

9

 

 primer GGAATTCCTAGCCTTCC-
CGCGGGTCTTGGAGTTCGTATTTCTGCTGCTTGAAC. The
resultant fragment was subloned into Bluescript, sequenced, and re-
isolated as a MscI-EcoRV fragment. The original WT-Bluescript con-
struct was digested with MscI and EcoRV to isolate a WT 5

 

9

 

 end. The
5

 

9

 

 fragment was ligated to the truncated 3

 

9

 

 end generated above to
result in a 5

 

9

 

 myc-tagged cTnT-truncation construct (cTnT-Myc-trun-
cation). Both the WT and truncation Bluescript constructs were
digested with MluI-EcoRV and the isolated fragments were individu-
ally ligated to a preexisting “Cardiac Transgenic Vector” containing

 

2

 

2,996 bp of 5

 

9

 

 upstream sequence from the rat 

 

a

 

MyHC promoter
and 1,500 bp of the mouse 

 

b

 

maj

 

 globin terminator (15) separated by a
multiple cloning site. The resultant transgene constructs were di-

gested with KpnI to isolate a 5.5-kb linear fragment and used in mi-
croinjections. Transgenes were injected into the pronuclei of CBA/B6
fertilized mouse eggs derived from an F1 cross between FVB/N and
C57/B6 strains (16). Founders were screened via Southern analysis of
tail DNA using a 650-bp internal cDNA probe derived from the orig-
inal full-length cDNA as shown in Fig. 1. All F1 and subsequent
screenings were performed via PCR using a pair of transgene-specific
primers: 5

 

9

 

 (

 

a

 

Promoter) ACCTAGAGGGAAAGTGTCTT and 3

 

9

 

(Myc-TnT) TCCTCTTCAGAGATGAGCTTT. All PCR reactions
contained the internal control housekeeping primers Mus1: TGAG-
GTTGTCTTCTGATCTGC and Mus2: TCCTGGACAAAGTAA-
CCCTTG.

 

Protein isolation and western analysis.

 

Mice were killed via cervi-
cal dislocation and the excised hearts were immediately washed in
ice-cold buffer A (50 mM KCl, 10 mM KPO

 

4

 

, 2 mM MgCl

 

2

 

, 0.5 mM
EDTA, 2 mM DTT, and 0.1 mM PMSF) on ice (17). Excess tissue
was carefully trimmed and the heart was homogenized in 10 vol of
buffer A. Approximately 30% of the resultant homogenate was re-
moved and subjected to a 10-min spin at 14 K (4

 

8

 

C) in an Eppendorf
microfuge. The supernatant was removed and the remaining pellet
was carefully resuspended in an equal volume of buffer A. Protein
concentrations were determined for each fraction via a Lowry assay
(Bio-Rad, Hercules, CA) and diluted to a final concentration of 1 mg/ml
in Laemmli buffer (18). Samples were aliquoted and stored at 

 

2

 

80

 

8

 

C
until use. Protein samples were subjected to electropheresis on a 10%
SDS-PAGE gel and transferred to 0.2 mm nitrocellulose. The blots
were blocked in 10% nonfat dry milk in PBS for 2 h at room temper-
ature. Blots were incubated in a monoclonal antibody against cTnT
(Sigma Chemical Co., St. Louis, MO) or c-

 

myc

 

 epitope, 9E10.2
(American Tissue Culture Collection, Rockville, MD) at a dilution of
1:500 or 1:5,000, respectively, in 5% BSA overnight at 4

 

8

 

C. After pri-
mary antibody incubations, three washes in PBS were followed by in-
cubation in the secondary antibody, peroxidase-conjugated goat anti–
mouse IgG (Jackson Laboratories, West Grove, PA) diluted 1:5,000
in 10% nonfat dry milk in PBS for 2 h at room temperature. The blots
were then washed three times in 0.05% NP-40/PBS. Bands corre-
sponding to cTnT and myc-cTnT were visualized using the Renais-
sance Western Blot Chemiluminescence Reagent (NEN Life Sci-
ences, Boston, MA).

 

Myofibril preparation and electrophoresis.

 

Mice were humanely
killed and the hearts were immediately excised and rinsed in ice-cold
0.9% NaCl. All of the following procedures were performed on ice
and represent a minor modification of the procedure described in ref-
erence 17. Four hearts per line were isolated (animals were age
matched) and individually minced in 1 ml/heart of K60 buffer (60 mM
KCl, 20 mM Mops, pH 7.0, 2 mM MgCl

 

2

 

, 0.2 mM PMSF, 0.5 mg/ml
leupeptin, and 0.5 mg/ml pepstatin A). Samples were then homoge-
nized with a tissumizer at 10,000 

 

g

 

 for 4–5 minutes followed by a 15-
min centrifugation at 15,000 

 

g

 

 in a Beckman

 

®

 

 JA-20 centrifuge (Ful-
lerton, CA). The supernatant was removed and the pellet dispersed
by homogenization in 4 ml of K60 at 8,000 

 

g

 

 for 3–4 min followed by a
10-min spin at 5,000 

 

g.

 

 The pellet was again homogenized (at 5,000 

 

g

 

for 2–3 min), however, EGTA, pH 7.0, was added to the K60 buffer
to a final concentration of 1 mM. The pellet was isolated via centrifu-
gation at 5,000 

 

g

 

 for 10 min and subsequently extracted with Triton
X-100 as follows: Triton X-100 was added to the above K60 

 

1

 

 EGTA
solution to a final concentration of 1%. Each pellet was carefully re-
suspended in 4 ml K60 

 

1 

 

EGTA 

 

1 

 

Triton buffer and homogenized at
5,000 

 

g

 

 for 30 s. Samples were incubated on ice for 1 h and redis-
persed every 10 min by homogenization at 5,000 

 

g

 

 for 30 s. Samples
were recentrifuged at 5,000 

 

g

 

 for 10 min and the extraction was re-
peated once. The subsequent pellet (now white in color) was gently
dispersed by homogenization at 2,500 

 

g

 

 for 30 s in 4 ml K60 (alone)
and isolated by centrifugation at 5,000 

 

g

 

 for 10 min. This step was re-
peated once and the final pellet was isolated by centrifugation at
10,000 

 

g

 

 for 10 min. The pellet was gently resuspended in 0.5 ml of
K60 and protein concentration was determined by a modified Lowry
assay. Myofibrils were diluted to a final concentration of 2 mg/ml in
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K60 buffer and sodium azide was added to a final concentration of
10 mM. Samples were subsequently aliquoted in Laemmli buffer
(1 mg/ml final) and stored at 

 

2

 

70

 

8

 

C. 5 

 

m

 

g of each myofibril sample
was subjected to SDS-PAGE (12% gels) as described above. Gels
were subsequently stained with Coomassie blue for 3 h and destained
overnight.

 

Northern blot analysis.

 

Isolation of total RNA from mouse hearts
was performed as described by Chomczynski et al. (19). 10 

 

m

 

g of total
RNA from each source was separated on a 0.8% agarose-formalde-
hyde gel, transferred to a nylon membrane (ICN Biomedicals, Irvine,
CA), and sequentially hybridized with a series of radiolabeled DNA
probes. Unique single-stranded oligonucleotide sequences corre-
sponding to 

 

a

 

MyHC (5

 

9

 

-GAGGGTCTGCTGGAGAGG-3

 

9

 

) and

 

b

 

MyHC (5

 

9

 

-TGTTGCAAAGGCTCCAGGTCTGAGGGCTTC-3

 

9

 

)
were end-labeled and added to hybridization solution comprised of
7% SDS, 10

 

3

 

 Denhardt’s solution, 20 mM NaPO

 

4

 

, pH 7.2, 5

 

3

 

 SSC,
and 0.2 mg/ml denatured salmon sperm DNA. The blots were hybrid-
ized overnight at 55

 

8

 

C. Sequential washes were performed (2

 

3

 

 SSC/
0.1% SDS, 1

 

3

 

 SSC/0.1% SDS, 0.5

 

3

 

 SSC/0.1% SDS) at 42

 

8

 

C and the
blots were exposed overnight with an intensifying screen at 

 

2

 

70

 

8

 

C.
Restriction fragments of GAPDH, mouse cTnT, and SERCA2
cDNA sequence were isolated and labeled via random priming. Hy-
bridizations were performed overnight at 65

 

8

 

C in the following hy-
bridization solution: 5

 

3

 

 SSC, 1

 

3

 

 Denhardt’s solution, 10% Dextran
sulfate, 50% formamide, 1% SDS, and 0.2 mg/ml denatured salmon
sperm DNA. Washes were performed as described above at 65

 

8

 

C and
with an added wash with 0.1

 

3

 

 SSC/0.1% SDS. Blots were exposed
overnight with an intensifying screen at 

 

2

 

70

 

8

 

C.

 

Myocyte density determination.

 

Neonatal mice from both lines
117 and 191 along with non-Tg siblings were humanely killed and
their hearts were immediately excised and rinsed in ice-cold PBS.
Each heart was subsequently infused in a stepwise fashion with a su-
crose/PBS solution (10–20–30%) on ice for 10, 20, and 60 min, respec-
tively. The infused hearts were then embedded in Tissue-Tek OCT
(Miles, Elkhart, IN) and quick-frozen in isopentane cooled in liquid
nitrogen. Hearts were stored at 

 

2

 

80

 

8

 

C until sectioning. Each heart
was sectioned on a cryostat (4 mM) and the sections were stored at

 

2

 

80

 

8

 

C in airtight containers until use. Sections were postfixed in ice-
cold 3.7% formaldehyde/PBS for 10 min. After a 10-min wash in PBS,
sections were blocked and permeabilized in 10% normal goat serum
(NGS)/0.5% Triton X-100/PBS for 1 h at room temperature. The sec-
tions were stained with the anti-sarcromeric MyHC antibody F59 in
1% NGS/0.05% Triton X-100 for 1 h at room temperature. Any
RNA, which would create cytoplasmic background when counter-
staining with propidium iodide, was destroyed by including 100 mg/ml
DNAse free RNAse (Boehringer Mannheim, Indianapolis, IN) in the
primary antibody incubation. After three 5-min washes in PBS, sec-
tions were incubated for 1 h at room temperature in the secondary
antibody, FITC-conjugated goat anti–mouse IgG (Jackson Laborato-
ries) diluted 1:40 in 1% NGS/0.05% Triton X-100/PBS. Sections were
washed once in PBS and then counterstained with 7.5 mg/ml propid-
ium iodide (Molecular Probes, Eugene, OR) for 15 min at room tem-
perature. Directly after counterstaining, the sections were washed
three times in PBS, washed once in distilled H

 

2

 

O, and mounted in
200 mg/ml DABCO/Gelvitol. Slides were kept in the dark at 4

 

8

 

C
until use.

Confocal microscope images of the sections were taken on a Mo-
lecular Dynamics Multiprobe 2001 CLSM. This scope uses an argon
laser, a 530DF30 filter for the FITC channel, and a 600EFLP filter for
the propidium iodide channel. Scanned areas were selected using
only the propidium iodide–emitting red channel. This eliminated pos-
sible bias for areas which might have seemed to contain fewer myo-
cytes. Each section was scanned in four different quadrants. For each
line of mice, two unrelated mice were used for a total number of eight
images per mouse line. Scan areas in the nontransgenic sections were
picked completely at random whereas transgenic scan areas were se-
lected based on the appearance of myocellular disarray. Dual scans
showing both myosin stain (FITC) and propidium iodide counterstain

were created. These dual scans were counted for the total number nu-
clei per field and total number of myocytes per field. Counting of nu-
clei and myocytes was done independently by two different individu-
als in a blind manner. Total number of nuclei per field was obtained
by counting propidium iodide–stained nuclei. Nonmyocytes were tab-
ulated by counting the number of nuclei not surrounded by cytoplas-
mic myosin. This number was used to calculate myocyte totals by sub-
tracting nonmyocytes from the total number of nuclei. All values
were analyzed via a Student’s 

 

t

 

 test.

 

Isolated perfused working heart preparation.

 

These studies were
carried out as previously described (20). Briefly, age-matched male
mice (23 wk of age) from the same litter (Tg and non-Tg) were com-
pared. Animals were humanely killed and the hearts immediately ex-
cised. A 20-gauge cannula was tied onto the aortic stump to allow
regulation and recording of mean arterial pressure (MAP) (Starling
resistance) and aortic flow (Transonic Flow Probe Model T206; Tran-
sonic Systems Inc., Ithaca, NY). A silastic fluid-filled catheter was
tied into the left pulmonary vein to accommodate regulation on re-
cording of venous return (cardiac output). The catheter was com-
pletely water-jacketed for improved temperature (37.4

 

8

 

C) regulation
of the Krebs–Henseleit solution that was returned to the left side of
the heart for anterograde perfusion. Left ventricular pressure was
measured as systolic, diastolic, and end-diastolic pressure. The re-
cording, amplification, and differentiation systems used were the
DigiMed Systems Analyzers BPA-2000, HPA-200, HPA-210, and
LPA-200 (Micro-Med, Inc., Louisville, KY). The fluid-filled catheter
system responded well within experimental requirements without dis-
tortion up to a frequency of 600 bpm. Custom designed software cal-
culated heart rate, MAP, left ventricular pressure, peak systolic pres-
sure, time to peak pressure, half time of relaxation, the first
derivatives of the change in left ventricular systolic pressure with re-
spect to time (

 

6

 

dP/dt), aortic and coronary flow, venous return (CO),
left ventricular minute work (MAP 

 

3

 

 CO), stroke volume (CO/HR),
stroke work (SV 

 

3

 

 MAP), left atrial pressure, and perfusate temper-
ature. The arterial PO2 was 650 mmHg and the pCO

 

2

 

 

 

z

 

 30 mmHg.
The data is expressed as mean

 

6

 

SEM. Starling curves were generated
by linear regression using Statview ver 4.01 (Abacus Concepts Inc.,
Berkeley, CA).

 

Adult myocyte isolation and video imaging.

 

Cardiac myocytes
were obtained from the ventricles and septal free wall by a modified
method previously described in detail (21, 22). Heparinized animals
(250 U) were anesthetized with 

 

z

 

 35 mg/kg body weight sodium pen-
tobarbital (Nembutal, Abbot Laboratories, Abbot Park, IL) after
which the hearts were rapidly excised and placed in ice-cold saline. A
modified Langendorf perfusion apparatus was used to perfuse the
hearts in a retrograde fashion with a bicarbonate-based, nominal
Ca

 

2

 

1

 

-containing solution. After 4 min, the perfusate was switched to a
solution containing collagenase Type II (Worthington Biochemical
Corporation, Freehold, NJ). All solutions were maintained at pH 7.4,
and 37

 

8

 

C, and were constantly bubbled with 95% O

 

2

 

/5% CO

 

2

 

 gas.
Additionally, all buffers and growth media contained 10 mM 2,3-
butanedione monoxime (BDM) (Sigma Chemical Co.). The heart
was detached from the Lagendorf apparatus and the atria were re-
moved leaving the ventricles and septum, which were then minced
and placed in a 10-mM Ca

 

2

 

1

 

–buffered saline solution. The tissue was
teased for 7 min using heat-blunted Pasteur pipettes. The crude tissue
suspension was transferred by filtration through a 270 nylon mesh to
a 15-ml sterile conical tube and the myocytes were allowed to settle
for 7 min. The pellet was then rinsed in succession with a 100-mM
Ca

 

2

 

1

 

 and a 200-mM Ca

 

2

 

1

 

–containing buffered saline solution. Iso-
lated cardiac myocytes were suspended in the bicarbonate-based
growth media and plated onto laminin-coated (both from Sigma
Chemical Co.) glass coverslips for incubation for 2 h at 37

 

8

 

C and 5%
CO

 

2

 

 to allow for cell attachment. After 2 h, a coverslip was removed
from the incubator and placed under an inverted microscope with a
40

 

3

 

 objective. All myocytes, which were striated and whose edges
were unobstructed, were recorded onto videotape. Myocyte length,
projected width, and area were determined using a video frame grab-
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ber and National Institutes of Health (Bethesda, MD) Image 1.4 soft-
ware. These variables were compared between transgenic and non-
transgenic sibling mice by way of the Student’s 

 

t

 

 test.

 

Results

 

Generation of cTnT-Myc-WT and cTnT-Myc-truncation trans-
genic mice.

 

FHC is a dominant disorder in which most af-
fected individuals are heterozygous, so that the creation of an
animal model could be accomplished by transgenesis in which
the TnT mutant transgene will exist on a WT mouse back-
ground. As shown in Fig. 1 

 

A

 

, two transgenic constructs were
generated to express either a WT mouse cTnT or a cTnT mol-
ecule that corresponds to a truncation allele previously de-
scribed in FHC patients (11). Both alleles were myc-tagged at
their amino termini. All of the mutant sites in cTnT implicated
in the development of FHC in humans are conserved in the
mouse cTnT sequence. One of the human cTnT FHC alleles
involves a splice-site donor mutation (G 

 

→

 

 A at residue 1 of
Intron 15), which results in a frameshift and subsequent pre-
mature termination (11). The resulting mRNA encodes a pro-

tein missing the COOH-terminal 28–amino acids (Exons 15
and 16) with an additional seven novel residues before termi-
nation. A murine cTnT cDNA incorporating these predicted
alterations (cTnT-Myc-truncation) was constructed and, along
with the cTnT-Myc-WT sequence, was used to develop several
lines of transgenic mice. Cardiac myocyte–specific expression
was driven by 2,996 bp of 5

 

9

 

 upstream sequence from the rat

 

a

 

MyHC gene (8). Five independent lines of mice were gener-
ated with the cTnT-Myc-WT sequence and nine lines of mice
with the cTnT-Myc-truncation were generated. The presence
of the transgene was verified by Southern blot. Western analy-
sis of cardiac extracts prepared from cTnT-Myc-WT F1 mice
revealed a high level of transgene expression in four of the five
lines. Two lines were selected for further analysis and the
cTnT-Myc-WT protein corresponded to 

 

z

 

 40–50% of the total
cTnT in the heart (Fig. 1 

 

B, bottom). Despite this high level of
expression, the stoichiometry of the myofibril was not altered
(Fig. 1 C), with the transgene protein replacing a significant
amount of the endogenous TnT. The apparent downregulation
of endogenous contractile protein levels has been observed in
other transgenic overexpressing models, where the decrease in

Figure 1. Expression of cTnT-
Myc-WT and cTnT-Myc-trunca-
tion proteins in cardiac tissue. 
(A) Constructs used to generate 
mice expressing WT and trun-
cated (Trunc) myc-tagged car-
diac TnT. (B) Western blot anal-
ysis of heart homogenates from 
Myc-WT, Myc-truncation, and 
non-Tg mice (5 mg of total ly-
sate) probed with antibodies, as 
indicated. Upper arrows indicate 
position of cTNT-Myc-WT and 
lower arrows indicate positions 
of endogenous cTnT and cTnT-
Myc-truncation proteins. (C) 
Myofibrils were purified from 
mouse hearts, as indicated, and 
subjected to SDS-PAGE. *Re-
fers to the cTnT-Myc-WT pro-
tein that migrates slower than 
endogenous cTnT because of the 
myc tag. (D) Fractionation of 
cTnT. Three separate fractions 
were analyzed (T 5 total, S 5
supernatant and P 5 pellet). Im-
munoblots of fractions from 
non-Tg, Myc-WT, and Myc-trun-
cation heart homogenates 
loaded for equal signal intensity 
and probed with antibodies as 
indicated.
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endogenous protein is thought to be a mechanism by which
myofibrillar stoichiometry is maintained (21). In contrast,
whereas nine independent founders were generated with the
cTnT-Myc-truncation construct, one founder died before pro-
ducing progeny and only three of the remaining eight lines ex-
pressed the transgene, and even then, at low levels. Two of
these lines were selected for further analysis and expressed , 5%
of total cTnT (Fig. 1 B, top). The amount was determined us-
ing a standard curve with purified TnT and a myc-tagged stan-
dard (data not shown). In the transgenic mice, stoichiometry in
the myofibril was also unaltered (Fig. 1 C). Multiple samples
were scanned and there was no significant difference in any of
the nontransgenic and transgenic myofibrils. In an attempt to
increase mutant transgene protein expression, heterozygotes
of one line were crossed, but homozygous animals died within
hours after birth and no adult homozygotes have been identi-
fied (see below).

The protein domains that have been deleted in the cTnT-
Myc-truncation mutant are known to be involved in multiple
thin filament protein interactions, and, as such, the truncated
molecule may exhibit an altered myofibrillar incorporation
pattern (23). To investigate this possibility further, crude heart
homogenates were fractionated, and separate (and equal) ali-
quots from each fraction were analyzed via Western blotting.
Myofibrillar components including thick and thin filament pro-
teins pellet under such conditions. The fractionation pattern of
Myc-WT, Myc-trunc, and endogenous TnT was determined
(Fig. 1 D). To allow a direct comparison between the cTnT-
Myc-WT and cTnT-Myc-truncation samples, protein was
loaded to generate equal signal intensity. There is much more
TnT protein in the supernatant (S) lane of the cTnT-Myc-trun-
cation sample than in the equivalent lanes of the cTnT-Myc-
WT sample or the endogenous TnT from a nontransgenic
animal. This result suggests that the truncated molecule has an
altered affinity for and/or stability within the sarcomeric appa-
ratus.

Mice expressing higher levels of cTnT-Myc-truncation pro-
tein have limited survival. A classic feature of cTnT-related
FHC is a high frequency of sudden death at an early age (4, 5).
To determine whether survival was affected in transgenic
mice, the genotypes of two separate groups of animals result-
ing from crosses of heterozygous line 117 mice were deter-
mined at birth and as adults (4–10 wk of age). Given that it has
been suggested that the FHC alleles function via a dominant
negative mechanism, we reasoned that transgene dose might
affect viability. Genotypes of 16 independent litters were de-
termined within 6 h of birth or after weaning (4–10 wk). The
genotype ratios of animals killed immediately after birth (n 5
60) were clearly Mendelian (Fig. 2 A). However, no homozy-
gous mice lived for . 24 h, with the majority either stillborn
or dying within the first few hours of life. 48 adult mice
were screened (representing seven separate litters) and no ho-
mozygous animals were identified (Fig. 2 B). To ascertain
whether the homozygotes that exhibit perinatal lethality ex-
press greater amounts of cTnT-Myc-truncation protein, heart
homogenates were prepared from the litters of heterozygous
matings within 5 h of birth and subjected to Western analysis.
As expected, the homozygous offspring have approximately
twice as much cTnT-Myc-truncation protein as do their het-
erozygous littermates (data not shown). Thus, the cTnT-Myc-
truncation allele functions as a strong dominant negative mu-
tant and viability is correlated with the amount of transgene

protein. Lifespan in heterozygous mice of line 191 (which ex-
press slightly more transgene than line 117) has appeared to be
normal with the following exception. No heterozygous male
mouse that has served as a stud has survived . 13 mo.

Cardiac TnT-Myc-truncation mice exhibit decreased ven-
tricular mass and atrial hypertrophy. It is well established that
most patients with cTnT-related FHC generally exhibit mild or
no apparent ventricular hypertrophy yet have a high frequency
of sudden death (4, 5). However, there are exceptions, such as
one reported patient with massive hypertrophy (10). Examina-
tion of heart weight to body weight ratios among non-Tg,
cTnT-Myc-WT, and cTnT-Myc-truncation mice revealed a

Figure 2. Survival rates of cTnT-Myc-truncation mice. Genotype dis-
tribution for 10 separate litters is plotted as percentage of total births 
for each group. Animals were screened at birth (Neonates) or after 
weaning (Adults). The Neonates grouping includes three stillborn an-
imals. (A) Animals genotyped immediately after birth (Total n 5 60). 
(B) Animals genotyped at age . 3 wk (Total n 5 48, representing 7 
litters).
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consistent 18–27% decrease in heart mass in both independent
lines of cTnT-Myc-truncation mice at 4–5 mo of age when
compared to either nontransgenic siblings or the cTnT-Myc-
WT mice. Fig. 3 A shows the ratio of heart weight to body

weight. The decrease in mass was also found to be significant
when absolute heart weights were compared between lines.
This decrease in heart mass was also seen in animals as young
as 6 wk and as old as 7–8 mo old (data not shown). It is impor-
tant to note that despite a 40–50% replacement of the endoge-
nous cTnT by a myc-tagged WT protein in the cTnT-Myc-WT
line, their ventricular mass is virtually identical to the non-Tg
mice. Thus, the cardiac phenotype displayed by the cTnT-
Myc-truncation transgenic mice is not related to the presence
of the c-myc epitope. To determine whether the decrease in
heart mass was global or localized to a single cardiac chamber,
hearts from cTnT-Myc-truncation mice (line 117) were fully
dissected and individual chamber weight to body weight ratios
were derived. As shown in Fig. 3 B, the decrease in heart mass
that is found in cTnT-Myc-truncation mice is restricted to the
left ventricle. The mean decrease in left ventricular mass was
17%, which correlates well with the heart weight to body
weight decrease of 18–27%. In addition, cTnT-Myc-truncation
mice exhibited a small, but statistically significant increase in
atrial size as compared to non-Tg siblings. This atrial hypertro-
phy is clearly evident in Fig. 3 C, where hematoxylin and eosin
(H&E)–stained heart sections from 4-mo-old non-Tg mice and
the two cTnT-Myc-truncation lines demonstrate atrial wall
thickening and, in the case of the line 191 animal, early dilata-
tion.

Cardiac-TnT-Myc-truncation mice exhibit characteristic his-
topathological findings of FHC. One of the hallmarks of FHC
in humans is a wide range of histopathological findings, includ-
ing variable degrees of myocyte disorganization and hypertro-
phy, myocardial fibrosis, and abnormalities of the small intra-
mural coronary arteries, although not all patients exhibit these
findings (24). Although myocellular disorganization is a fre-
quent finding in FHC patients, its extent and spatial distribu-
tion within the heart varies widely and reflects the heterogene-
ity of the disease. Histopathological examination of neonatal
and adult hearts from cTnT-Myc-truncation mice revealed a
consistent pattern of myocellular disorganization and degener-
ation (Fig. 4, A–J). Heart sections from neonatal cTnT-Myc-
truncation mice demonstrated scattered areas of myocellular
disarray with many foci found in the left ventricular free wall.
Higher magnification of representative areas (Fig. 4, E and F)
revealed marked disorganization, pleomorphic nuclei, and
scattered mitotic (F) and apoptotic (E) figures. Notably, no ev-
idence for myocardial fibrosis was found in neonates. In addi-
tion, comparison to a non-Tg section suggested an apparent
decrease in myocyte density, which we have quantitated and
will be described in more detail below. Adult heart sections
(Fig. 4, G–J) demonstrated focal regions of disarray, myocellu-
lar degeneration, and mild loose fibrosis as well as widely pleo-
morphic nuclei. Both neonatal and adult heart sections from
cTnT-Myc-WT mice were indistinguishable from non-Tgs
(data not shown).

Cardiac gene expression in TnT-truncation mice. We wished
to determine whether there were any changes in expression of
several cardiac genes that might give insight into the pheno-
types of these mice. First, these hearts are not hypertrophic,
but they clearly have histopathology characteristic of FHC.
We have recently reported that a transgenic model of MyHC-
based FHC shows induction of the molecular markers of hy-
pertrophy, atrial natriuretic factor, and a-skeletal actin, in ar-
eas of histopathology and that expression of these genes can
be dissociated from hypertrophy (25). In addition, changes in

Figure 3. Mice heterozygous for the cTnT-Myc-truncation allele ex-
hibit decreased ventricular mass. (A) Whole heart weight to body 
weight ratios (mg heart or chamber weight/gms body weight (BW) in 
4–5-mo-old animals. Error bars represent SD from the mean. P val-
ues are versus both N-Tg and cTnT-Myc-WT mice (Student’s un-
paired t test). (B) Individual chamber weight to body weight ratios in 
5-mo-old animals. A matched set of 6 N-Tg and 6 Tg (line 117) hearts 
were dissected into individual chambers and weighed. RV 5 right 
ventricle, LV 5 left ventricle and intraventricular septum, ATR 5 
left and right atria. NS 5 not significant. (C) Atrial hypertrophy in
5-mo-old heterozygous cTnT-Myc-truncation mice. Representative 
cross-sections from paraffin-embedded hearts stained with hematox-
ylin and eosin (633). Whole heart sections (233) are provided for 
comparison.
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MyHC gene expression (an increase in bMyHC) have been re-
ported in heart failure and in cardiac atrophy (26, 27), and may
be partially responsible for altered systolic function. Finally,
we wished to examine expression of SERCA2, as decreases in
its expression have been reported in human heart failure and
have been hypothesized to result in altered diastolic function
(28). Northern blot analysis demonstrated no changes in ex-
pression of bMyHC or SERCA2 (Fig. 5 A). Therefore, alter-
ations in expression of these genes do not contribute to the
phenotypes in these mice. This Northern blot was also hybrid-
ized with a cTnT probe that will detect both the endogenous
cTnT and the transgene. As demonstrated, all three transgenic
lines overexpress the cTnT mRNA, but the total amount of
TnT protein remains unaffected (Fig. 5 B, TnT antibody).

Two mechanisms result in the decreased ventricular mass
found in cTnT-Myc-truncation mice. Careful examination of
neonatal H&E–stained sections (Fig. 4) suggested that there
was an overall decrease in cell density in sections from cTnT-
Myc-truncation mice. Total cell and cardiac myocyte nuclear
density from neonatal heart sections were determined (Fig. 6).
A–C are representative H&E–stained neonatal heart sections
from three animals and clearly demonstrate the aforemen-
tioned disarray and myocellular degeneration, as well as an ap-
parent decrease in cell density. The number of myocytes were
determined from frozen sections from two neonatal animals
per line (non-Tg versus Tg-117 versus Tg-191). Myocyte num-
bers were then determined (see Methods). Equal cross-sec-
tional areas were measured for non-Tg and Tg animals. There

Figure 4. Cardiac TnT-Myc-truncation mice 
display myocellular disarray and degeneration 
similar to that found in patients with FHC. 
Cardiac sections from non-Tg (A and B) and 
cTnT-Myc-truncation neonatal mice (C–F) 
were stained with H&E. Scattered mitotic fig-
ures are indicated by white arrows. (160 and 
4003 magnification, respectively, for A and C, 
B and D–E, and 1,0003 for F). Non-Tg (G and 
H) and cTnT-Myc-truncation adults (I and J) 
were similarly stained.
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were clearly fewer myocytes in sections from cTnT-Myc-trun-
cation animals (Fig. 6, E–F). The resultant myocyte numbers
were normalized to the total number of cells per field. As
shown in Fig. 6 G, hearts from both lines 117 and 191 had
z 8–10% fewer myocytes than non-Tg animals. These results
show that the decrease in ventricular mass observed in cTnT-
Myc-truncation animals is due at least in part to a selective loss
of cardiac myocytes that occurs before birth. This myocyte cell
loss may be the stimulus that results in the ventricular remod-
eling seen in the cTnT-Myc-truncation animals.

As shown in Fig. 3, the overall decrease in ventricular mass

seen in cTnT-Myc-truncation animals (as determined via heart
weight/body weight ratios) ranges from 18–27%. Note that
comparison of absolute heart weights (n 5 12) reveals a 22%
decrease in heart mass. Thus, the decreased myocyte numbers
alone do not account for the observed phenotype in the trans-
genics. Cardiac myocytes were isolated from cTnT-Myc-trun-
cation and non-Tg adult siblings, and length and width mea-
surements were obtained. As compared to non-Tgs, the mean
length and midpoint width of quiescent ventricular cardiac
myocytes from cTnT-Myc-truncation mice were smaller by 15
and 13%, respectively. Representative video capture images
are shown in Fig. 6 H. Analysis of these images revealed that
mean myocyte area was decreased by 17% in transgenic ani-
mals. Therefore, the decreased ventricular mass exhibited by
the transgenic animals is a result of two cellular mechanisms.
There are fewer cardiac myocytes and the remaining Tg myo-
cytes are smaller than non-Tg.

Cardiac TnT-Myc-truncation mice demonstrate impaired
cardiac contractility and relaxation. The genetic heterogeneity
of FHC in humans is reflected in the wide range of clinical and
cardiovascular physiologic profiles seen in affected patients. It
has been observed that even relatively mild histopathology can
result in considerable cardiac dysfunction (24). To assess the
functional effect of the cTnT-Myc-truncation on the intact
heart, we used an isolated work-performing heart model (29).
This method determines a series of basic cardiac performance
measures of contraction (1dP/dT) and relaxation (2dP/dT) in
a heart subjected to variable workloads. At a baseline work-
load, hearts from cTnT-Myc-truncation mice demonstrated a
25% decrease in the maximal rate of relaxation when com-
pared to non-Tg siblings (Table I; 2dP/dT). The rate at which
left ventricular pressure increases (1dP/dT) is very dependent
on volume (preload) and is also a good indicator of cardiac
contractility. Thus, both diastolic (relaxation) and systolic
(contraction) performance can be assessed by increasing the
volume load on the heart. Altering the physiologic load on the
cTnT-Myc-truncation hearts demonstrated a significant im-
pairment in relaxation relative to the non-Tg animals and, to a
lesser extent, on contractility (Table II; Fig. 7).

The direct relationship of muscle fiber length to force gen-
eration is the Frank–Starling effect and is a basic tenet of car-
diac function. In a normal heart, the relationship between
work and contraction/relaxation is linear (Fig. 7, A and C).
Hearts from cTnT-Myc-truncation mice showed a moderately
good correlation (r 5 0.55) of 1dP/dT to increased work as
compared to controls (Fig. 7 B). However, the slope of the
Starling curve was severely decreased in transgenics during re-
laxation (r 5 0.18) suggesting that hearts from these animals

Figure 5. Adult cTnT-Myc-truncation mice do not demonstrate 
changes in gene expression associated with hypertrophy or failure. 
(A) Northern blot analysis of total RNA isolated from non-Tg, WT-
Myc, and two independent cTnT-Myc-truncation lines (117 and 191) 
at 4–5 mo of age. Emb 5 day 16 pc embryonic RNA (a positive con-
trol for bMyHC). The blot was serially hybridized with bMyHC and 
aMyHC oligonucleotides and GAPDH, cTnT, and SERCA2 cDNA 
probes as described in Methods. (B) Western blot analysis of ho-
mogenates (5 mg total lysate) from the same hearts as shown in A, 
probed with antibodies as indicated.

Table I. Means6SEM of Measured Cardiac Parameters: 
Baseline Loading (250 mmHg*ml/min)

Control Trunc-Tg Change

%

Working heart (n 5 6) (n 5 5)
Heart rate (beats per min) 361618 372616 13
1dP/dt (mmHg/ms) 48186346 48466325 11
2dP/dt (mmHg/ms) 37806165 29786333 221*

*P # 0.05, transgenic versus control, unpaired Student’s t test.

Table II. Means6SEM of Measured Cardiac Parameters:
Starling Loading (100–600 mmHg*ml/min)

Control Trunc-Tg Change

%

Working heart (n 5 6, 49) (n 5 5, 35)
Heart rate (beats per min) 37265 342612 28*
1dP/dt (mmHg/ms) 66286242 56906136 214**
2dP/dt (mmHg/ms) 48636126 33846112 230***

*P # 0.05, **P # 0.01, ***P # 0.001, transgenic versus control, un-
paired Student’s t test.
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are unable to respond to an increased work load by shortening
their relaxation time (7 D).

Thus, the cTnT-Myc-truncation mice exhibit significant im-
pairment in the ability of the heart to relax in the absence of
measurable cardiac hypertrophy. In FHC patients with MyHC
mutations, the finding of impaired relaxation (“diastolic dys-
function”) is usually a consequence of a hypertrophied left
ventricle. Although the cTnT-Myc-truncation mice do exhibit
an altered left ventricle (LV) geometry, their hearts are not
hypertrophied. Impaired cardiac relaxation in cTnT-Myc-trun-
cation mice in the absence of demonstrable hypertrophy may
involve a secondary cellular mechanism, perhaps involving in-
tracellular Ca21 homeostasis.

Because electrocardiogram abnormalities have been re-
ported to occur variably in patient populations, we wished to
determine whether there were any such abnormalities in TnT-
Myc-truncation mice. Telemetry devices were implanted and

recordings made. No differences were detected between WT
and truncation-TnT mice (data not shown).

Adult cardiac myocytes isolated from cTnT-Myc-truncation
hearts demonstrate calcium hypersensitivity. As an initial step
to elucidate possible intracellular mechanisms that would ac-
count for the impaired diastolic function of cTnT-Myc-trunca-
tion hearts, numerous attempts were made to isolate adult car-
diac myocytes from Tg animals to analyze their contractile
properties. All experiments on non-Tg controls (n 5 6) using
the described protocol (see Methods) resulted in a high yield
of healthy, rod-shaped myocytes from which contractile mea-
surements could be taken. In contrast, cardiac myocyte isola-
tion from cTnT-Myc-truncation mice (n 5 4) proceeded nor-
mally, up until the final mechanical dispersion phase of the
protocol. The subsequent yield of rod-shaped cells was uni-
formly low, and the Tg cardiac myocytes were absolutely intol-
erant to increases of extracellular Ca21 (from 10–200 mM). The

Figure 6. Neonatal cTnT-Myc-truncation mice 
demonstrate a decrease in cardiac myocyte den-
sity and size. Myocyte density determination: 
Neonatal hearts were isolated as described in 
Methods. Paraffin-embedded heart sections 
stained with H&E (A–C). Note the decreased 
cellularity and myocellular disarray in transgenic 
sections (B–C). Frozen sections (from different 
mice), which were double-stained with PI and 
F59 to identify all cells and myocytes, respec-
tively (D–F). (G) The ratio of cardiac myocytes 
to total cells (per field, here each field 5 0.014 
mm2) for each line is shown. Numbers are ex-
pressed as mean6SD for n 5 8 (sections). *P # 
0.0008. (H) Myocyte size determination: Quies-
cent ventricular cardiac myocytes from trunc-Tg 
animals and non-Tg siblings were isolated and 
measured as described. Two representative 
video images are shown. Values are expressed as 
mean6SD, where n 5 108 and 106, respectively. 
*P , 0.001.
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response to the addition of Ca21 was immediate cellular hyper-
contracture and death. The inclusion of BDM, in all solutions
throughout the isolation procedure, was effective in producing
a good yield of quiescent rod-shaped cardiac myocytes from
Tg hearts. BDM elicits a negative inotropic effect and protects
the myocardium from Ca21 overload primarily by functioning
as an excitation–contraction decoupler. This reduces releas-
able sarcoplasmic reticulum Ca21 load and uncouples force
generating cross-bridges (30). Removal of BDM, however,
again resulted in immediate cellular hypercontracture. This is
in marked contrast to the behavior in non-Tg myocytes, which
tolerated the identical procedure without difficulty and were
mechanically active upon subsequent pacing. The cardiac myo-
cyte isolation procedure therefore resulted in a loss of, and an
inability to reestablish competent intracellular Ca21 homeosta-
sis in cTnT-Myc-truncation myocytes.

Discussion

The expression of low levels of a truncated cTnT molecule
previously implicated in the pathogenesis of FHC in humans
results in a complex phenotype. We find decreased ventricular
mass, focal myocellular disarray, and diastolic dysfunction.
Our proposed mechanisms for these findings involve primary
cellular and secondary geometric changes in the intact heart
and may serve to help elucidate the pathogenesis of cTnT-
related FHC in humans. Two major findings distinguish cTnT-
FHC from bMyHC-FHC: (a) all of the known cTnT disease
alleles result in a similar clinical phenotype despite affecting
different protein functional domains, and (b) sudden cardiac
death occurs at a high frequency despite the frequent presence
of mild or subclinical ventricular hypertrophy (4). One of the
most confounding issues regarding the pathogenesis of cTnT-

FHC has been the well established dissociation between the
noninvasive clinical findings and the malignancy of the clinical
phenotype. This finding is in stark contrast to the phenotype of
bMyHC-FHC patients, where the disease alleles fall into dis-
tinct classes of clinical severity that correlate well with the de-
gree of hypertrophy (31, 32). Whether this finding simply re-
flects the central regulatory role played by cTnT in modulating
the Ca21 responsivity of the sarcomere (and thus is less toler-
ant of mutation) is currently unknown. It is clear, however,
that the cTnT disease alleles do not stimulate a primary hyper-
trophic response and, thus, the clinical phenotype is unlikely to
be solely the result of ventricular hypertrophy.

Another key issue regards the dominant negative nature of
FHC. The initial report documenting the linkage of the cTnT
locus to FHC suggested that the truncated allele may function
as a null (11). It was reasoned that the loss of the extreme
COOH-terminal region (Exons 15 and 16) and the 39 untrans-
lated region might be expected to decrease mRNA stability
(33). Subsequent studies, including this report, however, have
supported the hypothesis that the disease phenotype is a result
of the presence of the mutant protein within the highly or-
dered sarcomeric structure, not simply the result of haploinsuf-
ficiency (12). Here, we present data proving that the truncated
protein is expressed and that it incorporates into the myofibril-
lar apparatus. Although no data regarding the level of cTnT-
truncation protein levels in affected patients is currently avail-
able, the expected truncated mRNA species has been detected
in peripheral lymphocytes (11). However, quantitative mRNA
and protein determinations from cTnT-FHC patients are still
unavailable. This is an important issue because, based on the
severity of the phenotype in animals expressing low levels of
mutant protein, we would expect human patients to be very se-
verely affected by a 50% replacement of cTnT with the cTnT-

Figure 7. Cardiac TnT-Myc-truncation mice 
exhibit impaired cardiac function. (A–B)
The relative correlations between work 
(mmHg*ml/min) and the rate of contraction 
(1dP/dT) (A) and relaxation (2dP/dT) (B). 
Non-Tg animals show a strong positive corre-
lation of 1dP/dT and 2dP/dT to increased LV 
work. Cardiac TnT-Myc-truncation mice have 
a decreased response of 1dP/dT to increased 
LV minute work and a severely decreased
response of 2dP/dT to increased work. The 
slopes of the regression curves are significantly 
different between non-Tg and Tg and between 
relaxation and contraction for the Tg mice.
(P , 0.01) R values are from a linear least 
squares fit of the data. ***P , 0.0001.
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truncation molecule. In the mice described here, the relation-
ship between the amount of mutant transgene protein and
phenotype is quite clear given the early lethality seen in ho-
mozygous animals. The control (Myc-WT) mice showed no
phenotype in terms of heart mass, histopathology, and myo-
fibrillar incorporation, despite the presence of 40–50% of the
total TnT as Myc-WT. This suggests that neither the Myc-tag
nor the amount of Myc-WT protein had any deleterious effect.

The decreased ventricular mass found in all cTnT-Myc-
truncation mice is intriguing in view of the fact that both of the
previously described bMyHC mouse models exhibited a clear
hypertrophic response (8, 9). However, this result is perhaps
better understood in the context of the known cTnT-FHC hu-
man phenotype where one study demonstrated significantly
less hypertrophy in 67 patients with TnT mutations than in pa-
tients with bMyHC mutations (mean left ventricular free wall
thickness 16.765.5 mm versus 23.767.7 mm) (5). In another
report of two pedigrees with 22 affected individuals there was
no hypertrophy despite a very high incidence of sudden death
(3). However, in one family of four affected individuals, two
demonstrated significant hypertrophy (10). The decreased
ventricular mass in the cTnT-Myc-truncation mice appears to
be caused by two complementary mechanisms, both of which
are the result of the presence of the cTnT-Myc-truncation pro-
tein. The first mechanism involves the primary loss of cardiac
myocytes during development. Our results suggest that trans-
genic animals have z 8–10% fewer myocytes at birth. Detailed
histological analysis of neonatal hearts from cTnT-Myc-trun-
cation animals revealed scattered foci of apoptotic, mitotic,
and degenerating myocytes without evidence of active inflam-
mation (Fig. 4, arrows). It has been well established that pro-
grammed cell death is a crucial component of the normal car-
diac remodeling that occurs before birth (34, 35). One obvious
possibility is that there may be heterogeneous expression of
the cTnT-Myc-truncation protein such that myocytes express-
ing greater amounts are mechanically dysfunctional to such a
degree that the cell undergoes programmed cell death and
these myocytes are lost during development. The end result
could be increased ventricular remodeling, which we have ob-
served as foreshortening of the ventricle, particularly in neo-
natal homozygotes (J.C. Tardiff, unpublished observations).
Apoptosis has also been shown to be involved in many normal
and pathologic cardiovascular states including: pressure over-
load–induced hypertrophy, heart failure, cardiac remodeling,
and myocyte stretch (36). Although the actual cellular mecha-
nisms by which each of these disparate conditions result in myo-
cyte apoptosis are not known, it is clear (particularly in the
case of myocyte stretch) that mechanical changes in sarco-
meric function may well result in an increase in apoptosis. Ex-
periments are currently underway to further investigate this
hypothesis.

The second mechanism for the decrease in cardiac mass
found in cTnT-Myc-truncation animals is clearly the z 15%
decrease in myocyte size (Fig. 6). Following our model, these
myocytes could represent the remaining surviving cells and
may express relatively low levels of transgenic protein (as evi-
denced by the , 5% of total cTnT noted above). How such
small amounts of the cTnT-Myc-truncation protein would re-
sult in a “smaller” myocyte remains unclear. We do not cur-
rently know whether the cells actually decrease in size or
whether their normal hypertrophic growth during develop-
ment is impaired. Experiments to quantitate sarcomeric length

as well as to understand the contractile properties of isolated
cells are currently in progress. The effects of these two mecha-
nisms would be expected to be multiplicative, in that the over-
all number of myocytes in Tg animals would be 8–10% lower
whereas the remaining myocytes would be 15% smaller. Thus,
the expected ventricular mass of Tg hearts would range from
23–25% less than controls which is in good agreement with our
experimental findings (Fig. 3).

We believe that the physiologic effects seen in the cTnT-
Myc-truncation mice are the result of both an altered ventricu-
lar geometry and an additional cellular mechanism which may
involve changes in the regulation of Ca21 homeostasis in the
remaining cardiac myocytes. Although we do not know yet
whether the heterozygous cTnT-Myc-truncation mice will
have an overall decreased lifespan, animals which are homozy-
gous for the truncated allele uniformly die within 24 h of birth.
Gross examination of hearts from homozygous mice revealed
a foreshortened LV (not shown), which we would expect to
demonstrate impaired contractility. At birth, animals are faced
with a sudden increase in systemic pressures as the adult circu-
latory pathway is established. A likely cause of the neonatal
death seen in cTnT-Myc-truncation homozygotes is an inabil-
ity to respond to these increased pressures and to maintain an
adequate cardiac output.

cTnT-Myc-truncation heterozygotes demonstrate more
varied and subtle changes in ventricular geometry, as no statis-
tically significant differences in wall thickness were revealed
by 2D echocardiographic analysis (data not shown). Hearts
from these animals, however, demonstrate significantly im-
paired relaxation. This observation suggests that a major com-
ponent of the observed diastolic dysfunction is cellular and not
purely geometric. Normal relaxation at the level of the sar-
comere is highly dependent on competent sarcoplasmic regu-
lation. The fact that we could isolate cardiac myocytes from
cTnT-Myc-truncation hearts only in the presence of BDM is
consistent with the idea that myocyte Ca21 regulation is al-
tered. This would not be surprising given the central role that
cTnT plays in regulating the Ca21 responsiveness of contrac-
tion. It is not clear however, whether low levels of Tg protein
would result in such a major primary effect on sarcomeric
function or, in a more likely scenario, perhaps result in a mal-
adaptive change in upstream Ca21 handling. The fact that the
hearts of mutant heterozygous mice function, albeit abnor-
mally, suggests that the cellular phenotype may be exagger-
ated by the isolation procedure. Whereas BDM has been
shown to affect the acto–myosin cycle, we feel that the re-
sponse to Ca21 is likely to be a reflection of a response to Ca21

rather than an indirect effect of BDM, as the cells are not beat-
ing in the absence of an electrical stimulus.

Diagnosis and treatment of affected individuals with cTnT
mutations is hampered by the lack of noninvasive clinical find-
ings. The lack of clinical findings combined with the severity of
the phenotype (sudden cardiac death in early adulthood) ar-
gue for a cellular disease mechanism. Current theories based
on in vitro findings have focused on the proposed primary ef-
fect of the incorporation of the truncated molecule into the
sarcomere and subsequent loss of contractile efficiency (12).
Although this may well comprise the initial defect, we believe
that the resultant phenotype may be due to a subsequent
adaptation of the Ca21-regulating mechanisms of the cardiac
myocyte. Our observations concerning the myocyte isolation
differences between the non-Tg controls and cTnT-Myc-trun-
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cation hearts are consistent with transgenic protein–mediated
alterations in the cell Ca21 or cation regulation. However, this
cannot be definitively confirmed until more direct measure-
ments of cellular Ca21 handling can be completed. We are cur-
rently investigating the necessary cell isolation conditions that
will allow more in-depth study of the cellular mechanisms in-
volved in this complex phenotype.

The cTnT-Myc-truncation mice appear to provide a unique
model system with which to investigate this apparent dissocia-
tion between gross geometric changes in the heart and the se-
verity of the “clinical” or physiologic phenotype. These ani-
mals may yield better understanding of the interplay between
sarcomeric proteins and the overall Ca21-handling processes of
the cardiac myocyte, a favorable target for human therapeu-
tics.
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