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Abstract

 

Loss of myofibril organization is a common feature of
chronic dilated and progressive cardiomyopathy. To study
how the heart compensates for myofibril degeneration, trans-
genic mice were created that undergo progressive loss of
myofibrils after birth. Myofibril degeneration was induced
by overexpression of tropomodulin, a component of the thin
filament complex which determines and maintains sarco-
meric actin filament length. The tropomodulin cDNA was

 

placed under control of the 

 

a

 

-myosin heavy chain gene pro-
moter to overexpress tropomodulin specifically in the myo-
cardium. Offspring with the most severe phenotype showed
cardiomyopathic changes between 2 and 4 wk after birth.
Hearts from these mice present characteristics consistent
with dilated cardiomyopathy and a failed hypertrophic re-
sponse. Histological analysis showed widespread loss of my-
ofibril organization. Confocal microscopy of isolated cardio-
myocytes revealed intense tropomodulin immunoreactivity
in transgenic mice together with abnormal coincidence of
tropomodulin and 

 

a

 

-actinin reactivity at Z discs. Contrac-
tile function was compromised severely as determined by
echocardiographic analyses and isolated Langendorff heart
preparations. This novel experimentally induced cardiomy-
opathy will be useful for understanding dilated cardiomy-
opathy and the effect of thin filament–based myofibril de-

 

generation upon cardiac structure and function. (

 

J. Clin.

 

Invest.

 

 1998. 101:51–61.) Key words: myocardial diseases 

 

•

 

cardiomyopathy 

 

•

 

 ventricular dysfunction 

 

•

 

 myofibrils 

 

•

 

 myo-
cardium

 

Introduction

 

Congestive heart failure is among the most important public
health problems in cardiovascular medicine and the most rap-
idly growing cardiovascular disorder in the United States (1).
Heart failure is a major cause of disability and morbidity with

over $8 billion spent annually for patient care (1). The most
common form of heart failure associated with loss of systolic
function is dilated cardiomyopathy. A substantial amount of
clinical data has been gathered regarding the epidemiology of
heart failure and dilated cardiomyopathy (2). These studies
show that new treatment modalities have only reduced heart
failure by an average of 14% over the last 40 yr. Heart failure
remains highly lethal, particularly for patients with severe

 

symptoms and left ventricular (LV)

 

1

 

 dysfunction. Despite the
prevalence and severity of dilated cardiomyopathy, relatively
little is known regarding etiology. The “three Ds” of cardiac
failure pharmacotherapy (digitalis, diuretics, and vasodilators)
have prolonged survival significantly (3). Such treatment pri-
marily relieves symptoms associated with heart failure, but not
the underlying cause. In part due to drug therapy, the course
of heart failure no longer progresses predictably over years
from mild to severe disease as was true 30–50 yr ago (4). To-
day, advanced symptoms can develop in weeks to months with
sudden death possible at any time. Most importantly, the prev-
alence of dilated cardiomyopathy has steadily increased over
the last 20 yr.

Loss of myofibrils is the most obvious structural change in
dilated cardiomyopathy (5) and sarcomeric disarray is charac-
teristic of failing hearts (6). Features of myocardium from
these patients include increased myocardial mass and ventricu-
lar chamber size, myocyte and myofibril disarray (7), and fatty
infiltration or mononuclear cell invasion (8). Changes seen in
endomyocardial biopsies from patients of dilated cardiomyop-
athy (9) include: loss of contractile material, enlargement of
nuclei, enlargement of extracellular space, increased glycogen
deposition and thinning of myocardial walls, focal hypertro-
phy, myocyte atrophy, and accumulation of collagen in peri-
vascular and interstitial areas. The number and severity of
pathological changes in human samples shows marked individ-
ual variation. Understanding the effect of myofibril degenera-
tion upon cardiac function is a prerequisite for improving our
ability to assess and potentially mitigate a wide variety of car-
diomyopathies.

Accurate control of thin filament length in sarcomeres is
critical for proper function of the contractile apparatus, which
in turn depends upon consistent length specification and effec-
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Abbreviations used in this paper: 

 

Ao, aortic root diameter; 

 

1

 

dP/dt

 

,
the first derivative of the increase in left ventricular systolic pressure
with respect to time; 

 

2

 

dP/dt

 

, the first derivative of the decrease in left
ventricular systolic pressure with respect to time, a measure of relax-
ation; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LV, left
ventricular; LVED, LV end-diastolic dimension; MHC, myosin heavy
chain; MLC-2v, myosin light chain (ventricular isoform); PTU, 5-pro-
pyl 2-thiouracil; RV, right ventricular; SF, shortening fraction; Tmod,
tropomodulin; TOT, Tmod overexpressing transgenic.
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tive termination of polymerization. Tropomodulin (Tmod) is a
component of the thin filament complex in cardiac muscle
where, as in skeletal muscle, the protein colocalizes where
pointed ends of actin filaments are located (10, 11). Tmod/ac-
tin filament stoichiometry appears critical for maintaining ac-
tin filament structure (12–14). Overexpression of Tmod in cul-
tured primary cardiomyocytes leads to myofibril degeneration,
consistent with a role for Tmod in the maintenance of myo-
fibril organization and for the necessity of regulated Tmod ex-
pression (15). Collectively, these in vitro studies suggest that
cardiac-specific overexpression of Tmod in transgenic mice
would be a useful experimental model system to study cardio-
myopathy caused by myofibril degeneration.

Tmod overexpressing transgenic (TOT) mice were created
with the expectation that Tmod overexpression would cause
thin filament breakdown leading to myofibril degeneration
and loss of systolic function. Indeed, TOT mice suffer from di-
lated cardiomyopathy which resembles human disease with re-
spect to variation in both the type and severity of pathological
changes. The timing of TOT cardiomyopathy results from acti-
vation of the transgene in the ventricle which occurs within 2 wk
after birth (16). This report describes TOT mice showing the
most severe phenotype: a dilated cardiomyopathy occurring
3–4 wk after birth accompanied by symptoms of heart failure.

 

Methods

 

Construction of the 

 

a

 

-myosin heavy chain (MHC)–Tmod transgene.

 

The 

 

a

 

-5.5 wild-type promoter has been described previously (17) and
has been tested in vivo (18). Full-length mouse Tmod cDNA (19) was
inserted downstream from the 

 

a

 

-MHC promoter in a unique SalI re-
striction site of the plasmid (clone 26, provided by J. Robbins, The
Children’s Hospital and Research Foundation).

 

Production of transgenic mice and transgene dosage determina-
tion.

 

DNA constructs were prepared for injection as described previ-
ously (18). Briefly, plasmid containing the 

 

a

 

-MHC promoter/Tmod
construct was digested with NotI to release the transgene DNA frag-
ment which was separated from vector by agarose gel electrophoresis.
The fragment was purified using QIAquik (QIAGEN, Chatsworth,
CA), phenol/chloroform extracted, alcohol precipitated, and resus-
pended for injection. Genomic DNA was isolated from tail clips di-
gested at 55

 

8

 

C overnight with 100 mM Tris-HCl, pH 8.5, 5 mM EDTA,
200 mM NaCl, 0.2% SDS, and 5 

 

m

 

g/ml proteinase K (Boehringer
Mannheim, Indianapolis, IN). DNA was purified from the digest us-
ing Phase Lock Gel I (Heavy; 5 Prime-3 Prime, Boulder, CO) and re-
suspended in 1.5 ml of dH

 

2

 

O. A sample of genomic DNA sample (30 

 

m

 

l)
was digested with EcoRI, precipitated, resuspended, and loaded for
slot blot analysis at a concentration of 5 

 

m

 

g per slot (The Convertible
Filtration Manifold System, 48 wells; GIBCO BRL, Gaithersburg, MD).
Blotted DNA samples were analyzed using full-length Tmod ribo-
probe (19) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
riboprobe (pTRI-GAPDH-mouse; Ambion, Inc., Austin, TX). Ge-
nomic copy number was standardized relative to the GAPDH signal
to correct for variation in sample loading. Three different founder
lines (65, 14, and 72) showed either one or two copies of the trans-
gene. Mating of a founder line (65) transgenic female (two transgene
copies) and nontransgenic male produced heterozygous F

 

1

 

 offspring.
These F

 

1

 

 siblings were then mated to produce F

 

2

 

 mice with litter ra-
tios of 1 normal (no transgene):2 heterozygotes (2 copies of the trans-
gene):1 homozygote (4 copies of the transgene). The F

 

2 

 

heterozygotes
showed elevated Tmod expression without juvenile morbidity or
mortality (data not shown) and are the subject of ongoing study. The
F

 

2 

 

homozygotes showed a severe cardiomyopathic phenotype and are
referred to as TOT mice. The correlation between gene dosage and
phenotype of the founder line in this study (65) was also seen in alter-

nate founder lines (14 and 72) as well as in cross-breeding between
founder lines (data not shown). TOT mice were derived from line 65.

 

Determination of mRNA expression levels.

 

Approximately 2 

 

m

 

g
of total RNA isolated from freshly excised hearts using TRI reagent
(Molecular Research Center, Inc., Cincinnati, OH) was loaded for
slot blot analysis (The Convertible Filtration Manifold System). Anti-
sense oligonucleotide probes identical to those used in Jones et al.
(20) were labeled with 

 

g

 

-

 

32

 

P (DuPont/New England Nuclear, Boston,
MA) using T4 polynucleotide kinase (GIBCO BRL). Blots were hy-
bridized for 4 h to labeled probes at 55

 

8

 

C, washed three times with
1

 

3

 

 SSC, 0.5% SDS, and then placed on an imaging screen for over-
night exposure. Counts absorbed by the screen were quantitated us-
ing a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).

 

Preparation of samples for microscopic analyses.

 

After CO

 

2 

 

as-
phyxiation, hearts were immediately removed and prepared for fixa-
tion by one of the following: (

 

a

 

) blood was removed by flushing with
relaxing buffer (5% dextrose, 25 mM KCl in PBS) administered by
gravity flow through a needle inserted into the apex of the heart; (

 

b

 

)
the heart was placed in relaxing buffer and blood was expelled from
the chambers by gently applying pressure to the heart walls; or (

 

c

 

) the
heart was placed directly into fixative. Hearts were fixed in Histoprep
formalin (HC-200; Fisher Scientific, Pittsburgh, PA) for histological
analyses. Serial sections were cut on a Zeiss Microm HM 325 at 5 

 

m

 

m
thickness and stained with hematoxylin (Fisher Scientific) and eosin
(Sigma Chemical Co., St. Louis, MO). The pulmonary system in Fig.
3 was fixed in situ by perfusion with 4% paraformaldehyde in PBS
and the combined heart/lung tree was processed for paraffin embed-
ding, sectioning, and microscopic analysis.

For fluorescent antibody staining, sections were deparaffinized in
Hemo-D (Fisher Scientific Inc.) and rehydrated through a series of
graded alcohols to distilled water. To enhance antibody reactivity with
tropomyosin and Tmod, sections were lightly digested for 5 min at
room temperature in 0.1 mg/ml CaCl

 

2

 

 (pH 7.7) containing 0.1 mg/ml
trypsin (1:250; Difco Laboratories Inc., Detroit, MI). Fluorescence
staining was carried out as described previously (21). Sections were
labeled with antibodies to Tmod (described in reference 22), tropo-
myosin (T-9283; Sigma Chemical Co.), desmin (213M; Biomeda, Fos-
ter City, CA), and actin (clone C4, kindly provided by J. Lessard, The
Children’s Research Foundation). Primary antibodies were detected
by fluorescently tagged secondary goat anti–mouse IgG (Cy 5; Jack-
son ImmunoResearch Laboratories, Inc., West Grove, PA) and goat
anti–rabbit IgG (FITC, F-0382; Sigma Chemical Co.). Sections were
mounted in Vectashield medium (Vector Laboratories, Inc., Burlin-
game, CA) for viewing by confocal microscopy.

Single cardiomyocytes were prepared for fluorescence labeling
and viewed by confocal microscopy as described previously (23).

 

Light microscopy.

 

High magnification images were created by
photographing sections onto 35-mm Ektachrome T160 color slide
film using an Olympus BH-2 RFCA microscope equipped with a Ni-
kon VFX-11A light meter, Nikon FX-35DX camera, didymium filter,
and a 

 

3

 

40 oil immersion objective. 35-mm slides were converted into
digitized images using the Nikon LF-3500 slide scanner (Nikon Inc.,
Melville, NY). Low magnification sections were scanned directly from
the microscope slide. Digital images were printed using a Codonics
NP-1600 dye sublimation printer (Codonics, Akron, OH).

 

Confocal microscopy and image analysis.

 

Labeled sections or
cells were viewed using a confocal microscope (CLSM 2010; Molecu-
lar Dynamics) capable of laser excitation by 488, 568, and/or 647 nm
wavelengths with various objectives. Image analysis was performed
using Imagespace software (version 3.2) on a Silicon Graphics Indy
platform (Silicon Graphics, Mountain View, CA). A 512 

 

3

 

 512 pixel
area (0.21 

 

m

 

m) was scanned as a stack of single image slices along the
vertical (Z) axis of the cell. Data sets were processed using three-
dimensional mean pixel intensity filter to smooth the image, and all
micrographs are a single slice of the image stack chosen from the cen-
tral region of the cell. Processed images were printed using a Codon-
ics NP-1600 dye sublimation printer.

 

Electron microscopy.

 

Samples were prepared and viewed as de-
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scribed previously (24). Sarcomere length was calculated from a min-
imum of 5 sarcomeres using three sections from two different control
and TOT mice for a total of 25 control and 25 TOT sarcomeres. Sig-
nificance was determined using Student’s 

 

t

 

 test.

 

Determination of Tmod protein expression.

 

Equivalent amounts
of total protein were separated by SDS-PAGE on a 10% gel and trans-
ferred to nitrocellulose. The region corresponding to apparent mobil-
ity of Tmod was excised from the blot and labeled with anti-Tmod an-
tibody. Bound antibody was detected by labeling with a Vistra ECF
Western blot kit (Amersham Corp., Arlington Heights, IL) as di-
rected by the manufacturer. Signal intensity was quantitated using a
Storm 860 fluorimager (Molecular Dynamics) and calculated as the
product of average pixel intensity in the band multiplied by the area
of the band.

 

Echocardiography.

 

After sedation with isofluorane inhalation
and shaving the anterior chest area, mice were placed on a thermally
controlled foam pad. Temperature monitored via a rectal probe was
maintained between 35 and 38

 

8

 

C using a warming pad and heat lamps.
Mice were allowed to breathe spontaneously. Echocardiography was
performed using a Sonos 2500 Ultrasound System equipped with a
7.5-MHz transducer (Hewlett-Packard Co., Andover, MA). To place
the heart in the midfield of the ultrasound sector for optimal axial
resolution, the transducer was fashioned with a latex balloon filled
with warm acoustic gel to create a 1-cm standoff between the chest
wall and transducer face with a depth setting of the system at 3 or 4 cm.
A warm acoustic gel layer was applied to the left hemithorax and the
probe was placed on the chest avoiding excessive pressure. Two-
dimensionally guided M-mode echocardiography of left ventricle and
aortic annulus short axes were recorded on S-VHS video and a strip
chart at 100 mm/s. Pulsed wave Doppler interrogation was performed
of the ascending aorta from a superior angulation. LV end-diastolic
and end-systolic dimension and thickness (LVED, LVES, h

 

d

 

, h

 

s

 

, re-
spectively), end-diastolic septal thickness (s

 

d

 

), ejection time (ET),
and the RR interval were measured from the M-mode echocardio-
gram. End-diastole was defined as the largest LV dimension; end-sys-
tole was defined as the smallest LV dimension. Aortic root diameter
(Ao) was also measured from the M-mode echocardiogram. Blood
pressure (P) was obtained by a cuff tail measurement. The aortic time
velocity integral (AoTVI) was measured by on-line tracing the Dop-
pler spectral profile of the ascending aortic velocity. LV mass was
calculated as LV mass (mg) 

 

5 

 

[0.8][1.04][(

 

LVED

 

 

 

1

 

 

 

h

 

d

 

 

 

1

 

 

 

s

 

d

 

)

 

3

 

 

 

2

 

(

 

LVED

 

)

 

3

 

][1000]. LV performance was assessed by calculating short-
ening fraction (

 

SF

 

 

 

5 

 

[

 

LVED

 

 

 

2

 

 

 

LVES

 

]/

 

LVED

 

), heart rate–corrected
velocity of circumferential fiber shortening (

 

VCF

 

 

 

5 

 

[

 

SF

 

][

 

RR

 

0.5

 

]/
[

 

ET

 

]), and cardiac output (

 

CO

 

 

 

5 

 

[

 

Pi

 

][

 

Ao

 

/2]

 

2

 

[

 

AoTVI

 

]). All data are
shown as mean

 

6

 

SD. Statistical analyses were performed using SAS
software (Carey, NC). Paired Student’s 

 

t

 

 tests were used to determine
differences in variables in the same mouse between conditions. Un-
paired Student’s 

 

t

 

 tests were used to determine differences in vari-
ables between mice. Values were considered significant at

 

 P 

 

, 

 

0.05.

 

Isolated heart physiology.

 

The working heart preparations were
performed as described previously (25).

 

Results

 

Cardiomyopathic changes in TOT mouse hearts.

 

TOT mice
with severe cardiomyopathy were readily identified 10–21 d af-
ter birth by their decreased physical stamina compared with
healthy littermates, which became apparent during the course
of routine maintenance. These TOT mice also exhibited prop-
tosis with unusually dark eyes. Approximately 70% of TOT
mice showing marked external signs died within 2–3 d, but
TOT mice always died if overstressed with physical handling
for examination, tissue sampling, or cage maintenance. Using
these external signs as a guide, affected TOT mice were identi-
fied and killed for assessment of cardiac structure. Several

pathological changes were apparent in gross examination of
transgenic hearts, including global dilation with marked right
side atrial and ventricular enlargement (Fig. 1). The translu-
cent appearance of the right ventricular (RV) myocardial wall
indicated significantly decreased thickness relative to chamber
size (Fig. 1 

 

A

 

), which was confirmed upon viewing the bisected
heart (Fig. 1, 

 

B

 

 and 

 

C

 

). Sizes of all four chambers were mark-
edly increased and thrombi were often present within the left
atrium. The normal trabecular pattern was maintained in the
right atrium, even in severe cases of enlargement.

A trend toward lower body weight was found in TOTs
(6.8

 

6

 

0.9 g) compared with controls (8.4

 

6

 

1.26 g) which was
not statistically significant (

 

P

 

 . 

 

0.02) in the groups tested (con-
trol

 

 n 

 

5 

 

7, transgenic

 

 n 

 

5 

 

6). In contrast, the difference in
heart weight between TOTs (92.7

 

6

 

7.0 mg) and controls
(46.1

 

6

 

5.0 mg) was highly significant (

 

P

 

 , 

 

0.00001). However,
lung weights were comparable between TOTs (80.8

 

6

 

22.3 mg)
and controls (80.3

 

6

 

9.6 mg), consistent with absence of patho-
logical changes in lung sections (see below). These changes are
reflected in heart/body weight ratios of 5.5 vs. 13.5 mg/g com-
pared with lung/body weight ratios of 8.6 vs. 11.9 mg/g for con-
trols and TOTs, respectively.

TOT and nontransgenic control hearts were processed for
histological analysis (Fig. 2). Sections of hearts comparable in
size were taken from a 3.5-mo-old control mouse and 3.5-
wk-old TOT mouse. Comparison of these sections (Fig. 2 

 

A

 

)
showed several pathological changes typically observed in
TOT hearts, such as dilation of all chambers with a marked in-
crease in the size of the right ventricle (

 

rv

 

), thinning of ventric-
ular walls and the septum in relation to chamber area, and
presence of a thrombus in the left atrium (Fig. 2 

 

A

 

, 

 

arrow

 

).
Thinning of ventricular walls indicates that the significant en-
largement of the heart was not accompanied by a hypertrophic
response. Lack of cardiac hypertrophy was also apparent when
hearts from age-matched mice were compared (Fig. 2 

 

B

 

).
Aside from areas in left atrial walls located next to a thrombus,
there was no increase in mononuclear cell infiltrate throughout
the myocardium. Examination of TOT mouse ventricular walls
at higher magnification showed karyomegalic nuclei. The per-
centage of cell volume occupied by the nucleus in TOT hearts
was significantly greater than in controls (Fig. 2, 

 

C

 

 and 

 

D

 

,
22.1

 

6

 

2.6 vs. 12.4

 

6

 

2.5%;

 

 P 

 

, 

 

0.00001). Nuclear counts of both
control and TOT mouse sections showed no increase in nu-
clear number, indicating no increase in cellular proliferation.
Staining intensity shows more heterogeneity in fibers from
TOT mice, and fibers appear thinner and less compact in TOT
hearts. Sections stained with Gomori trichrome to detect fibro-
sis showed no difference between nontransgenic controls and
TOT mice (data not shown). Lungs appeared normal, with no
pathological changes suggestive of pulmonary edema such as
mononuclear infiltrate or fluid accumulation in the alveolar
bed (data not shown).

Tmod immunoreactivity in samples of nontransgenic hearts
was barely detectable (Fig. 3 

 

A

 

). In comparison, immunoreac-
tivity in TOT mouse hearts scanned at identical settings was in-
tense and widespread throughout both atrial and ventricular
walls (Fig. 3, 

 

B

 

 and 

 

C

 

). Pulmonary vasculature was also la-
beled by anti-Tmod antibody in TOT samples (Fig. 3 

 

C

 

, 

 

ar-
rows

 

), consistent with the distribution of 

 

a

 

-MHC promoter ac-
tivity (26).

 

TOT mice show loss of myofibrillar organization.

 

Confo-
cal microscopy was used for visualization of sarcomeric organi-
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zation in heart sections of TOT and nontransgenic control
mice labeled with antibodies to Tmod and actin (Fig. 4, 

 

top

 

),
Tmod and tropomyosin (Fig. 4, 

 

middle

 

), and actin and desmin
(Fig. 4, bottom). Normal myocardium showed a striated pat-
tern of fluorescence with all antibodies used, but loss of myo-
fibril organization and sarcomeric dysgenesis were apparent in
sections of myocardium from TOT mice. Typical findings of
TOT mouse cardiac myofibril condition included loss of paral-
lel alignment, heterogeneity of staining intensity, and curvi-
form appearance (Fig. 4, middle).

The relationship between Tmod and a-actinin distribution
was observed in isolated cardiomyocytes from TOT and con-
trol mice. Normal cardiomyocytes contain a dense packed par-
allel aligned array of myofibrils which show alternating bands
of Tmod and a-actinin reactivity (Fig. 5, left). In cardiomyo-
cytes isolated from TOT hearts, the normal alternating pattern

Figure 1. Pathological changes in TOT hearts consistent with dilated 
cardiomyopathy. Views of hearts from TOT and nontransgenic con-
trol mice. The most prominent feature in a TOT heart (A) is marked 
enlargement of the right atrium (ra) and right ventricle (rv). The right 
ventricle is translucent due to thinning of the wall, and the heart is 

significantly larger than control hearts from nontransgenic siblings 
(A, inset, TOT heart on right with two nontransgenic hearts). Age-
matched hearts (B) from control and TOT mice are bisected (without 
prior fixation) to show significant increases in chamber sizes through-
out the heart, particularly dilation of the right ventricle. Size-matched 
hearts (C) from a 14-wk-old control mouse and a 3.5-wk-old TOT 
mouse are bisected (after formalin fixation) to show overall thinning 
of myocardium, dilation of chambers, and thrombus formation in the 
left atrium.

Figure 2. Histological analysis of myocardial tissue from TOT hearts. 
Sections of hearts from nontransgenic control and TOT mice stained 
with hematoxylin and eosin. Sections of size-matched hearts (A) from 
a 14-wk-old control mouse and a 3.5-wk-old TOT mouse. Dilation of 
the TOT heart is evident particularly in the RV chamber (rv). Al-
though comparable in size, transgenic chamber walls are markedly 
thinner and atria are abnormally large. A thrombus is often found in 
the left atrium of transgenic animals (arrow). Sections of age-
matched hearts (B) from control and transgenic mice shown 3 wk af-
ter birth. Dilation of the transgenic heart is evident, but a hyper-
trophic increase in chamber wall thickness is absent. High magnifica-
tion views of the LV wall in control (C) and TOT mice (D). Enlarged 
nuclei are evident in the transgenic sections (D), but the number of 
nuclei per field is similar between control and TOT hearts. A and B, 
36; C–F, 3200.
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of Tmod and a-actinin immunoreactivity was disrupted and
Tmod was abnormally coincident with a-actinin (Fig. 5, right).
Three-dimensional image analysis showed that Tmod accumu-
lated in patches rather than uniformly throughout the cardio-
myocyte.2

Sections from TOT hearts and nontransgenic controls were
viewed by electron microscopy to observe sarcomeric ultra-
structure. Normal myofibrils showed typical parallel alignment
with well-organized Z, A, and M bands (Fig. 6, A and B, ar-
rowheads, arrow, and asterisk, respectively). In comparison,
myofibrils in TOT hearts show lack of organization and loss of
parallel arrangement (Fig. 6, C–F). Myofibrils were absent

2. Animated movies of reconstructed cardiomyocytes from TOT and
control mice which show differences in Tmod distribution are avail-
able for viewing in the “Movies” section of our World Wide Web site
at: http://heart.chmcc.org

Figure 3. Tmod distribution in TOT hearts. Sections of heart samples from nontransgenic control (A) and TOT (B and C) mice show increased 
Tmod immunoreactivity throughout the myocardium. All images were scanned and processed identically to permit subjective comparison of la-
beling intensities between the control and TOT samples. Tmod immunoreactivity is substantially increased throughout the ventricular walls of 
TOT mice (B and C). Tmod protein also accumulates in the atria and walls of the pulmonary myocardium (arrows). Bar, 200 mm.

Figure 4. Disruption of myofibril organization in TOT hearts. Sec-
tions of heart tissue from nontransgenic control (left) and TOT (right) 
mice labeled with antibodies as designated in the lower right corner 
of each photo. Control sections possess a well organized myofibrillar 
array with clearly defined cross-striations. In comparison, TOT sec-
tions show widespread Tmod immunoreactivity and poorly organized 
sarcomeric actin. TOT sections show thread-like myofibrils labeled 
with antiactin antibody (top) or antitropomyosin antibody (middle) 
but myofibril degeneration is most apparent in a region of increased 
Tmod immunoreactivity (top, arrows). Sections with almost total loss 
of discernible sarcomeric actin still show desmin striations. Bar at top 
left, 2 mm; middle left, 1 mm (same scale for bottom).

Figure 5. Single cardiomyocytes show changes in contractile protein 
organization. Localization of Tmod (green) and a-actinin (red) in car-
diomyocytes isolated from a nontransgenic control and TOT mouse. 
Control cells show little or no overlap (yellow) between Tmod and
a-actinin labels in control cells, but the abundant yellow signal in 
transgenic cells indicates aberrant colocalization of Tmod with a-acti-
nin. Tmod staining in TOTs often appears patchy, indicating that ac-
cumulation of Tmod protein is not uniform throughout the cell inte-
rior. Bar, 2 mm.
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from large areas of the cell and numerous mitochondria were
present (Fig. 6 C), consistent with ultrastructural characteris-
tics of degenerating cardiomyocytes (27). Actin and myosin fil-
aments were found without discernible Z bands in some areas,

whereas in other regions distinct closely spaced sarcomeres
were seen. Myofibrils were curved with distorted Z bands as
observed by confocal microscopy (see Figs. 4 and 10).

Sarcomeric length in micrographs was determined by mea-

Figure 6. Representative transmission electron micrographs from the hearts of control and TOT mice. All samples were obtained from the left 
ventricle except for F, which was taken from the right ventricle. Myofibrils (arrows) in controls (A and B) were arranged in well-organized par-
allel arrays while those in TOTs were poorly organized and frequently curved within a single sarcomere. In comparison to the compact Z bands 
(arrowheads) characteristic of control myofibrils, Z bands in TOTs (C–F) were frequently curved and of varying width and thickness in a single 
myofibril. M bands (asterisks) in TOTs were not found in the left ventricles and rarely found in the right ventricles. Mitochondria in controls 
were usually found in limited areas between the parallel arrays of myofibrils, while in TOTs large areas of the cardiomyocytes lacked myofibrils 
and were filled with numerous mitochondria (C, upper left). Scale bar, 2.7 mm for A; 0.5 mm for B, D, and E; 1.8 mm for C; and 0.7 mm for F.
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surement from the inside edge of one Z band to the outside
edge of the next nearest band. Control nontransgenic sarco-
meres averaged 2.0260.172 mm (range 5 1.83–2.41 mm, stan-
dard error 5 0.034), as expected for normal sarcomeres. In ar-
eas of TOT sections where Z bands could be distinguished,
average sarcomere length was 1.0860.157 mm (range 5 0.83–
1.33 mm, standard error 5 0.031). Thus, sarcomeric length in
TOTs is 53% shorter than that of control mice processed and
imaged at the same time.

Tmod protein expression level. Tmod protein expression
was determined relative to an average Tmod expression level
based upon a cardiac lysate prepared from a mixture of non-
transgenic control hearts varying in age from 14–30 d. Compa-
rable Tmod expression was present between the control mix-
ture (Fig. 7, first lane) and a 24-d-old mouse sample (Fig. 7,
second lane). Two different TOT mice at 28 d after birth showed
substantially increased Tmod expression over 9–11-fold in the
two samples tested (Fig. 7, third and fourth lanes). A third
sample from a younger TOT mouse at 19 d (Fig. 7, fifth lane)
also showed an increase in Tmod expression at sevenfold over
nontransgenic levels.

Expression of genes associated with cardiomyopathy. Ex-
pression level of mRNAs for genes involved in cardiac failure
and/or hypertrophic responses in TOT mice were compared
with nontransgenic controls (Fig. 8). Differences in loading be-
tween samples were corrected relative to GAPDH. Since myo-
sin light chain (ventricular isoform) (MLC-2v) expression lev-
els were comparable between control and TOT mice and were
unaffected by cardiomyopathic changes in other experimen-
tally induced cardiomyopathies (20, 28), MLC-2v was used as a
reference to calculate relative changes in mRNA expression.
SERCA mRNA showed a significant drop in expression level
(42% compared with control, P 5 0.00002), whereas signifi-
cantly increased mRNA expression was found for b-MHC
(180%; P 5 0.00003) and atrial natriuretic factor (157%; P 5
0.0002). Other mRNAs which did not show a significant
change (P . 0.01) in expression level included a-MHC, skele-
tal actin, cardiac troponin C, and titin.

Echocardiography shows severe dilated cardiomyopathy.
Findings of LV dilatation, thinning, and poor systolic perfor-
mance were clearly demonstrated by M-mode echocardiog-
raphy (Fig. 9). Hemodynamic assessment of echocardio-
graphic results using 3–4-wk-old mice (Table I) demonstrated
extreme LV dilatation (increased LVED) and thinning of the
LV posterior wall. LV dilatation in TOT mice was so severe
that indexed LV mass was significantly greater (despite thin-
ner myocardium) than in control mice. LV systolic perfor-
mance was also severely depressed in TOT mice as reflected
by decreased SF, velocity of circumferential fiber shortening,
and cardiac output.

Altered contractile properties of TOT hearts. Cardiac func-
tion of hearts from size- and sex-matched TOT mice and non-
transgenic controls was assessed using isolated Langendorff
(retrograde perfusion, nonworking) preparations. TOT mouse
hearts differed from controls in both their contractile and re-
laxing properties under identical levels of retrograde flow.

Figure 7. Tmod protein expression is substantially increased in TOT 
hearts. Coomassie SDS-PAGE and the immunoblot showing the in-
creased level of Tmod protein in TOT hearts. Equivalent amounts of 
cardiac protein lysates were loaded and subjected to overnight elec-
trophoresis followed by either staining with Coomassie brilliant blue 
dye or transfer to nitrocellulose. The immunoblot region correspond-
ing to the Mr of Tmod (z 43 kD) was excised and labeled with anti-
Tmod antibody. Bound antibody was detected by enhanced chemiflu-
orescence and signal was quantitated by fluorimager analysis (see 
Methods). Samples loaded in each lane are indicated across the top of 
the gel. Pooled heart tissue from nontransgenic controls was used as a 
reference to minimize variations in Tmod level between individual 
animals. In comparison to this pooled sample, a nontransgenic animal 
has a similar Tmod level, whereas samples from various TOT mice 
show increases ranging from 7- to almost 12-fold. Mobility (Mr 3 

1023) of molecular weight standards is shown at the right of the gel.

Figure 8. Comparison of mRNA expression levels in hearts of TOT 
mice. Analyses of cardiac gene expression in TOT mice for genes 
which may be involved in hypertrophic/failure responses. Results are 
shown as percent expression for TOT mRNAs relative to nontrans-
genic levels. Equivalent expression between controls and TOTs is 
presented as 100% (baseline) with values above and below 100% rep-
resenting increased and decreased expression and values, respec-
tively. Significance values were calculated relative to MLC-2v. Error 
bars represent standard errors of the mean. All hybridization signals 
were normalized for variations in loading with respect to GAPDH.
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TOT hearts produced maximal rates of pressure development
which were significantly reduced relative to the control hearts:
1dP/dt was reduced by 59% and 2dP/dt was reduced by 52%
(Table II). The decreased 1dP/dt indicates that TOT hearts
have significantly reduced contractility (longer time to develop
peak ventricular pressure), while the decreased 2dP/dt shows
that relaxation is also prolonged. Heart rate was also 11%
lower than normal in TOT hearts (P # 0.0001).

Treatment of TOT mice with 5-propyl 2-thiouracil (PTU)
inhibits cardiomyopathy. The a-MHC promoter of the trans-
gene in TOT mice is responsive to thyroid hormone levels
(29). Experimentally induced hypothyroidism by diet supple-
mentation with PTU inhibits a-MHC promoter driven trans-
gene expression for chloramphenicol acetyltransferase (18)
and b-tropomyosin (30). If cardiomyopathy in TOT mice re-
sults from Tmod overexpression, then PTU supplementation
should prevent development of Tmod-mediated heart disease.
Throughout a 6-wk period of PTU diet supplementation, TOT
mice identified by genomic Southern blot analyses showed no
external signs of cardiomyopathy. As expected, TOT mice de-
veloped external signs of cardiomyopathy after withdrawal of
PTU. External symptoms of cardiomyopathy quickly appeared
within 4 d, a rapid progression of cardiomyopathy relative to
the 2–4-wk time course required to develop similar symptoms

in euthyroid TOTs. Hearts were harvested from TOT mice af-
ter PTU supplementation had been discontinued and external
symptoms of cardiomyopathy were noted. For comparison,
control hearts were harvested from nontransgenic littermates
which were maintained with the same PTU-supplemented
diet. Histological analyses of these hearts showed a trend to-
ward dilation (Fig. 10, sides), but the increase in overall heart
and chamber size was not significant in comparison to the
changes observed with TOT mice which developed cardiomy-
opathy without PTU supplementation (Figs. 1 and 2). Confo-
cal microscopy revealed loss of myofibril organization in TOT
mice suffering from cardiomyopathy after the withdrawal of
PTU in comparison to control nontransgenic mice (Fig. 10,
middle). Immunoblot analysis performed with heart samples
from PTU-treated TOTs (data not shown) demonstrated that,
within 4 d after withdrawal of PTU, Tmod protein accumu-
lated in TOT mice to levels comparable with those observed in
non–PTU-treated TOTs exhibiting symptoms of cardiac fail-
ure (Fig. 7).

Discussion

Dilated cardiomyopathy is the most common form of heart
failure (31), yet mechanisms of myocardial damage and com-
pensation are still poorly understood. This report describes a
novel model of mouse cardiomyopathy characterized by an in-
teresting phenotype of dilation with a “failed” hypertrophic re-
sponse. These changes are strikingly similar to those observed
by histomorphometric analyses of biopsy samples from human
dilated cardiomyopathy (9, 32) such as cardiac dilation, thin-
ning of the myocardium relative to chamber area, and en-
larged nuclei. TOT mice showed multiple indications of car-
diac failure. TOT mice experiencing end-stage heart failure
exhibited labored breathing, possibly due to the increased size
of the heart making inflation of the lungs difficult. Hearts re-
moved from these mice often contained a thrombus in the left
atrium, probably related to decreased filling of the atria due to
compromised RV function. Poor pulmonary function accounts
for the lack of changes in the lung, since we observed no evi-
dence of pulmonary edema or mononuclear infiltrate (data not
shown) as might be expected with RV dilation. Analysis of LV
function by Langendorff preparations showed significantly de-
creased contractility and relaxation in TOT hearts compared
with controls. Additionally, on a molecular level, decreased
expression of SERCA mRNA is also consistent with cardiac
failure (33). These results are consistent with the widespread
myofibril degeneration observed throughout the myocardium
by fluorescence microscopy. Collectively, these results show
the severe cardiomyopathic changes caused by increased Tmod
expression.

Figure 9. Echocardiography shows cardiomyopathic changes. Repre-
sentative M-mode echocardiograms from control and TOT mice. The 
TOT mouse shows a much greater LV cavity dimension and much 
thinner posterior wall. Note flattening of both the septal and LV pos-
terior wall motion in the TOT compared with vigorous motion in the 
control mouse.

Table I. Hemodynamic Assessment by Echocardiography

Hemodynamic index Control Transgenic P value

n 5 3 n 5 4

Weight (g) 1365 963 NS
Heart rate (bpm) 504616 372678 0.046
RV end-diastolic dimension (mm) 1.360.4 1.660.1 NS
LVED (mm) 2.960.2 4.460.6 0.01
LV wall thickness, diastole (mm) 0.760.3 0.460.2 NS
LV wall thickness, systole (mm) 1.360.2 0.760.2 0.008
Intraventr. septal thickness (mm) 0.760.3 0.760.0 NS
LV mass (mg) 47612 68627 NS
LV mass/body weight (mg/g) 3.760.9 7.660.4 0.0007
Ao (mm) 1.060.2 0.960.08 0.07
Shortening fraction (%) 55610 1566 0.001
Velocity-fiber shortening (circ/s) 3.561 0.860.3 0.004
LV stroke volume (mcl/beat) 24612 663 NS
LV cardiac output (mcl/min) 1200065000 240061000 NS
LV card output/weight (mcl/min/g) 7506194 3186242 0.098
LV wall stress (g/cm2) 15, n 5 2 275, n 5 1

Table II. Means6SEM of Measured Cardiac Parameters

Control 1 T mod % Change

Langendorff heart n 5 4, 40 n 5 4, 40
Heart rate (bpm) 32965 29266* 211%
1dP/dt (mmHg/ms) 14796147 603631* 259%
2dP/dt (mmHg/ms) 891689 426623* 252%

*P # 0.0001, transgenic vs. control, unpaired Student’s t test.
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The pathologic effect of Tmod overexpression in the myo-
cardium was manifested as a loss of myofibril organization
(Figs. 4 and 5) which was presumably initiated by deterioration
of thin filament structure. Since Tmod is a normal constituent
protein of striated muscle, cardiomyocytes tolerate accumula-
tion of the protein without overt toxic effects. In fact, previous
experiments with cultured cardiomyocytes showed that Tmod
overexpression did not increase metabolic turnover rates for
total cellular protein or for the sarcomeric component proteins
actin and myosin (15). Thus, Tmod overexpression seems to
induce myofibril reorganization rather than protein degrada-
tion. This same previous study also demonstrated that the ef-
fect of Tmod overproduction upon myofibril structure in the
cultured cardiomyocytes was shortened I band width as mea-
sured by antiactin antibody and confocal microscopy. Electron
microscopy of the cardiomyocytes showed that, despite short-
ened sarcomeres, remaining thin filaments appeared intact.
Collectively, these results of Tmod overexpression in cultured
cardiomyocytes suggest that a shorter I band causes a progres-
sive decrease in thin filaments, impairing contractility and lead-
ing to degeneration.

The cardiac structural and functional changes in TOT mice
are typical for cardiomyopathy resulting from loss of contrac-
tile function. Echocardiography showed extreme LV dilatation,
wall thinning, and severely depressed LV systolic perfor-
mance. These features are hallmarks of severe dilated cardio-
myopathy in the human. Poor LV performance is partially
compensated for by increasing LV cavity size, thereby increas-
ing ventricular preload and moving upwards on the Frank-
Starling curve. However, severe LV dilatation can result in
movement on the downward slope of the curve and even worse
ventricular performance. With increasing ventricular dilatation,
peak systolic wall stress increases which, in turn, stimulates
myocardial thickening to normalize peak wall stress. However,
TOT mice appear incapable of an adequate hypertrophic re-
sponse. In fact, increased expression of atrial natriuretic factor
and b-MHC suggests the heart may activate an incomplete hy-

pertrophic response or reactivate embryonic/fetal myosin iso-
form expression. Hypertrophy results from increases in cell
volume coupled with sarcomerogenesis but, since Tmod over-
expression leads to myofibril degeneration, the assembly of
nascent myofibrils is severely impaired. Thus, myofibril break-
down together with inhibited myofibrillogenesis may act in
combination to account for cardiac dilation without substantial
hypertrophy. The minimal level of hypertrophy in TOT mice is
put into perspective when compared with increased ventricu-
lar wall thickness and substantially elevated expression for
a-skeletal actin found in other experimentally induced mouse
cardiomyopathies (20, 34).

TOTs in this report are homozygous for the transgene, but
the resultant cardiomyopathy is not caused by an insertional
effect. Since shutting off Tmod transgene expression with PTU
rescued TOTs, the disease stems from a-MHC promoter acti-
vation in the ventricle after birth coupled with Tmod accumu-
lation. TOT mice maintained on PTU for 6 wk showed no signs
of Tmod cardiomyopathy. However, effects of Tmod over-
expression appeared within days after switching to a regular
(non-PTU) diet. The rapid onset of cardiomyopathic changes
in these older TOTs suggests that Tmod protein levels accu-
mulate quickly when the a-MHC promoter is fully active. Af-
ter 4 d without PTU, cardiomyopathic hearts contained Tmod
protein levels comparable with TOTs exhibiting heart failure
at 2–4 wk. The relatively minimal remodeling of hearts in
PTU-supplemented mice compared with changes observed in
normal TOTs is likely due to a rapid accumulation of Tmod
in older mice. Apparently, hearts in PTU-supplemented TOT
mice had less time to respond when transgene expression was
activated and/or was less capable of responding in the older
animal.

Many cardiomyopathic conditions share the common char-
acteristic of myofibril degeneration. Myofibril degeneration
impairs generation of contractile force resulting in loss of sys-
tolic function. Heart diseases with these characteristics such as
congestive heart failure or dilated cardiomyopathy have high

Figure 10. Disruption of myofibril organization in transgenic hearts after withdrawal of PTU. Mice were fed a PTU-supplemented diet from 
birth for 6 wk before withdrawal. Sections of hearts from mice are shown after withdrawal of PTU supplementation for 4 d. Histologic analysis of 
heart sections shows overall size and ventricular wall thickness are comparable between nontransgenic control (left) and PTU-treated TOT 
(right) mice, although atria are larger in the TOT heart. Myofibril structure (middle) in nontransgenic control (top row) and TOT (bottom row) 
hearts. Antibodies used to label sections are shown at the top of each column. TOT myofibrils show degeneration of thin filaments (shown by 
disruption of actin and tropomyosin striations) and loss of Tmod organization. Desmin is disrupted as well, although distinct striations can still 
be found in the TOT heart sample. Bar, 1 mm.
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mortality rates. Often, these conditions are ultimately treat-
able only by transplantation since etiology and pathogenesis
are poorly understood. Study of these diseases has been ham-
pered by a lack of suitable experimental animal models to
study loss of systolic function due to progressive myofibril de-
generation. With this goal, TOT mice were specifically created
as an experimental model for progressive myofibril degenera-
tion leading to cardiac failure. TOT mice may serve as a useful
model for studying human cardiomyopathic conditions in
which there is an inadequate hypertrophic response, such as
the cardiomyopathy of anthracycline toxicity (35). In addition
to the juvenile onset cardiomyopathy described in this report,
other TOT mice express elevated levels of Tmod but live nor-
mally and are asymptomatic for external signs of cardiomyop-
athy. Hearts from these “chronic” TOT mice range in appear-
ance from normal to severely dilated, but Tmod expression is
invariably lower than the levels which cause “acute” disease
described in this report (our unpublished results). Although
initiation of myofibril degeneration by Tmod overexpression is
an experimental approach, many features are shared between
hearts of TOTs and humans with dilated cardiomyopathy. Ex-
perimental studies of TOT mice are likely to provide impor-
tant insights into the molecular basis of dilated cardiomyopa-
thy, as has been shown for the thick filament–based familial
hypertrophic cardiomyopathies (36, 37). Construction of a
TOT mouse relational database is in progress which will corre-
late the characteristics of cardiomyopathic TOT hearts with
development of disease. Continued characterization of these
mice will provide valuable information regarding compensa-
tory, functional, structural, molecular, and physiological
changes associated with heart disease.
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