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MLP-Deficient Mice Exhibit a Disruption of
Cardiac Cytoarchitectural Organization,
Dilated Cardiomyopathy, and Heart Failure

Silvia Arber,* John J. Hunter,† the appearance of the differentiated phenotype, and
MLP accumulates during muscle fiber formation. MLPJohn Ross, Jr.,† Minoru Hongo,†
is down-regulated in adult skeletal muscle, where it isGilles Sansig,§ Jacques Borg,‖
reinduced by denervation. In contrast, in the heart, MLPJean-Claude Perriard,# Kenneth R. Chien,†‡

is expressed at high levels in atrial and ventricular myo-and Pico Caroni,*
cytes during development and in the adult (Arber et al.,*Friedrich Miescher Institute
1994).CH-4002 Basel

MLP consists of two LIM double zinc fingers linkedSwitzerland
by a spacer of 50 residues. The LIM motif is a protein†Department of Medicine
binding interface found in a diverse group of proteins‡Center for Molecular Genetics
that includes LIM kinases and LIM homeodomain pro-University of California, San Diego
teins (for reviews, see Sanchez-Garcia and Rabbitts,La Jolla, California 92093
1994; Dawid et al., 1995). This motif is frequently found§Pharma Research
in proteins involved in cell differentiation and cell fateCIBA
determination, suggesting that LIM-based protein inter-CH-4002 Basel
actions may mediate specific regulatory processes inSwitzerland
the cell. The mechanism by which MLP promotes myo-‖Department of Pharmacology
genic differentiation is not clear, but our recent findingsUniversité Louis Pasteur
suggest that it may act as a scaffold protein to promote67401 Illkirch Cedex
protein assembly along the actin-based cytoskeleton.France
This hypothesis was based on the demonstration that#Institute for Cell Biology
single LIM motifs engage in specific binding interactionsSwiss Federal Institute of Technology
in the cellular environment and that the second LIMCH-8093 Zurich
motif of MLP can specifically target interacting proteinsSwitzerland
to the actin-based cytoskeleton (Arber and Caroni,
1996).

Long-term cardiac and skeletal muscle performanceSummary
is regulated through feedback mechanisms that link me-
chanical load to the expression of muscle genes, myofi-MLP is a LIM-only protein of terminally differentiated
brillar organization, and muscle fiber size (see e.g., Ya-

striated muscle cells, where it accumulates at actin-
mazaki et al., 1995). This is particularly important in the

based structures involved in cytoarchitecture organi-
vertebrate heart, where, following an initial proliferativezation. To assess its role in muscle differentiation,
phase (Olson and Srivastava, 1996), growth of musclewe disrupted the MLP gene in mice. MLP (2/2) mice
mass is exclusively due to the hypertrophic enlargement

developed dilated cardiomyopathy with hypertrophy
of postmitotic, terminally differentiated cardiomyocytes.

and heart failure after birth. Ultrastructural analysis
In a clinically significant aspect of this process, the adult

revealed dramaticdisruption of cardiomyocyte cytoar-
heart reacts to increased demands for mechanical work

chitecture. At birth, these hearts were not hypertrophic, via the activation of an adaptive hypertrophic response
but already abnormally soft, with cell-autonomous and that is associated with the induction of a defined subset
MLP-sensitive alterations in cytoarchitecture. Thus, of muscle genes and expansion of the myofibrillar appa-
MLP promotes proper cardiomyocyte cytoarchitec- ratus (see e.g., Chien, 1996). Although compensatory in
ture, whose perturbation can lead to dilated cardiomy- its nature, this reaction can lead to cardiac dysfunction
opathy. In vivo analysis revealed that MLP-deficient and heart failure (Keating and Sanguinetti, 1996). Al-
mice reproduce the morphological and clinical picture though a large body of work has suggested the exis-
of dilated cardiomyopathy and heart failure in humans, tence of signaling pathways in cardiac myocytes that
providing the first model for this condition in a geneti- would couple mechanical stress to muscle gene expres-
cally manipulatable organism. sion and myofibrillogenesis (e.g., Simpson et al., 1993),

the molecular mechanisms that link mechanical load to
striated muscle growth are poorly understood. Interest-

Introduction ingly, like MLP, the LIM-only protein CRP (cysteine-rich
protein), which is highly homologous to MLP and is ex-

The striated muscle–specific LIM-only protein MLP pressed in smooth muscle cells and activated fibro-
(muscle LIM protein) is a conserved positive regulator blasts (Wang et al., 1992), also targets to the actin cy-
of myogenic differentiation associated with the actin- toskeleton (Crawford et al., 1994; Arber and Caroni,
based cytoskeleton (Arber et al., 1994; Arber and Caroni, 1996). In muscle cells and activated fibroblasts, the
1996). In the myogenic cell line C2C12, its overexpres- possibility exists that mechanisms that involve the actin-
sion promotes myogenic differentiation, whereas sup- based cytoskeleton may link mechanical stress to spe-
pression of MLP expression by an antisense approach cific patterns of gene expression and cellular organiza-
markedly impairs this process (Arber et al., 1994). In tion (for a review, see Grinnell, 1994). Accordingly, one

possibility is that MLP may be involved in the linkagedeveloping skeletal muscle, expression coincides with
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Table 1. Phenotype of MLP-Deficient Mice

Prevalence

Phenotype Symptoms (1/2 3 1/2) (1/2 3 2/2) (2/2 3 2/2)

Early postnatal Fatigue, enlarged heart, congestive 63% (158/249) 44% (32/73) 35% (39/109)
heart failure (P6–P12)

Adult Dilated cardiomyopathy with hypertrophy, z100% z100% z100%
defective neuromuscular transmission

Defective neuromuscular transmission. Motor strength: (1/1), 47.7 6 4.3 s; (2/2), 27.6 6 2.6 s (N 5 6). Decrement in evoked motor response
(high frequency stimulation): (1/1), no reduction during 5 trains; (2/2), 11–14% reduction at 2–3 trains (see also Experimental Procedures).

between tension and muscle growth through the organi- that specifically binds to the carboxyl-terminal end of
zation of the myofibrillar apparatus and muscle cyto- MLP, thus demonstrating that truncated forms of the
plasm along the actin cytoskeleton. protein were also not detectable in MLP (2/2) mice.

To define the role of MLP in myogenic differentiation, Expected Mendelian ratios of (1/1), (1/2), and (2/2)
we have generated MLP-deficient mice. Such mice have animals were present among the offspring of heterozy-
soft hearts, with disruption of cardiomyocyte cytoarchi- gote brother–sister mating, indicating no significant em-
tecture at birth. Similar defects were detected in cultured bryonic lethality (see also Table 1). Mice heterozygous
newborn cardiomyocytes, where they could be reversed for the disrupted MLP allele had no detectable pheno-
by forced expression of MLP. After birth, MLP-deficient type. In contrast, although MLP (2/2) mice displayed
mice consistently develop dilated cardiomyopathy with no obvious defects at birth, 50–70% of them developed
hypertrophy and heart failure, and thus provide an ani- signs of fatigue between postnatal day 5 (P5) and P10
mal model for this condition in a genetically modifiable and died within 20–30 hours from the onset of these
organism. In addition, the results indicate that MLP plays symptoms. In the following sections, these mice will be
an essential role for proper cardiomyocyte architectural referred to as early phenotype mice (Table 1). MLP-
organization and suggest that a pathway to dilated car- deficient mice that did not die during thesecond postna-
diomyopathy may involve intrinsic defects in the cytoar- tal week developed to adulthood and were viable (adult
chitecture of cardiomyocytes. phenotype mice). Second postnatal week mortality was

higher in crosses between heterozygous (45–65%) than
homozygous (30–40%) animals, suggesting that the

Results penetrance of the early phenotype was affected by the
genetic background of MLP (2/2) mice. In contrast, as

MLP-Deficient Mice Develop Severe Dilated indicated in Table 1, the adult phenotype was nearly
Cardiac Hypertrophy after Birth 100% penetrant. It included severe defects in cardiac
During mouse development, MLP is specifically associ- function and structure (see below). In addition, a marked
ated with striated muscle, where its expression is de-

impairment insustained performance of the limb muscu-
tected from the onset of differentiation. As shown in

lature was detected (Table 1).
Figure 1A, at E15.5 MLP is specifically expressed in all

Closer examination of MLP (2/2) mice revealed selec-
MyoD-positive skeletal muscles, with the exception of

tive defects in striated muscle structure and function.
snout muscles. In addition, as mentioned above and in

Although both skeletal and cardiac muscle lacked rigor,
contrast to MyoD, MLP is expressed throughout the

defects were most dramatic in the heart, which showed
developing heart. Expression of MLP in atria and ventri-

strikingly decreased tone and became obviously en-cles did not change significantly during development or
larged during postnatal life (Figure 2). At birth, MLP-in the adult. In contrast, MLP mRNA levels in mouse
deficient hearts were already deficient in rigor (see alsoskeletal muscle declined markedly during the first two
next sections), but displayed no differences in heart-to-postnatal weeks, and low levels of transcript were de-
body weight ratios (see Figure 2C for postnatal day 3tectable in adult skeletal muscle. To examine the role
data). Subsequently, mice with the early phenotype rap-of MLP in muscle formation and growth, we analyzed
idly developed dramatically enlarged hearts (Figures 2Amice with a targeted disruption of the MLP gene. As
and 2B), whereas heart size growth was more gradualshown in Figure 1B, the targeting vector contained a
and less pronounced in the remaining MLP-deficientneomycin resistance cassette instead of exon 2 that
mice (Figure 2C). As shown inFigure 2B, when comparedcontains the translation initiation site for MLP, and a
to body weight, the hearts of early phenotype mice weremutation in an additional internal AUG codon. Three
2- to 4-fold heavier than control. Significantly, enlarge-independent recombination-positive embryonic stem
ment affected the four heart chambers toa similar extentcell clones were used to generate MLP-deficient mice,
(Figure 2A, Table 2). This finding and the fact that inwith indistinguishable results. As shown in Figures 1C
wild-type mice MLP is expressed in all cardiomyocytesand 1D, mice homozygous for the disrupted allele ex-
(in situ hybridization data for adult mouse heart notpressed no intact MLP mRNA and no MLP protein. Mice
shown; see Figure 1A for expression at E15.5) suggestedcarrying one copy of the disrupted allele contained
that the phenotype was due to an intrinsic cardiacmarkedly reduced levels of MLP (Figure 1D). The immu-

noblot shown in Figure 1D was probed with an antibody defect.
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phenotype mice. To determine whether the dramatically
enlarged hearts of early phenotype mice displayed gene
markers associated with hypertrophic growth, we com-
pared the expression of ANF (atrial natriuretic factor)
mRNA (a marker of hypertrophy) to that of the ventricular
form of myosin light chain-type 2 (MLC-2v, a constitutive
myofibrillar protein gene) in control and MLP-deficient
mice. As shown in Figure 2B (left panel), ANF mRNA was
markedly elevated in the ventricles of early phenotype
hearts. Strong induction was also detected for muscle
ankyrin repeat protein (MARP; designated as clone 4
in Arber et al., 1994) transcript, a novel hypertrophy-
associated gene. In contrast, no significant induction of
MLC-2v or actin transcripts was detected. Figure 2C
shows some characteristics of the cardiac hypertrophic
response in late phenotype MLP-deficient mice. For the
first two postnatal weeks, the data include all mice with
no obvious signs of fatigue (see Experimental Proce-
dures). As shown in the panel on the right, starting
around 2 weeks after birth, these mice had hearts con-
sistently larger than controls (130–190%), whereas body
weight values were indistinguishable from control (data
not shown). As shown in Figure 2C (left panel), the hearts
of adult MLP (2/2) mice had mRNA patterns character-
istic of the cardiac hypertrophy response. In summary,
therefore, all MLP-deficient mice develop a marked car-
diac hypertrophy reaction, and the two subgroups of
mice differ in their susceptibility to a massive and lethal
response during the second postnatal week.

MLP-Deficient Cardiac Myocytes Have Major
Defects in Cytoarchitectural Organization
Why do MLP-deficient mice develop dilated cardiomy-
opathy with hypertrophy? The fact that MLP expression
is restricted to striated muscle strongly suggested that
this was due to a primary defect at the level of the
cardiac myocytes. The overall protein composition of
the heart on one-dimensional SDS polyacrylamide gels

Figure 1. Embryonic Expression of MLP and Generation of a Null was normal, and no elevated levels of heart muscle
Allele at the MLP Locus enzymes were detected in the serum of adult MLP (2/2)
(A) In situ localization of mouse MLP and MyoD transcripts on serial mice (data not shown). In sharp contrast to these normal
sagittal sections of E15.5 mouse embryos. MLP is coexpressed with

findings, ultrastructural analysis revealed a dramaticMyoD in skeletal muscles, with the exception of the snout muscles.
disruption of cardiac myofibrillar organization in the ab-Note the strong expression of MLP, but not MyoD, in the developing
sence of MLP (Figure 3). Besides the obvious deficiencymyocardium (arrow).

(B) Generation of an MLP null allele by homologous recombination. in the organized assembly of the myofibrillar apparatus,
Schematic representation of the MLP locus, the targeting vector, abnormal features included a pronounced increase in
and the disrupted allele. Arrows indicate locations of the PCR prim- nonmyofibrillar space, ribosomes, sarcoplasmic reticu-
ers used to verify the presence of the endogenous allele (top) and

lum, and extracellular space. This disorganization ofcorrect homologous recombination in the MLP locus (bottom).
cardiomyocyte cytoarchitecture was consistently de-(C) Northern blot analysis of total RNA from the heart of an adult
tected throughout the hearts of MLP-deficient mice.MLP-deficient mouse (2/2) and a control littermate (1/1). The

probe contained the first two exons of MLP. Qualitatively similar alterations in ultrastructure have
(D) MLP protein is absent in MLP-deficient mice. Western blot analy- been described for the late phases of dilated cardiomy-
sis of heart homogenates of neonatal MLP-deficient, MLP heterozy- opathy in humans, albeit usually not to such a dramatic
gous (1/2), and control (1/1) mice. Detection with antibody against

extent. Similarities between the two conditions also ex-a carboxyl-terminal peptide of MLP (Arber et al., 1994).
tend to characteristic alterations in the distribution of
vinculin (Figure 3), a protein involved in the anchorage
of the actin-based cytoskeleton to the cell membrane.Two Phases of High Susceptibility for Dilated

Cardiac Hypertrophy in MLP-Deficient Mice Thus, like in heart failure with dilated cardiomyopathy,
in the cardiomyocytes of MLP (2/2) mice, punctate vin-To better define the cardiac phenotype of MLP-deficient

mice, we carried out a detailed analysis of hypertrophy- culin immunoreactivity consistently extended into the
cytosol, and adherens junction immunoreactivity wasassociated genes and heart weight in early and late
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Table 2. Enlargement and Dilation of the Left Ventricle in Late
Phenotype MLP-Deficient Mice

EDD PWT HW/BW LVW/BW Lung (g) Liver (g)
(mm) (mm)

MLP (2/2)
Mean 4.97a 0.51a 0.0097a 0.0043b 0.30b 1.71
SD 0.73 0.06 0.0027 0.0004 0.07 0.43
n 9 9 9 4 9 9

MLP (1/2)
Mean 3.94 0.65 0.0061 0.0036 0.21 1.55
SD 0.39 0.06 0.0012 0.0008 0.02 0.34
n 9 9 10 5 10 10

MLP (1/1)
Mean 3.90 0.64 0.0056 0.0032 0.22 1.63
SD 0.36 0.06 0.0010 0.0004 0.03 0.34
n 10 10 10 5 10 10

Ten week-old mice were analyzed. Echocardiographic analysis of
the left ventricle: EDD, end-diastolic diameter; PWT, left ventricular
posterior wall thickness. Weight values: HW/BW, heart-to-body
weight ratio; LVW/BW, left ventricular-to-body weight ratio.
a p , 0.004 versus (1/2) and (1/1).
b p , 0.02 versus (1/2) and (1/1).

proliferation and fibrosis (Figure 3, Masson’s trichrome
stain). These results indicate that MLP-deficient mice
develop dilated cardiomyopathy with ultrastructural and
histological features similar to those found in human
patients. Significantly, however, alterations in the orga-
nization of the actin cytoskeleton and myofibrillar appa-
ratus were already detectable in the hearts of newborn
MLP-deficient mice (Figure 4A), i.e., at a time when the
heart tissue was already abnormally soft, but not obvi-
ously heavier. These findings suggest that in these mice
some disorganization of cardiomyocyte cytoarchitec-
ture precedes an overt hypertrophic response.

To determine whether the cardiac phenotype of MLP
(2/2) mice was intrinsic to heart muscle cells and cell-
autonomous, we analyzed cultures of newborn ventricu-
lar myocytes. When compared to controls, cardiomyo-
cytes from MLP (2/2) mice consistently spread over a
larger area (Figure 4B; 1280 6 175 mm2, versus 707 6

Figure 2. Severe Dilative Enlargement and Hypertrophic Responses 101 mm2 in controls; 3 day cultures, N 5 80) and had
of the Heart in MLP-Deficient Mice unusually high numbers of pseudopodia. As shown in
(A) Hearts from MLP (2/2) and (1/1) littermates were excised from Figure 4C, they displayed alterations in the overall orga-
animals at P7, when signs of fatigue were detectable in the MLP- nization of the actin2based cytoskeleton. After 5 days in
deficient mouse (early phenotype). The heart from the MLP (2/2)

the presence of the b-adrenergic agonist isoproterenol,mouse was four times heavier, whereas body weight was 40% lower
MLP-deficient cardiomyocytes had a lacerated appear-than control. Note that both ventricles (arrowheads) and atria

(arrows) were greatly enlarged. ance, suggestive of impaired resistance to mechanical
(B) Massive hypertrophy reaction in MLP-deficient mice with early stress (Figure 4D). Significantly, similar irregular outlines
phenotype (genotype [2/2]; hypertrophy 111). Left: Northern blot were detected in freshly isolated adult cardiomyocytes
analysis of total RNA from hearts of P10 mice. Probes: ANF, MARP,

from MLP (2/2) hearts (Figure 4E), indicating that theMLC-2v, and actin (all isoforms). Right: Heart-to-body weight ratios
overall organization of cardiomyocytes was severelyin P6–P12-old animals. Note absence of elevated levels for MLP-
perturbed in the absence of MLP, both in situ and indeficient mice without signs of fatigue (genotype [2/2]; hypertro-

phy 2). N 5 15. isolation. These findings indicate that the absence of
(C) Late phenotype mice develop hypertrophic hearts during the MLP affected myofibril organization and overall cardio-
third and fourth postnatal weeks. Left: Northern blot analysis of total

myocyte cytoarchitecture in a cell-autonomous manner.RNA from adult (6 week-old) hearts; right: Heart-to-body weight
ratios. Mice with signs of fatigue were excluded from this analysis

MLP Accumulates at Lateral Anchorage Sites(first two postnatal weeks). 3 # N # 7.
of Myofibrils and Promotes the Cytoarchitectural
Organization of the Cardiomyocyte

stronger and broader. In further analogy to the human To begin to define the mechanism by which MLP affects
disease, the hearts of adult (but not early postnatal) cardiomyocyte cytoarchitecture, we determined its sub-

cellular localization in the adult heart and in culturedphenotype mice had prominent signs of interstitial cell
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Figure 3. MLP-Deficient Mice Display Dra-
matic Disruption of Cardiomyocyte Cytoar-
chitecture, with Myofibrillar Disarray, andHis-
tological Features Resembling Those Found
in Patients with Advanced Heart Failure

(Top row) Early phenotype (P6). Electronmi-
croscopic analysis of sections through a con-
trol (1/1) and an MLP-deficient (2/2) heart.
(Bottom row) Adult phenotype. Left: Electron-
microscopic analysis of adult hearts; right:
Massive fibrosis in adultMLP-deficient hearts
(green; Masson’s trichrome reaction) and
characteristic alterations in the distribution of
vinculin immunoreactivity. The bar corre-
sponds to 1.5 mm (P6, left and center), 0.75
mm (p6, right), 1.0 mm (adult, electron micro-
graphs), 90 mm (Masson’s trichrome), and 33
mm (vinculin).

cardiomyocytes. As shown in Figure 5A (upper panels), of MLP led to significant organization and simplification
of the myofibril pattern in transfected cardiomyocytes.in adult ventricular cardiomyocytes in situ, MLP immu-

noreactivity was detected in a mainly striate cytosolic In control experiments, the unrelated protein GAP-
43(Ala3,4), a cytosolic and inactive mutant version ofpattern, and the signal was highest at vinculin-positive

intercellular attachment sites. Because in heart cells the neural growth–associated protein GAP-43 (Widmer
and Caroni, 1993), did not promote myofibril organiza-vinculin accumulates at adherens junctions, lateral myo-

fibril anchorage sites (i.e., costameres), and Z line– tion. MLP consists of the two LIM domains M1 and M2,
linked by a 58 amino acid spacer region (Arber et al.,associated structures (e.g., Simpson et al., 1993), the

pattern of MLP immunoreactivity suggested that it may 1994). In a previous study, we demonstrated that tar-
geting to the actin cytoskeleton is due to the specificbe associated with the Z line of myofibrils. This was

confirmed by double-labeling immunocytochemistry ex- binding properties of the LIM domain M2 of MLP (Arber
and Caroni, 1996). Consistent with the actin cytoskele-periments in cultured cardiomyocytes from newborn

MLP (1/1) mice, where MLP accumulated in a 2 mm– ton properties of theZ line region, the two-LIM construct
M2M2 (Arber and Caroni, 1996) bound to Z line struc-spaceddouble-band patternalong myofibrils (Figure5A,

lower panels). Antibodies to sarcomeric a-actinin, the tures (Figure 5C), whereas the corresponding M1M1
construct did not (data not shown). Interestingly, in spiteactin-binding protein that links actin filaments from adja-

cent sarcomeres at the Z line, stained the MLP-negative of its apparently appropriate subcellular localization,
M2M2 did not promote myofibril organization in a man-central section of the double-band, whereas the M band

protein myomesin was localized between the MLP dou- ner comparable to that of MLP (Figure 5C). In similar
experiments, M1M1 was also inactive (data not shown).ble-bands (Figure 5A). Therefore, MLP accumulates in

the vicinity of the Z line. Therefore, MLP promotes proper cardiomyocytecytoar-
chitecture, and this function requires thebinding proper-Z line–associated structures are responsible for the

lateral alignment of myofibrils and their lateral anchor- ties of both LIM domains of MLP. These findings are
consistent with our previous hypothesis (Arber and Car-age at N-cadherin- and vinculin-containing costameres

along the cell membrane (e.g., Goncharova et al., 1992). oni, 1996) that MLP may function as a scaffold protein
to promote the assembly of interacting proteins alongWe therefore searched for corresponding perturbations

in the absence of MLP. As shown in Figure 5B (upper the actin-based cytoskeleton.
panels), MLP-deficient cardiomyocytes had elevated
contents of irregularly arranged myofibrils. In addition,
connexin-43-positive gap junction structures at sites of The Cardiac Phenotype in Adult MLP-Deficient

Mice Reproduces the Clinical Featurescell–cell contact were consistently smaller and less well
organized (Figure 5B, lower panels). Similar deficits in of Cardiomyopathy and Heart Failure

in Humansconnexin-43-positive structures at adherens junction
sites were detected in freshly isolated cardiomyocytes The combination of cardiac chamber enlargement with

myocardial hypertrophy is a typical feature of dilatedfrom adult MLP (2/2) mice (data not shown). These
findings suggested that MLP may be a crucial compo- cardiomyopathy in humans. It was therefore of obvious

interest to determine whether MLP-deficient mice repro-nent of the anchorage structures involved in the estab-
lishment and maintenance of cardiomyocyte cytoarchi- duce the characteristic features of the condition in hu-

mans. To explore this possibility, cardiac morphologytecture.
To determine whether MLP promotes proper cardio- and performance in adult MLP-deficient mice was ana-

lyzed in vivo utilizing miniaturized physiological technol-myocyte cytoarchitecture, we transfected MLP and re-
lated constructs in cultured cardiomyocytes from new- ogy (Kubalak et al., 1996). Echocardiographic studies

showed that in MLP (2/2) mice, the left ventricular (LV)born MLP (2/2) mice. As shown inFigure 5C, expression
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chamber was enlarged, the walls thinned, and LV func-
tion reduced, indicating impaired function (Figure 6A).
The presence of reduced LV performance was evi-
denced by diminished fractional (%FS) and velocity of
LV wall shortening (mean Vcf) (Figure 6B). Despite wall
thinning, the ratios of the total heart weight and LV
weight to body weight were increased (Table 2), indicat-
ing the presence of cardiac hypertrophy, which is an
invariable feature in various forms of human heart failure
(Kasper et al., 1994). Retrograde catheterization of the
LV via the carotid artery in anesthetized, closed-chest
mice revealed a marked reduction of the maximum first
derivative of LV pressure (LV dP / dtmax) in MLP (2/2)
mice (Figure 6C), clearly demonstrating depression of
myocardial contractility. The accompanying reduction
in LV dP / dtmin (Figure 6C) indicated that LV relaxation
was also markedly impaired. Finally, the LV end-diastolic
pressure was elevated in MLP (2/2) mice (14.1 6 5
versus 2.2 6 0.7 mm Hg in control mice, 6 SD, p ,

0.02). These features, together with elevated lung
weights (Table 2) suggesting fluid accumulation, are
consistent with left ventricular pump failure as seen in
human dilated cardiomyopathy (Dec and Fuster, 1994;
Kasper et al., 1994). To determine if the MLP (2/2) mice
displayed the decreased sensitivity of contractility and
relaxation to b-adrenergic stimulation observed in hu-
man heart failure, the response of LV dP / dtmax and LV
dP / dtmin to graded doses of the b-adrenergic agonist
dobutamine was measured. As shown in Figure 6C, the
normal response of both contractility and relaxation to
b-adrenergic stimulation were abolished in the MLP
(2/2) mice.

Discussion

Role of MLP in the Organization of the Actin-Based
Cytoskeleton of Striated Muscle Cells
A main finding of this study is that disruption of the gene
coding for a striated muscle–specific LIM-only protein
leads to major alterations in the cytoarchitecture of car-
diac muscle cells in vivo and ex vivo. Analysis of neona-
tal MLP-deficient hearts revealed no obvious abnormali-
ties in overall protein composition, and normal contentsFigure 4. Cytoarchitectural Defects in Newborn MLP-Deficient
of embryonic and neonatal myofibrillar componentsHearts, Cultured Newborn Ventricular Cardiomyocytes, and Freshly

Isolated Adult Cardiomyocytes (e.g., myosin light and heavy chains) and actin isoforms
(e.g., a-smooth muscle,cardiac, and skeletal actin) (dataLeft: control (1/1); right: MLP-deficient (2/2).

(A) Cryostat sections through neonatal hearts stained for f-actin with not shown). This finding suggested that, rather than di-
rhodamine-phalloidin. Neonatal hearts show signs of myofibrillar rectly affecting their transcription or cellular concentra-
disarray. tion, MLP more likely plays a crucial and specific role
(B–D) Primary cultures of cardiomyocytes derived from neonatal in the organization of cytosolic structures in cardiomyo-
hearts. (B) shows phase contrast pictures of 3 day cultures. MLP-

cytes. Ultrastructural and light microscopic analysis ofdeficient cardiomyocytes spread over a significantly larger area. (C)
skeletal muscle fibers in newborn and adult MLP-defi-shows 1 day cultures stained for f-actin with rhodamine-phalloidin.
cient mice revealed substantially less pronounced,MLP-deficient cardiomyocytes show higher contents of actin fila-
but qualitatively similar alterations. In addition, MLP-ments. (D) shows 5 day cultures (myofibrillar C protein stains). Note

lacerated appearance of MLP-deficient cardiomyocytes, suggesting depleted skeletal muscle fibers consistently appeared
impaired resistance to mechanical stress. swollen, and similar defects were detected in cultured
(E) 3D confocal reconstructions of myomesin stainings of freshly myotubes from MLP-deficient mice (data not shown).
isolated adult cardiomyocytes. Note lacerated apperance of MLP- These alterations were consistent with the reduced rigor
deficient cardiomyocytes in situ.

of skeletal muscle in these mice and tended to be moreThe bar corresponds to 70 mm (A), 150 mm (B), 65 mm (C), 45 mm
pronounced during the first three postnatal weeks and(D), and 50 mm (E).
after denervation. It therefore seems that the absence
of MLP may affect similar processes in cardiac and
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skeletal muscle cells. Possible reasons for the higher
tolerance of skeletal muscle to the absence of MLP
include a lower number of membrane attachment sites
per sarcomere in this muscle, its much higher degree
of cytosolic organization, and the intermittent workload
to which it is subjected.

How does MLP affect the organization of myofibrils
and related cytosolic structures? One important clue
comes from its accumulation at structures (Z lines) that
play a crucial role in the establishment and maintenance
of cardiomyocyte cytoarchitecture. Thus, myofibrils get
organized laterally at the Z line, and their growth, organi-
zation, and intercellular alignment involves anchorage
sites of the Z line to N-cadherin- and vinculin-positive
costameres (e.g., Goncharova et al., 1992). Z line struc-
tures are associated with a number of proteins charac-
teristic of f-actin-linked adhesion points and are also
responsible for anchorage of the sarcoplasmic reticu-
lum. Our findings that (1) myofibril organization, intercel-
lular gap junction structures, and the overall structural
compaction of cardiomyocytes in vivo and in vitro were
impaired in the absence of MLP, and that (2) reintroduc-
tion of MLP in transfected cardiomyocytes from new-
born MLP (2/2) mice attenuated the myofibril disorgani-
zation phenotype strongly support the notion that MLP
is a crucial component of the apparatus involved in the
organization and maintenance of cardiomyocyte cytoar-
chitecture (see model of, Figure 7). When combined to
our previous results on the specific binding functions
of single LIM motifs (Arber and Caroni, 1996), the trans-
fection results suggest that MLP may function as a
scaffold protein to promote the assembly of interacting
proteins at Z line structures.Like in transfected nonmyo-
genic cell lines (Arber and Caroni, 1996), targeting of
MLP to actin cytoskeleton–based structures at the Z
line appears to require the specific binding properties
of the second LIM motif M2. The requirement for the
additional function of M1 in the transfection experiments
of Figure 5C may reflect binding of MLP to a further
crucial component of the anchoring complex.

Interestingly, addition of antibodies against N-cad-
herin to cardiomyocyte cultures induced myofibrillar and
cytosolic disorganization comparable to that detected
in MLP-deficient hearts, and these effects were also

(2/2) mice showed no staining with the MLP antibody (data not
shown).
(B) Perturbation of myofibril organization and intercellular junctional
structures in cultured MLP-deficient cardiomyocytes. Left: 5 day
cultures from newborn MLP (1/1) mice; right: 5 day cultures from
MLP (2/2) mice. Immunocytochemistry for the myofibrillar M band

Figure 5. MLP Associates with and Promotes the Organization of protein myomesin (upper panels) and the gap junction protein con-
Crucial Structures for Cardiomyocyte Cytoarchitecture nexin-43 (lower panels). Note higher contents of partially disorga-

nized myofibrils and markedly smaller gap junction structures in the(A) MLP codistributes with vinculin-positive anchorage structures
at the cell periphery and accumulates at the Z line. Upper panels: absence of MLP (open arrows; the aligned structures are located

at sites of contact between cardiomyocytes).Double-labeling immunocytochemistry for vinculin and MLP (cryo-
stat section of adult MLP [1/1] heart). Note extensive codistribution (C) MLP promotes myofibril organization in transfected newborn

MLP (2/2) cardiomyocytes. After 3 days, transfected cells werewith vinculin immunoreactivity (open arrows); the cytosolic labeling
pattern for MLP was mainly striated; n.i.: nonimmune serum. Lower double-labeled for transgene (top) and myomesin (bottom). The

M2M2 construct (twice the second LIM motif of MLP) bound to Zpanels: Double labeling of cultured newborn MLP (1/1) cardiomyo-
cyte for MLP and the M band protein myomesin. MLP associated line structures (open arrow) but, like the control construct GAP-

43(Ala3,4), did not attenuate the myofibril phenotype.with myofibrils, where it accumulated in a double-band pattern asso-
ciated with the Z band region (see schematic representation on the The bar corresponds to 58 mm ([A], upper), 5.7 mm ([A], lower), 23

mm ([B], upper), 15 mm ([B], lower), and 20 mm (C).right). In control experiments, cardiomyocytes derived from MLP
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Figure 6. The Cardiac Performance of MLP-
Deficient Mice Exhibits Features of Dilated
Cardiomyopathy with Heart Failure

(A) Transthoracic M mode echocardiographic
tracings in a wild-type (left: MLP25; 38.2 g)
and a MLP (2/2) mouse (right: MLP6; 37.2
g). Upper tracing in each panel; electrocar-
diogram. Double-sided vertical arrows indi-
cate internal dimensions of left ventricular
(LV) chamber at end-diastole (larger arrow).
The smaller adjacent arrow indicates the end
of LV ejection. The small vertical arrow indi-
cates anterior edge of intraventricular septal
walls. Note thinning of septal and posterior
walls, LV dilation, and reduced wall move-
ment in MLP (2/2) mouse.
(B) Echocardiographic findings in MLP (1/1)
and MLP (2/2) mice. (%FS) indicates frac-
tional shortening of the LV walls (percentage
change in LV diameter from end-diastole to
end-ejection). (mVcf) indicates rate of wall
shortening. (EDD) indicates end-diastolic di-
ameter. MLP (1/1): N 5 10; MLP (2/2): N 5

9. One asterisk indicates p, 0.001; two aster-
isks indicate p , 0.002.
(C) Hemodynamic measurements under
basal conditions and in response to graded
doses of the beta adrenergic agonist dobu-
tamine (DBT; mg/kg/min). Max LV dP / dt:
maximum positive first derivative of LV pres-
sure (contractility); Min LV dP / dt: maximum
negative first derivative of LV pressure (relax-
ation). MLP (1/1): N 5 10 (basal, 0.75, 1.25
DBT), N 5 9 (2 DBT), and N 5 4 (4 DBT); MLP
(2/2): N 5 7 (basal, 0.75 DBT), N 5 6 (1.25,
2 DBT), and N 5 3 (4 DBT). Data analyzed
with unpaired t test and Bonferroni correc-
tion. One asterisk indicates p , 0.05 versus
MLP (1/1); two asterisks indicate p , 0.05
versus basal.

detected for cardiomyocytes that were not in contact condition developed in mice having the early phenotype.
Since we rarely found enlarged hearts in P0–P12 micewith nearby cells (Goncharova et al., 1992; Peralta Soler

and Knudsen, 1994). Possibly, signals to the N-cadherin without signs of fatigue (Figure 3), all mice with these
symptoms died within 20 to 30 hours from their onset,complex from both the outside and the inside (costam-

ere complex, Z line) of the cell regulate cardiomyocyte and all of these mice had dramatically enlarged hearts,
one must conclude that a 2- to 4-fold increase in heartcytoarchitecture. According to the results of this study,

optimal signaling from the inside of the cardiomyocyte weight had occurred within 1–2 days. Why only about
half of the MLP (2/2) mice developed this condition iswould require the presence of MLP. The myogenic cell

line C2C12 may be particularly sensitive to this organiza- not clear, but the preliminary analysis of homozygous
and heterozygous crosses suggests that genetic back-tion process, thus accounting for the fact that it more

rapidly formed larger myotubes in the presence of ex- ground factors may be involved. What drives the dra-
matic hypertrophic response in the early phenotypecess MLP and that it was markedly impaired in myotube

formation in its absence. Finally, a similar function of MLP (2/2) mice? Shortly after birth, the neonatal heart
is confronted with an increase in mechanical workload.MLP may be involved in the organization of the postsyn-

aptic apparatus at the neuromuscular junction, provid- Specifically, due to the closure of the ductus arteriosus
that accompanies the transition from fetal to neonataling a possible rationale for the neuromuscular junction

phenotype in MLP-deficient mice. life, the left side of the heart is confronted with a sudden
and dramatic increase in preload. As a result, a physio-
logical neonatal left ventricular hypertrophic responseSusceptibility to Dilated Cardiomyopathy

in MLP-Deficient Mice is activated about 3 days after birth. Remarkably, in
MLP-deficient mice the massive hypertrophic responseThe most dramatic phenotype in MLP (2/2) mice was

the appearance of dilated cardiomyopathy with hyper- affected all four heart chambers. A possible explanation
for these observations is that systemic, chamber walltrophy during the first month of postnatal life. Particu-

larly revealing were the extent, the speed, and the stress, and local pressure signals may combine to in-
duce and control the hypertrophic response in the heartchamber-independent characteristics with which this
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MLP-deficient mice were not enlarged, they were al-
ready soft, with disorganization of actin-based struc-
tures. One possibility, therefore, is that dilated cardio-
myopathy develops when the structural integrity of
cardiomyocytes and their intercellular contact sites is
compromised (Figure 7) (see also Kasper et al., 1994;
Keating and Sanguinetti, 1996). In some patients, this
may be a consequence of a viral infection, possibly
involving autoimmune mechanisms, whereas in MLP-
deficient mice, it is due to an intrinsic defect in the
absence of MLP.

MLP-Deficient Mice Provide a Model for Dilated
Cardiomyopathy and Heart Failure in Humans
The morphological, functional, and molecular features
of the cardiac phenotype in MLP (2/2) adult mice areFigure 7. A Model for Development of Dilated Cardiomyopathy with

Hypertrophy in the Absence of MLP undistinguishable from those seen in human heart failure
MLP is represented by the short bars. Due to the specific binding resulting from dilated cardiomyopathy of various etiolo-
properties of its second LIM motif, MLP associates with Z line struc- gies. This clinically important and potentially fatal condi-
tures involved in the lateral intra- and intercellular alignment of myo- tion is the convergent phenotype of various diseases
fibrils, and thus, in the establishment and maintenance of proper

that cause loss or dysfunction of cardiomyocytes.cardiomyocyte cytoarchitecture. In the absence of MLP, cardiomyo-
Therefore, although yet unidentified hereditary compo-cytes display cytoarchitectural perturbations. Following elevated
nents have been found, it is not typically a genetic dis-load demands, systemically acting factors and stress sensors on

cardiomyocytes induce and control a compensatory hypertrophic ease. The molecular mechanisms leading to the com-
response. In patients with certain mutations in myofibrillar compo- mon phenotype of dilated cardiomyopathy are not
nents, diminished sarcomeric performance and the ensuing hyper- known and of great interest. The human homologue of
trophic response lead to hypertrophic cardiomyopathy (Thierfelder

MLP (CLP) has been mapped to 11p15.1 (Fung et al.,et al., 1994), with thickening of chamber walls and reduced chamber
1995), a locus that has not yet been associated withvolume. In the absence of MLP, deficits in cardiomyocyte cytoarchi-
human diseases. However, the striking properties oftectural organization lead to impaired cell and tissue tension. As

a result, in the presence of hypertrophic stimuli, cardiomyocytes MLP (2/2) mice suggest that molecular pathways in-
expand, but still fail to generate sufficient tension to control the volving MLP may become dysfunctional during the tran-
hypertrophy response. This leads to a chronic hypertrophic state sition to dilated cardiomyopathy and heart failure. Ac-
and to dilated cardiomyopathy.

cordingly, the MLP-deficient model of genetic dilated
cardiomyopathy described herein may prove valuable
in the identification of pharmacologic agents and other(see model of, Figure 7). In newborn MLP (2/2) mice
therapies that may retard or reverse the heart failurethe heart lacks tonus and presents signs of cytoarchitec-
phenotype (for a review, see Chien, 1996). Its principaltural disorganization (Figure 4A). Inability to generate
value, however, will be for the identification of genessufficient muscle tension in all MLP-deficient cardiomy-
that are involved in the genesis and maintenance ofocytes and structural deficits in the cellular junctions
heart failure (e.g., Koch et al., 1995; Zhou et al., 1995;linking cardiomyocytes lead to cardiac dilation, induc-
Kubalak et al., 1996) and the application of gene tar-tion of hypertrophic signals due to excessive stretch,
geting/transgenic techniques toconfirm the interactionsand failure to control the hypertrophic response. MLP
of other genes with the MLP heart failure phenotype.may be directly involved in the mechanisms that couple

tension to the hypertrophic response. Alternatively, it
may play an essential role in the formation and mainte-

Experimental Proceduresnance of the structural substrate required for coupling.
This second possibility may be more in keeping with the Generation of MLP-Deficient Mice
localization of MLP at structures involved in the lateral Genomic clones for the generation of a targeting construct were

derived from a mouse 129/Sv genomic library (Stratagene), usingintra- and intercellular organization of myofibrils and
mouse MLP cDNA as a probe. Targeting construct: A 1.2 kb XbaI/cardiomyocytes. In both cases, these findings suggest
KpnI fragment was cloned 59 to a neomycin cassette driven by thethat a cell-autonomous mechanism involving MLP con-
thymidine kinase promoter. A 7 kb KpnI fragment with a 500 bptrols the hypertrophic response in cardiomyocytes.
deletion eliminating M38 of MLP was inserted 39 to the neomycin

Why do MLP-deficient mice develop dilated cardio- cassette and 59 of a CMV promoter–driven thymidine kinase cas-
myopathy with hypertrophy? The etiology of this condi- sette. ES cell clones were screened by PCR using the following

primers (see also Figure 1B): sense primer upstream of XbaI site:tion in patients is poorly understood, but in some cases
59-GACCCAGGG-CTGTTTGC; antisense primer in deleted genomicthere is evidence for a previous viral myocarditis in oth-
region: 59-ACAATATTGA-CCTGTCCCC; antisense primer in neo-erwise healthy patients, with no apparent predisposition
resistance cassette: 59-GTTCAATG-GCCGATCCC. Northern andfor heart disease (Dec and Fuster, 1994; Kasper et al.,
Western blot analysis of hearts from hetero- and homozygous ani-

1994). The dilated cardiomyopathy that follows these mals was performed as described previously (Arber et al., 1994).
infections appears to develop rapidly and can involve Mice with signs of fatigue (P5–P12, early phenotype; see Figure 3A)

were identified due to the striking sluggishness of their movementsseveral heart chambers. Although the hearts of newborn
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and a marked impairment in regaining an upright position when with a fluid-filled transducer (Statham P-50). A 1.8 French high fidel-
ity catheter-tip micromanometer (Millar Instruments, Houston, TX)turned on their backs.
was inserted retrogradely into the aorta via the left carotid artery
and advanced until resistance was encountered at the aortic valve.Histology and Cell Culture Experiments
It was then manipulated across the aortic valve into the left ventricle.For electron microscopy, freshly excised hearts or skeletal muscle
Following stabilization of hemodynamic conditions, the LV pressurewere fixed for 1 hr at room temperature in 3% glutaraldehyde, 0.2%
was digitized at a sampling rate of 2000 Hz, and 10 beats weretannic acid, in MOPS buffer at pH 6.8 and processed further. Mas-
averaged and processed by computer.son’s trichrome staining and immunocytochemical labeling of

mouse tissues were performed on unfixed cryostat sections, ac-
Acknowledgmentscording to standard protocols. Ventricular cardiomyocytes from

P0–P1 mice were isolated and cultured according to a modified
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