
PATTERNS & PHENOTYPES

N-RAP Expression During Mouse Heart
Development
Shajia Lu,1 Diane E. Borst,2 and Robert Horowits1*

N-RAP gene expression and N-RAP localization were studied during mouse heart development using
semiquantitative reverse transcriptase-polymerase chain reaction and immunofluorescence. N-RAP mRNA
was detected at embryonic day (E) 10.5, significantly increased from E10.5 to E16.5, and remained
essentially constant from E16.5 until 21 days after birth. In E9.5–10.5 heart tissue, N-RAP protein was
primarily associated with developing premyofibril structures containing �-actinin, as well as with the
Z-lines and M-lines of more-mature myofibrils. In contrast, N-cadherin was concentrated in patches at the
periphery of the cardiomyocytes. N-RAP labeling markedly increased between E10.5 and E16.5; almost all of
the up-regulated N-RAP was associated with intercalated disk structures, and the proportion of mature
sarcomeres containing N-RAP decreased. In adult hearts, specific N-RAP staining was only observed at the
intercalated disks and was not found in the sarcomeres. The results are consistent with N-RAP functioning
as a catalytic scaffolding molecule, with low levels of the scaffold being sufficient to repetitively catalyze
key steps in myofibril assembly. Developmental Dynamics 233:201–212, 2005. Published 2005 Wiley-Liss, Inc.†
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INTRODUCTION

N-RAP is an actin-binding LIM pro-
tein that is concentrated at the ends of
striated muscle cells (Luo et al., 1997;
Zhang et al., 2001; Mohiddin et al.,
2003). The N-RAP gene structure and
coding sequence are highly conserved
between mice and humans. As illus-
trated in Figure 2A, in both species,
the protein consists of an N-terminal
LIM domain followed by repetitive ac-
tin-binding modules that are homolo-
gous to those found in nebulin (Mohid-
din et al., 2003), a giant protein that is
thought to act as a length-regulating
template for sarcomeric actin fila-
ments in skeletal muscle (Kruger et

al., 1991; Labeit et al., 1991; Labeit
and Kolmerer, 1995; Wang et al.,
1996). The N-RAP repeats are ar-
ranged as a series of five C-terminal
super repeats, each composed of seven
single repeats. In between the LIM
domain and super repeats are 10 or 11
single repeats. Alternative splicing of
N-RAP has been reported for exon 12
(Mohiddin et al., 2003; Gehmlich et
al., 2004) and exon 39 (Gehmlich et
al., 2004). Each of these exons encodes
a single 35- to 36-residue module. In
both humans and mice, exon 12 is not
expressed in adult cardiac muscle but
is included in �90% of the N-RAP
transcripts in adult skeletal muscle;

therefore, the full-length N-RAP iso-
forms that include or exclude exon 12
have been termed N-RAP-s and
N-RAP-c, for skeletal and cardiac
muscle, respectively (Mohiddin et al.,
2003).

At the ultrastructural level, N-RAP
is localized to the terminal actin bun-
dles that link myofibrils to membrane
complexes at the myotendinous junc-
tions in skeletal muscle and at the
intercalated disks in heart muscle
(Herrera et al., 2000; Zhang et al.,
2001). In hearts, these terminal actin
bundles are found in the adherens
junction region of the intercalated
disk (Forbes and Sperelakis, 1985;
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Severs, 1995), providing for transmis-
sion of myofibrillar force to the mem-
brane and to neighboring cells by
means of cadherin linkages between
cardiomyocytes (Takeichi, 1990; Gei-
ger and Ayalon, 1992; Kemler, 1993;
Hertig et al., 1996). The predominant
form of cadherin in heart tissue is N-
cadherin, which appears in the pre-
cardiac mesoderm at E7.5 in the
mouse embryo (Radice et al., 1997).

N-RAP, N-cadherin, and con-
nexin-43 copurify with cardiac inter-
calated disks. N-RAP also remains
tightly bound at the ends of isolated
myofibrils (Zhang et al., 2001). These
tight associations suggest a mechani-
cal linking function for N-RAP; consis-
tent with this suggestion, N-RAP–
binding partners include several
cytoskeletal proteins that are concen-
trated at intercalated disks or myo-
tendinous junctions. These proteins
include talin, vinculin and actin (Luo
et al., 1999), filamin (Lu et al., 2003),
MLP (muscle LIM protein; Ehler et
al., 2001; Gehmlich et al., 2004), and
�-actinin (Zhang et al., 2001; Lu et al.,
2003).

Although subcellular localization
and biochemical copurification from
adult muscles suggested that N-RAP
may link the ends of myofibrils to
membrane-associated protein com-
plexes, studies in cultured embryonic
cardiomyocytes have implicated
N-RAP in myofibril assembly (Carroll
and Horowits, 2000; Carroll et al.,
2001, 2004; Lu et al., 2003). These
studies showed that N-RAP localizes
with the earliest myofibril precursors
that originate near the membrane
(Carroll and Horowits, 2000; Lu et al.,
2003). These precursors contain punc-
tate �-actinin Z-bodies, �-actin, and
muscle tropomyosin (Dlugosz et al.,
1984; Wang et al., 1988; Schultheiss
et al., 1990; Handel et al., 1991; Rhee
et al., 1994; Dabiri et al., 1997), as
well as nonmuscle myosin IIb (Rhee et
al., 1994). Time-lapse studies of living
cardiomyocytes expressing green fluo-
rescent protein (GFP) -tagged �-acti-
nin showed that the Z-bodies aggre-
gate laterally to form nascent
myofibrils (Dabiri et al., 1997). Muscle
myosin gradually replaces the non-
muscle isoform (Dabiri et al., 1997),
and titin is incorporated as well.
Other studies suggest that bipolar
muscle myosin filaments may form

separately from the I-Z-I structures
and that the integration of these my-
osin filaments may be controlled by
interactions with titin (Schultheiss et
al., 1990; Holtzer et al., 1997). When
the N-RAP LIM domain, single-repeat
region, or super repeats were individ-
ually expressed as GFP fusion pro-
teins in cardiomyocytes, myofibril as-
sembly was disrupted (Carroll et al.,
2001, 2004). In contrast, expression of
a truncated N-RAP construct, which
contained the LIM domain and single
repeats but omitted the super repeats,
permitted assembly of �-actinin into
mature Z-disks but disrupted sarco-
meric actin organization (Carroll et
al., 2004). These results are consistent
with a scaffolding model for myofibril-
logenesis in which N-RAP controls the
assembly of �-actinin and actin into
symmetrical I-Z-I structures, with the
barbed end of actin filaments an-
chored to �-actinin at the Z-line and
the pointed ends of the actin filaments
extending in either direction toward
the middle of the sarcomere (Carroll
et al., 2004).

In the present work, we study N-
RAP accumulation and localization in
the embryonic mouse heart relative to
developing myofibrils and interca-
lated disks. We find a transient asso-
ciation of low levels of N-RAP with
myofibril precursors and newly
formed sarcomeres, with larger
amounts of N-RAP associated with de-
veloping intercalated disks. The re-
sults are consistent with N-RAP func-
tioning as a catalytic scaffolding
molecule, with low levels of the scaf-
fold being sufficient to repetitively cat-
alyze key steps in sarcomere assem-
bly.

RESULTS

Specificity of N-RAP
Expression

Figure 1 shows immunofluorescence
detection of N-RAP and sarcomeric
�-actinin in frozen sections of E10.5
and E13.5 mouse embryos. At E10.5,
the heart is clearly seen as the only
area positive for sarcomeric �-actinin,
and the N-RAP protein is detected as
a low level of specific staining that is
not present in neighboring nonmuscle
tissue. By E13.5, the heart is well-
developed, and other major internal

organs are clearly visible. N-RAP ex-
pression is confined to the heart and
developing skeletal muscles, which
are specifically labeled with the sarco-
meric �-actinin antibody.

N-RAP, �-Actinin, and
N-Cadherin Transcript
Accumulation During
Cardiac Development

We used reverse transcriptase-poly-
merase chain reaction (RT-PCR) to
amplify specific regions of the N-RAP
transcript and to monitor N-RAP
mRNA accumulation during cardiac
development. Specific primers were
chosen to amplify N-RAP exons 9–14
and exons 36–41 (Fig. 2A–C). We pre-
viously showed that N-RAP exon 12 is
not expressed in adult hearts (Mohid-
din et al., 2003). By using the exon
9–14 primers, we observed a single
PCR product from cardiac tissue be-
tween E10.5 and P21 that is consis-
tent with omission of exon 12; the car-
diac transcript in this region is 105
bases smaller than the predominant
product from adult skeletal muscle,
which includes exon 12 (Fig. 2B). Am-
plification of N-RAP exons 36–41
yielded a single product at the pre-
dicted size, with no evidence for alter-
nate splicing in this region at any
stage of cardiac development (Fig.
2C). N-RAP expression significantly
increased between E10.5 and E16.5
and remained relatively constant be-
tween E16.5 and P21. At E10.5, N-
RAP expression was �3% of its maxi-
mum level (Fig. 2B,C).

We also investigated �-actinin and
N-cadherin transcript accumulation
during heart development. Single
clear bands were amplified from car-
diac tissue using the �-actinin prim-
ers (Fig. 2D), which were designed to
amplify transcripts from the two
muscle forms of �-actinin, �-acti-
nin-2, and �-actinin-3 (Mills et al.,
2001). The N-cadherin primers also
amplified a single band at all stages
of heart development (Fig. 2E). In
contrast to N-RAP, �-actinin and N-
cadherin transcripts were each
greater than half-maximal by E10.5
and reached maximum levels by
E13.5 (Fig. 2D,E).
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Fig. 1. A–F: Immunofluorescence detection of N-RAP and �-actinin in sections of embryonic day (E) 10.5 (A–C) and E13.5 (D–F) embryos. A,D: Shown
are N-RAP, �-actinin, and 4�,6-diamidino-2-phenylindole-dihydrochloride (DAPI) staining as green, red, and blue channels, respectively. B,C,E,F: The
boxed areas in A and D are enlarged in the lower panels, which show �-actinin staining as magenta (B,E) and N-RAP staining as green (C,F). A–C: At
E10.5, the cardiac atrium (At) and ventricle (V) stains heavily for �-actinin, and lightly for N-RAP. D–F: At E13.5, N-RAP and �-actinin staining is
observed in the cardiac atria (At) and ventricle (V), as well as in developing skeletal muscles, whereas nonmuscle tissues such as the lung, liver, spine,
and ribs (asterisks) do not accumulate N-RAP or �-actinin. Back muscles (BM) and intercostal muscles (IM) are labeled. The circled regions in B,C and
E,F indicate the areas shown at high magnification in Figures 3 and 4, respectively. Images are collages assembled from overlapping photomicro-
graphs taken with a �10 objective.
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N-RAP Association With
Developing Myofibrils

We used antibody staining of sarco-
meric �-actinin as a marker for devel-
oping and mature myofibrils. In the
E10.5 heart, closely spaced dots or
narrow bands of �-actinin typical of
myofibril precursors were seen. More-
mature myofibrils characterized by
periodic, broad bands of �-actinin
were also present (Fig. 3). In double-
stained sections, N-RAP is associated
with the myofibril precursors, as well
as with more-mature myofibrils. In
the latter case, N-RAP is organized
into striations with twice the �-actinin
periodicity, colocalizing with �-actinin
at the Z-line and producing an addi-

tional band of staining at the center of
the sarcomere (Fig. 3).

At E13.5, bright patches of N-RAP
staining were observed, some of which
colocalized with �-actinin (Fig. 4, ar-
rows). Myofibril precursors, charac-
terized by punctate �-actinin organi-
zation, were also seen, and N-RAP
was associated with these structures
as well (Fig. 4, asterisks). N-RAP
staining associated with more-mature
myofibrils in E13.5 hearts was faint
and variable. In some sarcomeres, N-
RAP staining was seen at both the
Z-line and at the center of the sarco-
mere (Fig. 4, arrowheads 1), whereas
in other regions, N-RAP staining was
mainly confined to the center of the

sarcomere (Fig. 4, arrowheads 2). Sar-
comeres with very broad-banded �-ac-
tinin striations are presumably the
most-mature structures, and N-RAP
staining was barely detectable in
these regions (Fig. 4, arrowheads 3).

In newborn animals, N-RAP stain-
ing was predominantly found in
bright patches, often as closely spaced
doublets (Fig. 5, arrows). Very faint
staining in sarcomeres could some-
times also be observed. In adult
hearts, N-RAP staining was concen-
trated at the ends of the cardiomyo-
cytes, at the intercalated disks (Fig. 6,
arrows). No specific N-RAP staining
was observed in mature myofibrils in
adult hearts.

Fig. 2. A: N-RAP domain organization and corresponding exons (Mohiddin et al., 2003). Exons 1 and 2 together encode a LIM domain; exons 4–14
encode single repeating modules; and exons 15–41 encode five super repeats, each of which contains seven single modules. Exon boundaries
correspond to module boundaries, except where dashed vertical lines indicate multiple modules encoded by a single exon. Exon 12 is alternatively
spliced (filled box). The location of polymerase chain reaction (PCR) products is illustrated below the domain and exon maps. B–E: PCR products
amplified from cDNA made from RNA isolated from mouse heart tissue. Numbers above the gels refer to embryonic or postnatal days of development,
as indicated, where postnatal day 0 is the day of birth. N-RAP was also amplified from mouse skeletal muscle cDNA for comparison (SK). N-RAP-s
and N-RAP-c refer to isoforms containing or omitting N-RAP exon 12. Adult mouse skeletal muscle expresses both N-RAP isoforms (B, lane SK). 18s
rRNA was amplified as an internal control. Numbers below the gels are the relative levels of specific transcripts normalized to the internal 18s controls;
this method is valid for assessing changes in the levels of each particular mRNA species during development but is not suitable for comparing the
relative amounts of mRNA derived from different genes. (See text for details.)
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Fig. 3. Localization of �-actinin (magenta)
and N-RAP (green, top row) or �-actinin (ma-
genta) and the nonimmune control (green, bot-
tom row) in a mouse embryonic day 10.5
heart. Myofibrils marked by periodic bands of
�-actinin (arrowheads), as well as closely
spaced dots or narrow bands of �-actinin typ-
ical of myofibril precursors (asterisks), are
present. N-RAP is associated with the myofi-
bril precursors and stains at twice the �-acti-
nin periodicity in more-mature myofibrils (ar-
rowheads). Symbols are used to mark
identical regions in the corresponding ma-
genta, green, and composite images. Nonspe-
cific punctate staining is evident with the non-
immune serum at this stage, put the
nonspecific staining is not correlated with
�-actinin staining.

Fig. 4. Localization of �-actinin (magenta)
and N-RAP (green, top row) or �-actinin (ma-
genta) and the nonimmune control (green, bot-
tom row) in a mouse embryonic day (E) 13.5
heart. Myofibrils marked by periodic bands of
�-actinin (arrowheads), as well as closely
spaced dots or narrow bands of �-actinin typ-
ical of myofibril precursors (asterisks), are
present. Faint but specific N-RAP staining is
associated with the myofibril precursors. In
more-mature myofibrils, N-RAP staining may
be present at both the Z-line and at the center
of the sarcomere (arrowheads 1), confined to
the center of the sarcomere (arrowheads 2), or
barely detectable (arrowheads 3). Bright
patches of N-RAP staining are also present
(arrows). Symbols are used to mark identical
regions in the corresponding magenta, green,
and composite images.
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Fig. 5. Localization of �-actinin (magenta) and
N-RAP (green, top row) or �-actinin (magenta)
and the nonimmune control (green, bottom row)
in a mouse newborn heart. Most of the N-RAP
staining is in bright patches, often as closely
spaced doublets containing �-actinin (arrows).
Faint staining in sarcomeres can sometimes be
observed.

Fig. 6. Localization of �-actinin (magenta) and
N-RAP (green, top row) or �-actinin (magenta)
and the nonimmune control (green, bottom row)
in a mouse adult heart. N-RAP staining is con-
centrated at the ends of the cardiomyocytes, at
the intercalated disks (arrows). No specific N-
RAP staining is observed within the mature
myofibrils.
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Fig. 7. Localization of N-cadherin (magenta) and N-
RAP (green) in a mouse embryonic day (E) 9.5 heart
tube (top row) and E13.5 heart (bottom row). N-cad-
herin is distributed in bright patches at the periphery of
the cells (arrows). At E9.5, N-RAP is only occasionally
concentrated in these patches, but by E13.5, much of
the N-RAP labeling is organized as doublets bracketing
a central patch of N-cadherin. Periodic N-RAP staining
characteristic of sarcomeric organization is also seen at
E9.5, but these structures do not contain N-cadherin
(arrowheads).

Fig. 8. Localization of N-cadherin (magenta) and N-
RAP (green) in a mouse embryonic day (E) 18.5 heart
(top row) and adult heart (bottom row). By E18.5, most
of the N-RAP and N-cadherin is colocalized in bright
patches, often as linear structures (arrows). Closely
spaced doublets of N-RAP staining surrounding a cen-
tral band of N-cadherin staining are occasionally ob-
served (arrowhead). In adult hearts, both N-RAP and
N-cadherin are concentrated at the ends of the cardi-
omyocytes, at the intercalated disks.

Fig. 9. Distribution of myofibrillar components
in embryonic hearts and reorganization upon dis-
sociation and plating of cells.
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N-RAP Association With
Developing Intercalated
Disks

In the E9.5 heart tube, N-cadherin
was concentrated in bright patches
along the periphery of cells. At this
stage, N-RAP staining was only rarely
colocalized with N-cadherin (Fig. 7).
Most of the N-RAP staining was faint
and diffuse or organized as closely
spaced dots or narrow striations that
are not associated with N-cadherin
(Fig. 7, top row). By E13.5, much of
the N-RAP staining was organized in
bright patches that colocalize or
bracket N-cadherin, but very faint pe-
riodic N-RAP staining is also present
in some areas (Fig. 7, bottom row).

In E18.5 hearts, most of the N-
RAP staining was in bright patches,
sometimes as closely spaced dou-
blets surrounding a central band of
N-cadherin staining (Fig. 8, top row).
At this time, the N-cadherin/N-
RAP–positive patches also appear to
have started aligning to form larger
linear structures. In adult hearts,
these have developed into the ma-
ture intercalated disks, which are
clearly apparent at the ends of lon-
gitudinally oriented myocytes (Fig.
8, bottom row). In adult hearts, N-
RAP is concentrated at the interca-
lated disks, and no specific N-RAP
staining was observed in the myofi-
brils.

DISCUSSION

N-RAP Alternative Splicing

Previously, we showed that N-RAP
exon 12 is alternately spliced, being
expressed in adult skeletal muscle but
not in adult cardiac muscle (Mohiddin
et al., 2003). The current results show
that, throughout mouse heart devel-
opment, only the cardiac isoform of
N-RAP is expressed; at no stage of
murine development was N-RAP exon
12 detected in the heart. Recently,
Furst and colleagues reported alter-
nate splicing of N-RAP exon 39 in hu-
mans, but these authors did not report
on the tissue specificity of this splicing
event (Gehmlich et al., 2004). In the
mouse, we found no evidence for alter-
native splicing in N-RAP exons 36–41
throughout cardiac development or in
adult skeletal muscle.

N-RAP Association With
Developing Myofibrils and
Intercalated Disks

The semiquantitative RT-PCR method
used for assessing transcript accumula-
tion relied on using the 18s rRNA as an
internal control for normalization in a
duplex PCR reaction. Because rRNA is
so much more abundant than any
mRNA, the efficiency of amplifying the
18s RNA product was reduced by using
nonpriming competimers mixed with
the 18s RNA primers; the appropriate
competimer to primer ratio was empir-
ically determined to bring the 18s prod-
uct into the linear range of detection
with the same number of amplification
cycles needed for measuring mRNA lev-
els. This method is suitable for assess-
ing changes in the levels of a particular
mRNA species during development but
cannot be used to determine the rela-
tive amounts of mRNA derived from dif-
ferent genes.

Overall, the time-course of N-RAP
mRNA accumulation lagged that of
the N-cadherin and �-actinin mRNAs.
We detected low levels of N-RAP ex-
pression as early as E10.5, with N-
RAP expression increasing to a maxi-
mum, constant level by E16.5. In
contrast, both N-cadherin and �-acti-
nin were expressed at half-maximum
levels by E10.5, and each reached a
constant maximum level by E13.5.

Our results are consistent with pre-
vious work showing that N-cadherin
is highly expressed in the precardiac
mesoderm of developing mouse em-
bryos (Radice et al., 1997). Genetic de-
letion of N-cadherin disrupts heart
formation. However, cultured myo-
cytes derived from N-cadherin knock-
out mice can form loose aggregates
and beat in culture, showing that N-
cadherin is not essential for cardiac
myocyte differentiation (Radice et al.,
1997). Although not essential for myo-
fibril assembly, inhibition of N-cad-
herin function through specific anti-
bodies does inhibit myofibril assembly
in cultured cardiomyocytes (Soler and
Knudsen, 1994) or precardiac ex-
plants (Imanaka-Yoshida et al., 1998).

Our data shows that, in the early
stages of heart development, N-RAP is
associated with developing myofibrils
marked by �-actinin staining as well
as with developing intercalated disks
marked by N-cadherin staining. As N-

RAP is up-regulated during cardio-
genesis, most of the N-RAP is colocal-
ized with N-cadherin in developing
intercalated disks, whereas only a
small part of the total N-RAP is asso-
ciated with developing myofibrils.
Nevertheless, the early association of
N-RAP with myofibril precursors and
its transient association with the Z-
lines of newly formed myofibrils is
consistent with the model of N-RAP as
an organizing center for �-actinin and
actin assembly in the first steps of
myofibrillogenesis (Carroll et al.,
2001, 2004). The low levels of N-RAP
involved are consistent with N-RAP
functioning as a catalytic scaffolding
molecule, with low levels of the scaf-
fold being sufficient to repetitively cat-
alyze assembly. However, transient
localization of N-RAP at the center of
newly formed sarcomeres was unex-
pected and remains to be explained.

Embryonic Hearts Versus
Cultured Cardiomyocytes

Recently, a debate has emerged re-
garding the general relevance of fea-
tures of myofibril assembly observed
in spreading cultured cardiomyocytes
when compared with myofibril assem-
bly in systems that retain three-di-
mensional cellular organization as
seen in living embryos. Investigators
studying myofibril assembly in cul-
tured cardiomyocytes (Rhee et al.,
1994; Dabiri et al., 1997), precardiac
mesoderm explant cultures (Imanaka-
Yoshida et al., 1998; Rudy et al.,
2001), and embryonic hearts (Ehler et
al., 1999) agree that the earliest myo-
fibril precursors originate near the
membrane but disagree about other
details. In particular, large areas con-
taining nonmuscle myosin IIb and pe-
riodic �-actinin dots with submicron
spacing are found at the periphery of
spreading cultured avian cardiomyo-
cytes (Rhee et al., 1994; Carroll and
Horowits, 2000; Lu et al., 2003) as
well as in explant cultures (Imanaka-
Yoshida et al., 1998; Du et al., 2003)
but are not as prominent in embryonic
avian hearts (Ehler et al., 1999). We
found that closely spaced �-actinin
dots consistent with premyofibril for-
mation are present in embryonic
mouse hearts but are less evident
than in the spreading cultured cardi-
omyocytes. Likewise, we found ex-
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tremely low levels of N-RAP staining
associated with myofibril precursors
in embryonic hearts (this report),
whereas higher levels of N-RAP stain-
ing were associated with the large ar-
eas of peripheral premyofibrils seen in
cultured cells (Carroll and Horowits,
2000; Lu et al., 2003).

These results are most easily under-
stood by considering the effects of dis-
sociation and plating of cardiomyo-
cytes on the pool of molecules
participating in myofibril assembly,
as shown schematically in Figure 9. In
the embryo, �-actinin staining is
largely confined to myofibrillar struc-
tures, with no evidence for a large un-
assembled pool. Likewise, closely
spaced �-actinin dots characteristic of
premyofibrils are present, but are
rare, suggesting that intermediate
states of assembly are relatively
short-lived (Figs. 3, 4). Dissociation
and plating of beating cardiomyocytes
results in rounding up of the cells and
disassembly of the preexisting myofi-
brils, followed by spreading and reas-
sembly (Lin et al., 1989; Rhee et al.,
1994; Carroll and Horowits, 2000;
Carroll et al., 2001; Fig. 9). The large
pool of cytoplasmic proteins involved
in assembly can, in principal, drive
accumulation of premyofibril struc-
tures. This pool can include both
structural components that come from
disassembly of the existing myofibrils
as well as scaffolding molecules that
are present in substoichiometric
amounts but function as catalysts for
particular steps in assembly. After
plating and disassembly of existing
myofibrils, the unassembled struc-
tural components are abundant, and
the assembly rate may be limited by
restricted availability of the catalytic
scaffolds. Premyofibrils assemble in
quantity, indicating that the struc-
tural components and catalytic scaf-
folding molecules required for the first
steps in assembly are present in suf-
ficient quantities. The large pool of N-
RAP sequestered at developing inter-
calated disks in the embryo is
probably released during cell dissoci-
ation and plating, becoming available
to function in myofibril assembly. The
accumulation of assembly intermedi-
ates such as premyofibrils in the cul-
tured cells indicates that subsequent
steps in assembly become rate limit-
ing, suggesting limited availability of

downstream structural components or
catalysts. One possible candidate for a
downstream assembly catalyst is
Krp1, which organizes between later-
ally fusing myofibril precursors in the
final steps of assembly (Lu et al.,
2003). The model in Figure 9 recon-
ciles the quantitative differences ob-
served between embryos and cultured
cells, without the need to invoke qual-
itative differences in the mechanism
of myofibril assembly.

The precardiac mesoderm explant
culture system exhibits some quanti-
tative features of myofibril assembly
that are similar to developing em-
bryos, while also exhibiting features of
assembly characteristic of spreading
cardiomyocyte cultures (Imanaka-Yo-
shida et al., 1998; Rudy et al., 2001;
Du et al., 2003). Myofibril assembly in
the explant cultures occurs de novo
from newly synthesized proteins, as
observed in embryos. Accordingly, the
sarcomeric forms of �-actinin and my-
osin are not expressed shortly after
explant, but accumulate after 10 hr
(Imanaka-Yoshida et al., 1998; Du et
al., 2003). Nevertheless, a diffusely
staining pool of sarcomeric �-actinin
appears to accumulate in early stages
of myofibril assembly in this system
(Imanaka-Yoshida et al., 1998), remi-
niscent of spreading cardiomyocyte
cultures shortly after plating (Carroll
and Horowits, 2000). In intermediate
stages of assembly, periodic �-actinin
dots with submicron spacing are more
evident at the periphery of the cardi-
omyocytes in explant cultures
(Imanaka-Yoshida et al., 1998; Du et
al., 2003) than in embryos (Ehler et
al., 1999, and this report). The evi-
dence suggests that myofibril assem-
bly is most efficient in the embryo,
where assembly proceeds to comple-
tion and assembly intermediates do
not accumulate; that assembly is less
efficient in the explant cultures,
where modest accumulations of as-
sembly intermediates are observed;
and that assembly is least efficient in
the dissociated, spreading cardiomyo-
cyte cultures.

CONCLUSIONS

In summary, the early association of
N-RAP with developing myofibrils is
consistent with N-RAP functioning as
a catalytic scaffolding molecule in the

earliest stages of myofibril assembly.
The function of the relatively large
amounts of N-RAP that subsequently
accumulate at the intercalated disks
is unknown. One possibility is that
these may serve as a reserve of mole-
cules poised to quickly initiate assem-
bly at the ends of the cell. Another
possibility is suggested by N-RAP’s
apparent involvement in pathways
leading to cardiomyopathy. N-RAP is
up-regulated early in two genetic
mouse models of dilated cardiomyopa-
thy (Ehler et al., 2001). Both mouse
models lead to decreased cardiac ex-
pression of MLP, one by genetic abla-
tion (Arber et al., 1997), the other as a
secondary effect of transgenic overex-
pression of tropomodulin (Sussman et
al., 1998; Ehler et al., 2001). MLP is
found at myofibrillar Z-lines and vin-
culin-positive junctional sites (Arber
et al., 1997), as well as in the nucleus
of differentiating myotubes, where it
may regulate gene expression through
interaction with transcription factors
(Arber et al., 1994; Kong et al., 1997).
MLP mutations have recently been
linked to cases of hypertrophic cardio-
myopathy and dilated cardiomyopa-
thy in humans (Knoll et al., 2002;
Geier et al., 2003). One of these muta-
tions disrupts MLP binding to both
N-RAP and �-actinin in vitro (Gehm-
lich et al., 2004), suggesting that in-
teraction of MLP with N-RAP and
�-actinin may influence cardiac archi-
tecture. Therefore, a structural or sig-
naling function for N-RAP at the car-
diac intercalated disks is an attractive
hypothesis for future studies.

EXPERIMENTAL
PROCEDURES

Animals

Timed pregnant CD-1 mice were pur-
chased from Charles River Laborato-
ries (Wilmington, MA). All animal
handling procedures were performed
under a National Institutes of Health
animal study proposal approved by
the NIAMS Animal Care and Use
Committee.

RNA Purification

Freshly dissected tissue was placed in
RNAlater RNA stabilization solution
(Ambion, Inc., Austin, TX) and stored
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at �70°C until used. Tissue was ho-
mogenized in TRIzol reagent (Invitro-
gen Corporation, Carlsbad, CA) using
a FastPrep Instrument with lysing
Matrix D set for 20 sec at speed 5
(Qbiogene, Inc., Carlsbad, CA). Total
RNA was isolated using TRIzol re-
agent (Invitrogen Corporation) ac-
cording to the manufacturer’s proto-
col, based on the method of
Chomczynski and Sacchi (Chomczyn-
ski and Sacchi, 1987). Contaminating
DNA was removed using the DNA-
free Kit (Ambion Inc.), and the puri-
fied RNA samples were stored at
�80°C.

Semiquantitative RT-PCR

cDNA was synthesized from 0.5 �g of
total RNA using the Advantage RT-
for-PCR Kit (BD Biosciences Clontech,
Palo Alto, CA) with random hexamers
as primers. Defined regions of the
mouse N-RAP, �-actinin, and N-cad-
herin transcripts were amplified using
the primer pairs detailed in Table 1.
The amplification protocol used for N-
RAP and N-cadherin was 1 cycle at
95°C for 1 min; 30 cycles at 95°C for 30
sec, then 68°C for 1 min; and then 1
cycle at 68°C for 1 min. The amplifi-
cation protocol used for �-actinin was
1 cycle at 95°C for 1 min; 30 cycles at
95°C for 30 sec, then 64°C for 1 min;
and then 1 cycle at 68°C for 1 min.

To evaluate mRNA levels quantita-
tively, pilot experiments were con-
ducted in which the number of PCR
cycles was varied to determine the lin-
ear range of PCR product detection.
Duplex RT-PCR reactions were run
using ribosomal 18s RNA as an inter-
nal standard. Ambion’s competimer
technology was used to bring the con-
trol RNA into the linear range of de-
tection using the same cycle numbers
as needed for the experimental tran-

script. QuantumRNA 18s (universal
315 bp, or classic 488 bp) Internal
Standard primers (Ambion, Inc.) were
used to modulate amplification effi-
ciency of the 18s RNA without affect-
ing amplification of the target genes in
a duplex PCR reaction. The appropri-
ate ratio of 18s rRNA primers to com-
petimers (blocked primers, which bind
the target but cannot be elongated)
was determined experimentally for
each target gene and PCR condition.

All PCR experiments were per-
formed using a PTC-200 Peltier Ther-
mal Cycler (MJ Research, Inc.,
Waltham, MA). Amplicons were visu-
alized on 1.5% agarose gels containing
ethidium bromide. Gel images were
captured by using a Kodak Image Sta-
tion 440CF (Eastman Kodak Com-
pany, New Haven, CT). Quantitative
image analysis was performed on a
Macintosh computer using the public
domain NIH Image program (devel-
oped at the US National Institutes of
Health and available on the Internet
at http://rsb.info.nih.gov/nih-image/).
The level of target gene expression
was normalized against the 18s rRNA
control in the same PCR reaction.

Antibodies

Rabbit polyclonal antibody against N-
RAP has been described previously
and was used at a dilution of 1:1,000
(Luo et al., 1997). Monoclonal anti-
body against sarcomeric �-actinin
(clone EA-53) was used at a dilution of
1:2,000 (Sigma-Aldrich, St. Louis,
MO). Monoclonal antibody against N-
cadherin (RDI-NCADHERabm) was
used at a dilution of 1:500 (Research
Diagnostics, Inc., Flanders, NJ). Sec-
ondary antibodies were Alexa Fluor
488-conjugated goat anti-rabbit IgG
(Molecular Probes, Inc., Eugene, OR)
and tetrarhodamine isothiocyanate

(TRITC) -conjugated rabbit anti-
mouse IgG (Sigma-Aldrich); both sec-
ondary antibodies were used at dilu-
tion of 1:500.

Immunofluorescence

Mouse embryos or isolated hearts
were fixed for 1 hr at 4°C in 4% form-
aldehyde plus phosphate buffered sa-
line (PBS). The fixed samples were
washed with cold PBS, and then equil-
ibrated in 20% sucrose plus PBS at
4°C. Samples were embedded in
O.C.T. compound (Sakura Finetek
U.S.A., Inc., Torrance, CA) and frozen
on dry ice. Embryos were oriented to
yield sagittal sections, and frozen sec-
tions 15 �m thick were cut on a
Hacker cryostat (Hacker Instruments,
Winnsboro, SC).

Sections were permeabilized in
0.4% Triton X-100 for 30 min and
blocked in 10% normal goat serum for
1 hr. After blocking, sections were in-
cubated with a mixture of rabbit poly-
clonal antibody against N-RAP and
mouse monoclonal antibody against
either �-actinin or N-cadherin over-
night in the presence of 10% goat se-
rum. Negative controls were obtained
using serial sections of the same spec-
imens in which nonimmune rabbit se-
rum was substituted for the anti–N-
RAP serum. Secondary labeling was
performed with Alexa Fluor 488-con-
jugated goat anti-rabbit antibody and
subsequently with TRITC-conjugated
rabbit anti-mouse secondary antibod-
ies for 2 hr each in the presence of 10%
goat serum. All incubations were at
room temperature in PBS, pH 7.4,
which was also used to wash the sec-
tions in between incubations. Nuclei
were visualized with 4�,6-diamidino-
2-phenylindole-dihydrochloride (DAPI).
Stained sections were mounted in
Vectashield mounting medium (Vector
Laboratories, Burlingame, CA).

Microscopy and Image
Processing

Stained sections were observed with a
Zeiss Axiovert 135 microscope
equipped for incident-light fluores-
cence as well as phase contrast and
brightfield microscopy. Appropriate
excitation filters for Alexa fluor 488,
TRITC, and DAPI were mounted in a
computer controlled filter wheel (Ludl

TABLE 1. PCR Primer Pairs

Amplified mRNA Primer pair

N-RAP, exons 9–14
Forward: 5�-GACCGATGTGGCCAGGTTTACTCAGAAG-3�
Reverse: 5�-CAGGGGAACCAGCCTCATCGTTGTTTG-3�

N-RAP, exons 36–41
Forward: 5�-TGATGGGCATGAAAGGGACAGGAT-3�
Reverse: 5�-ATCCCCGGGCCCCTCCTGTT-3�

�-actinin
Forward: 5�-ATCATCCTCCGCTTCGCCATTC-3�
Reverse: 5�-TCTTCAGCATCCAACATCTTAGG-3�

N-Cadherin
Forward: 5�-TTCCACCTCGCTGTAAAAATGG-3�
Reverse: 5�-TTATTCAGAACGCTGGGGTCAG-3�
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Electronic Products, Ltd., Hawthorne,
NY), and a single broadband emission
filter was used for all fluorophores. Oil
immersion �63 and �100 objectives
with numerical apertures of 1.25 and
1.30, respectively, were used. Low
magnification views were obtained us-
ing a dry �10 objective with numeri-
cal aperture of 0.3. Fluorescent im-
ages were collected using a
Photometrics CoolSnap fx CCD cam-
era (Roper Scientific, Inc., Tucson, AZ)
interfaced with a Power Macintosh
computer.

Fluorescent images were processed
on a Power Macintosh computer using
IPLab software (Scanalytics, Inc.,
Fairfax, VA). Background levels of N-
RAP staining were estimated from the
intensity histogram of photomicro-
graphs of similar regions from serial
sections of the same specimens in
which nonimmune rabbit serum was
substituted for the anti–N-RAP se-
rum; the background level was then
subtracted using a level adjustment
that remapped the dynamic range so
that background levels became black
and the brightest staining in the N-
RAP stained sections were maxi-
mized. In images captured using the
�100 and �63 objectives, out of focus
fluorescence was removed by digital
deconvolution using MicroTome soft-
ware (VayTek, Inc., Fairfield, IA). In
each case, identical level adjustments
and deconvolution settings were used
for the nonimmune control and the
N-RAP stained serial sections from
the same specimen.

Triple-staining data are presented
with rhodamine, Alexa Fluor 488 and
DAPI fluorescence in the red, green,
and blue channels, respectively. For
presentation of double-staining, rho-
damine fluorescence is presented as
magenta (equal parts red and blue) to
facilitate access by color-blind individ-
uals. (See http://jfly.nibb.ac.jp/html/
color_blind for reference.) With this
presentation method, colocalization
appears white in composite images
due to the combination of magenta
and green.
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