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Characterization of a TM-4 Type Tropomyosin That Is
Essential for Myofibrillogenesis and Contractile Activity
in Embryonic Hearts of the Mexican Axolotl
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Abstract A striated muscle isoform of a Tropomyosin (TM-4) gene was characterized and found to be necessary
for contractile function in embryonic heart. The full-length clone of this isoform was isolated from the Mexican axolotl
(Ambystoma mexicanum) and named Axolotl Tropomyosin Cardiac-3 (ATmC-3). The gene encoded a cardiac-specific
tropomyosin protein with 284 amino acid residues that demonstrated high homology to the Xenopus cardiac TM-4 type
tropomyosin. Northern blot analysis indicates a transcript of �1.25 kb in size. RT-PCR and in situ hybridization de-
monstrated that this isoform is predominantly in cardiac tissue. Our laboratory uses an animal model that carries a
cardiac lethal mutation (gene c), this mutation results in a greatly diminished level of tropomyosin protein in the ven-
tricle. Transfection of ATmC-3 DNA into mutant hearts increased tropomyosin levels and promoted myofibrillogenesis.
ATmC-3 expression was blocked in normal hearts by transfection of exon-specific anti-sense oligonucleotide (AS-ODN).
RT-PCR confirmed lower transcript expression of ATmC-3 and in vitro analysis confirmed the specificity of the ATmC-3
exon 2 anti-sense oligonucleotide. These AS-ODN treated hearts also had a disruption of myofibril organization and
disruption of synchronous contractions. These results demonstrated that a striated muscle isoform of the TM-4 gene was
expressed embryonically and was necessary for normal structure and function of the ventricle. J. Cell. Biochem.
85:747–761, 2002. � 2002 Wiley-Liss, Inc.

Key words: oligonucleotide; transfection; tropomyosin isoforms; nonmuscle tropomyosin; alternative splicing

Diverse expression of tropomyosin isoforms in
various tissues is a complex process involving
different genes, promoters, or alternative splic-
ing [Helfman et al., 1986; Wieczorek et al., 1988;
Cho and Hitchcock-DeGregori, 1991; Pittenger
et al., 1994; Lin et al., 1997]. These diverse

isoforms have as yet unknown control mechan-
isms that regulate developmental and tissue
specific expression. Once expressed, isoform-
specific interactions with complementary
proteins, such as actin, may also have im-
portant implications for structure and func-
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tion [Gunning et al., 1990; Schevzov et al.,
1993].

Vertebrate tropomyosins (TMs) are a family
of actin binding proteins encoded by a group of
highly conserved genes that likely evolved as a
result of gene duplication over the evolutionary
period. There are four tropomyosin-encoding
genes: a-TM, b-TM, hTMnm, and TM-4 [Lees-
Miller and Helfman, 1991]. Each gene is known
to encode a variety of isoforms via alternative
splicing and/or the use of two promoters [Lin
etal.,1985;Helfmanetal.,1986;Wieczoreketal.,
1988; Lees-Miller andHelfman, 1991]; the tran-
scriptsencodeproteinsofeither248or284amino
acids in length. The tropomyosins may also be
dividedintothreecategories:smootmuscleTMs,
striatedmuscle TMs, and cytoplasmic TMs.

Striated muscle (cardiac and skeletal) iso-
forms in mammals are encoded by a- and b-TM
genes. At the protein level, the striated muscle
isoforms in heart are composed of alpha-/beta
TM homo- or heterodimers, with the alpha/
beta heterodimeric arrangement preferentially
assembled [Brown and Schachat, 1985; Lehrer
and Qian, 1990; Jancso and Graceffa, 1991].
The mammalian TM-4 gene is truncated and
does not encode a striated muscle isoform. Rat
TM-4 encodes only a single TM-4 isoform,
which is a nonmuscle type [Lees-Miller et al.,
1990]. The functional significance of the alpha-
tropomyosin isoform has been explored in re-
cent studies with transgenic mice [Blanchard
et al., 1997]. However, the functional signifi-
cance of TM-4 type tropomyosin to the organi-
zation and function of the heart has not been
well studied.

Chicken striated muscle offers an example of
different genes encoding tropomyosin isoforms
in skeletal and cardiac muscle. Cardiac muscle
TM in chicken [Forry-Schaudies et al., 1990;
Fleenor et al., 1992] is encoded predominantly
by a TM-4 type gene. The gene also encodes a
nonmuscle isoform that is homologous with rat
TM-4 and human TM30pl [MacLeod et al.,
1987]. Amphibian heart also contains a tropo-
myosin isoform predominately encoded by a
TM-4 gene. Two tropomyosin isoforms; a non-
muscle, low molecular weight isoform and a
high molecular weight striated muscle isoform
were found to be encoded by aTM-4 type gene in
Xenopus adult heart [Hardy et al., 1995]. One of
these isoforms, XTMCa encoded a polypeptide
that was striated muscle size (284 amino acids)
instead of the typical 248 amino acid nonmuscle

TM-4 isoform. This XTMCa isoform had 97% aa
(amino acid) homology with the chicken cardiac
tropomyosin.

A cardiacmutation in anamphibian,Mexican
axolotl (Ambystoma mexicanum), has reduced
overall expression of tropomyosin in the ven-
tricle. This mutation provided a unique tool to
examine the expression of tropomyosin isoforms
in embryonic hearts.

Three isoforms of tropomyosin have been
identified in the axolotl, two putatively encod-
ed by the alpha-gene, Axolotl Tropomyosin
Cardiac-1 (ATmC-1 and ATmC-2) [Luque et al.,
1994, 1997]. The third, characterized here as
ATmC-3, ismost likely aTM-4 type encodedbya
separate gene. This isoform was demonstrated
to bepresent in embryonic heart byRT-PCRand
in situ hybridization; whereas in Xenopus,
it was found to be in adult heart only. We
also demonstrated a functional necessity of the
TM-4 type tropomyosin for contraction in the
embryonic vertebrate heart. Transfection of
exon-specific antisense oligonucleotide (AS-
ODN) into normal hearts disrupted the organi-
zation of the myofibrils and contractions. RT-
PCR indicated a reduction in transcript levels,
and specificity of the AS-ODNwas confirmed by
in vitro analysis of total RNA. Furthermore,
ectopic expression of ATmC-3 in the ventricles
of mutant hearts showed that the TM-4 type
striatedmuscle isoformpromoted the formation
of organized myofibrils.

MATERIALS AND METHODS

Embryo Care

Normal and cardiac mutant axolotl embryos
were obtained from matings between hetero-
zygous (þ/c�þ/c) animals from the Indiana
University axolotl colony and the axolotl colony
at SUNY Upstate Medical University. Animals
were maintained in aquaria in 50% Holfreter’s
solution (29mMNaCl, 0.45mMCaCl2, 0.33mM
KCl, 0.1 mM MgSO4, and 4.76 mM NaHCO3)
and fed commercial salmon pellets. The em-
bryos were staged according to the standard
stag-ing system [Bordzilovskaya et al., 1989].

Cloning and Sequencing of ATmC-3

The initial ATmC-3 clone, Heart2, which en-
compassed a portion of exon 9a and the entire 30

untranslated region (UTR), was detected by
cloning a 30 Rapid Amplification of cDNA Ends
(30 RACE) product from total RNA of embryonic
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hearts. Briefly, the 30 RACE reaction was ac-
complished by first strand cDNA synthesis of
approximately 1 mg total RNA using an oligo dT
withanadapter primer tail. The cDNAwas then
amplified with a sense oligonucleotide and ano-
ther adapter primer thatwas complementary to
the one used for first strand synthesis. Subse-
quently, this clone was radiolabeled with [a32P]
dCTP in a PCR reaction and used to screen an
axolotl juvenile heart cDNA library [Wieczorek
et al., 1988]. The phage and host bacteria,
Escherichia coli Y1090, were incubated to-
gether for 15 min at 378C. Molten 0.75% LB
agar was added and the mixture was plated on
1.5% LB agar plate at a concentration of 50,000
plaques per plate. Filter lifts were performed
in duplicate the following morning on each
plate using Schleicher and Schuell maximum
strength Nytran Plus membranes. The first
round of screening yielded positive cloneswhich
were plaque purified in two dilutions, then
amplified with the polymerase chain reaction
using l3 sequence and l5 sequence primers.
Thel3/l5amplifiedPCRproducts of 6b (700bp),
2b (900 bp), and 3b (800 bp) were cloned into the
T/A cloning vector pCR 2.1 and six recombin-
ants of eachwere randomly selected. The clones
were grown in LB media in the presence of car-
benicillin, dot blotted, and hybridized again to
the internal detector oligonucleotide TmBS
(�)2. The selected clones were isolated and se-
quenced at the Cornell University DNA Core
Facility. The clones were of various lengths of
the same sequence and included the sequence of
the Heart2 clone. The longest of the three,
approximately 900 bp, was clone Tm2b3. The
strategy for cloning the ATmC-3 cDNA is out-
lined in Figure 1.

Total RNA Extraction

Embryos were washed four times in
Steinberg’s [Zackson and Steinberg, 1986]
buffered salt solution (58 mM NaCl, 0.67 mM
KCl, 0.9 mM CaCl2, 0.2 mM MgSO4, 4.6 mM
HEPES, pH 7.4 containing 1% antibiotic/anti-
mycotic at a final concentration of penicillin G
sodium100U/ml, 0.1 g/ml streptomycin sulfate,
0.25 mg/ml amphotericin B (Gibco Life Technol-
ogies,Grand Island,NY). Prior to dissection, the
embryos were anesthetized in MS-222 (tricaine
methanesulfonate). Total RNA was extracted
from the extirpated tissues usingAmbionTotal-
ly RNA extraction kit. The total RNA was
DNase treated with Gibco BRL RNase-free

DNase for 15 min at room temperature, then
phenol: chloroform extracted and precipitated
with ethanol at �708C for 1 h or overnight at
�208C. RNA purity and concentration were
determined using a Pharmacia Biotech Gene-
Quant II RNA/DNA calculator.

Phylogenetic Analysis

Theaminoacid sequence of theaxolotlATmC-
3 was deduced using the MAP and ExtractPep-
tide program of the UWGCG software package.
The most homologous sequences from the
GenBank were obtained using the TFASTA
program. The extracted protein sequences were
then aligned with the GAP alignment program
[Needleman andWunsch, 1970]. Subsequently,
the phylogenetic analysis with the resulting
matrix was completed by the Maximum Parsi-
mony method using the PAUP 3.0 program
[Swofford, 1991]. Bootstrap analysis, a compu-
ter-based technique for assessing the accuracy
of almost any statistical estimate including
phylogenetic trees,was carried out for 100 repli-
cation cycles [Swofford, 1991].

Northern Blot Analysis

Total RNA was extracted from Stage 41/42
heart of the axolotl embryo as described above.
An estimated 10 mg of total RNA from each
tissue type were processed for Northern blot

Fig. 1. Cloning strategy for ATmC-3 cDNA. The full-length
ATmC-3 clone was derived from a combined PCR and library
screening approach. Initially, a segment containing the putative
exon 9 as well as the 30 UTR was amplified using the 30 RACE
technique, and then the approximately 350 nt fragment was
cloned. The juvenile axolotl cDNA library was then screened
using this initial clone, named Heart2. Three clones of different
sizes were isolated, all of which contained the 30-UTR and
various lengths of upstream sequence. The 30 end of the coding
sequence was obtained through PCR amplification, with sub-
sequent cloning and sequencing, and then the overlap was
verified by amplifying a larger length of DNA.
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analysis following standard protocol [Sambrook
et al., 1989].

Reverse Transcriptase Polymerase
Chain Reaction

Reverse transcriptase polymerase chain reac-
tion (RT-PCR) with RNA from embryonic and
adult heart and skeletal muscle was performed
to evaluate the expression of theATm-C-3 using
previously published protocol [Luque et al.,
1997].

In Situ Hybridization

Stage 35normal, Stage 38 and 41 normal, and
mutant embryos were fixed for 2 h at room tem-
perature with constant agitation in 1XMEMFA
(0.1 M MOPS pH 7.4, 2 mM EGTA, 1 mM
MgSO4, 3.7%Formaldehyde), then paraffin em-
bedded, sectioned at 8 mm and mounted on
Fisher brand Superfrost Plus microscope
slides. The probes were prepared digesting the
DNA with either Hind III or Xho I restriction
endonuclease for 3 h at 378C, then phenol:
chloroform extraction followed by ethanol pre-
cipitation at �708C for 1 h or overnight. The
in vitro transcription reaction was completed in
a 20 mL total volume using 1 mg DNA in buf-
fer (400 mM Tris-HCl, pH 8.0; 60 mM MgCl2,
100 mM dithiotreitol (DTT), 20 mM spermidin)
and 40 units of enzyme, T7 RNA polymerase for
the Hind III digested DNA and SP6 RNA
polymerase for the Xho I digested DNA. The
RNAwas treated with 1 unit RNase-free DNase
(Gibco BRL) for 15 min at 378C, followed again
by phenol: chloroform extraction at �708C for
1 h or overnight. The RNA concentration was
estimated using a Pharmacia Biotech Gen-
Quant II RNA/DNA calculator. Additionally,
DIG incorporation was evaluated by electro-
phoresing the sample on a 1.5% agarose gel,
then transferring overnight to GeneScreen
nylon membrane in 50 mM NaOH; the color
reaction was done using Genius kit buffers and
B-M Purple AP Substrate (Boehringer-Man-
nheim) according to the manufacturer’s proto-
col. The in situ procedure was adapted from the
protocol of Vize et al., 1991, as previously des-
cribed [Gaur et al., 1998].

Preparation of Exon-Specific Oligonucleotides

Sense (S-ODN) and anti-sense (AS-ODN)
oligonucleotides were designed for exon 2 of
the ATmC-3 tropomyosin isoform. The anti-
sense ATmC-3 chimeric nucleotide was T*A*C*

T*AG CTC GTC CTC AAG C*T*G*C* and for
sense fG*C*A* GCT TGA GGA CGA GCT
A*G*T *A; where *N represents a phospho-
rothioate blockednucleotide and fG representsG
tagged with fluorescein at the 50 end (IDT, Inc.)

Preparation of the pSI.ATmC-3
Expression Constructs

ATmC-3 cDNA was amplified by PCR using
50-TCGGAATTCCCGCTCCCTGACACCGGT�
30 (þ ve) and 50-GGGGAATTCCGATCACAT-
CAGAGTGGA�30 (�ve) primer-pair. We added
an EcoR I site at the 50 end of both positive and
negative primers. The amplified products were
digested with EcoR I and subsequently gel
purified (Qiagen, Inc.) following the manufac-
turer’s protocol. The digested DNA was then
ligated to the EcoR I digested pSI vector
(Promega) with T4 DNA ligase (Gibco BRL)
and transfected into the competent E. Coli
cells (Invitrogen). After colony hybridization,
the positive clones were picked up and the
DNA was prepared for DNA sequence analysis
(Cornell University DNA sequence facility,
Ithaca NY).

Cationic Liposome Mediated
Transfection in Whole Hearts

Transfection of oligonucleotides and cDNA
were performed according to previously pub-
lishedmethods [Zajdel et al., 1998]. Transfected
whole hearts were maintained in culture for
5 days.

Confocal Microscopy

Whole mount immunostaining and confocal
microscopy were performed according to our
published procedures [Zajdel et al., 1998].
Monoclonal tropomyosin antibody [CH1, Lin
et al., 1985] or monoclonal alpha-actinin anti-
body (Sigma) were used for the immunodetec-
tion of proteins. Specimens were viewed on a
BioRad MRC 1024ES confocal laser system
mounted on a Nikon Eclipse E600 microscope.
Control hearts and treated hearts were exam-
ined using identical confocal settings. A simul-
taneous or sequential (double staining) Z-series
was made for each. Digital image processing
was performed using Adobe Photoshop.

In Vitro Analysis of the Isoform Specificity for
Sense and Antisense Oligonucleotides

Total RNA (5 mg) from axolotl heart was
annealed with 10 pmoles of isoform specific
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sense or anti-sense oligonucleotide at 658C for
5 min, after which the annealed mixture was
chilled on ice. One microliter of RNase inhibitor
was added to the annealed mixture with 1 mL
of RT-buffer, and 1 mL of RNase H (Clontech
superscript First Strand Synthesis Kit). The
mixture was incubated at 378C for 20 min
followed by denaturation at 708C for 10 min to
inactivate the enzyme. The 10 mL reaction was
then chilled. RT reaction was performed using
5 mL of the above reaction mix in a total volume
of 20 mL following Clontech’s standard oligo dT
protocol. Finally, PCRamplificationwas carried
out with 2 mL of the RT product using isoform
specific primer-pairs followed by the Southern
blot analysis with [32P]-labeled isoform specific
detector oligonucleotides. Nucleotide sequences
for ATmC-3werementioned previously. ATmC-
2 and ATmC-1 nucleotide sequences used for
this experiment were the following:

ATmC-2 sense, 50-G*C*A*CACTGCTGACGA-
GAAA*G*C*C*-30;

ATmC-2 anti-sense, 50-G*C*G*GCTTTCTCG-
TCAGCAGTG*T*G*C-30;

ATmC-1 sense, 50-AGTACTCGGAGTCCTTG-
A-30,

ATmC-1 anti-sense, 50-A*G*G*ACTCCGAGT-
ACTTGTC*C*A*A-30.

RESULTS

Cloning and Sequencing of ATmC-3 cDNA

The full-length coding region of ATmC-3 was
cloned and sequenced including the 30 untrans-
lated region (30UTR). The initial clone of the
putative exon 9a and the complete 30UTR were
detected using a 30 Rapid Amplification of cDNA
Ends (30 RACE) (Fig. 1). This radiolabeled clone
was used for screening of the juvenile heart
cDNA library, which resulted in a greater por-
tion of the sequence beingavailable. The50-most
sequence was isolated using a PCR based stra-
tegy, amplifying a portion of the transcript be-
ginning at the initiation codon, and having
sufficient overlap with the known sequence to
ensure reliability of the result. The ATmC-3
transcript encodes a 284 amino acid protein,
with highest homology, 97% at the amino acid
level and 82%at thenucleotide level, toXenopus
laevis TM-4 type cardiac tropomyosin (Table 1).
The sequence homologies to the known axolotl
tropomyosins, ATmC-1 and ATmC-2 are 77 and

73%, respectively, at the cDNA level; the amino
acid sequences are 94 and 89% homologous (not
shown). The ATmC-1 isoform in the axolotl
represents a typical alpha-type striated muscle
isoform. The high degree of homology of the
amino acids is explained by the tremendous
conservation of the protein across the evolu-
tionary period. However, the great difference
at the coding level is due to divergence at the
wobble position. Additionally, the 30UTR is far
longer than the alpha-type transcripts in the
axolotl. Initial cloning and sequencing were
accomplished using a sense oligonucleotide that
began at the initiation codon (ATG) and was 21
bases in length. The transcript sequenced was
852 nucleotides in length, with a 30 UTR pro-
viding approximately 350 nucleotides. The ini-
tiation codon, ATG, was at position 1; the
termination codon, TAA was at position 853;
the polyadenylation signal, AATAAA, was at
position 1205 (Fig. 2).

Phylogenetic Analysis

The deduced amino acid sequence of ATmC-3
was aligned and compared with the most
homologous tropomyosin proteins obtained
from databases in GenBank through FASTA
and/or TFASTA program of GCG software. A
cladogramwas constructed using themaximum
parsimony technique to delineate the evolu-
tionary relationships among the tropomyosins
from a variety of organisms (Fig. 3). Themuscle
specific alpha-tropomyosins from avian, mam-
malian, and amphibian species form distinct
clusters; also alpha-tropomyosin from aquatic
species, specifically Zebrafish and Salmon, form
aseparate clade.XenopusTM-4 cardiac isoform,
cardiac alpha-tropomyosin from brown trout,
and axolotl cardiac isoform, ATmC-3, were
clustered together. However, Xenopus (anuran
amphibian) and brown trout (fish) cardiac
tropomyosins were in the same clade whereas
ATmC-3 (urodele amphibian) was in the out-
group, suggesting a diversity of ATmC-3 from
Xenopus and brown trout counterparts.

Temporal and Spatial Expression of ATmC-3
in Normal and Mutant Axolotl

Northern blot analysis of total RNA indicates
a transcript of approximately 1,250 bases in
length in the embryonic cardiac tissue isolated
from Stage 41/42 embryonic axolotls (Fig. 4)

RT-PCR analysis of early embryonic stages
indicated that the onset of mRNA expression
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Fig. 2. ATmC-3 cDNA and deduced amino acid sequence. The open reading frame (ORF) starts from 43 nt
and ends at 895 nt. *Denotes termination codon TAA. The coding region of ATmC-3 is 852 nt long that
codes for 284 amino acids. Line 1: Numerical; Line 2: cDNA sequence; Line 3: Deduced amino acid
sequence. Gene Bank Accession # AF480437.
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begins beyond Stage 30, the latest pre-heart-
beat stage typically evaluated (Fig. 5). In the
early embryo, Stage 6, 10, 15, 20, 25, and 30
were evaluated. Expression of an alpha-type
striated muscle isoform, ATmC-1 begins in the
axolotl around Stage 10. The differing onset
times for expression of the isoforms suggest a
carefully orchestrated pattern of gene expres-
sion. The delayed onset of expression ofATmC-3
corroborates the Northern blot data suggesting
that the isoform is cardiac specific. Additionally,
the different pattern from the alpha-type tran-
script shows that the detection system used in
both the Northern blot and RT-PCR is specific
for this TM-4 isoform and does not have any
overlapping detection of the highly similar

alpha-type transcript. RT-PCR data with total
heart RNA showed that ATmC-3 is expressed in
adult hearts (results not shown).

RT-PCR experiments were also performed
with total RNA isolated from heart and skeletal
muscles of normal andmutant embryos atStage
38and41 (Fig. 5). The results indicatedATmC-3
to be expressed predominantly in cardiac tissue
at both stages, and interestingly, expressed
in both the normal and mutant tissue. It has
previously been demonstrated that the mutant
hearts lacked tropomyosin protein [Starr et al.,
1989]; however, it is evident that at least one
tropomyosin isoform mRNA is present.

In situ hybridizationwas performed on paraf-
fin sections of Stage 35 normal, Stage 38 and 41
normal, andmutant embryonic axolotls (Fig. 6).
Staining results demonstrated the cardiac-
specific expression of the transcript in both
normal and the mutant embryos. Additionally,
the relatively similar staining between the
normal and mutant embryos confirmed that

Fig. 3. Bootstrap analysis after 100 replications of the
cladograms showing Phylogenetic relationship of ATmC-3 to
various tropomyosins. The numbers on the branches show the
percentages of the trees that support each branch. An accession
number for each tropomyosin is as follows: Axolotl Cardiac-1:
L35107; Axolotl Cardiac-2: U33449; Axolotl Cardiac-3:
AF480437; Axolotl Sk. Muscle: L33450; Brown Trout: 266527;
Chicken-beta: M64288; Chicken Fast alpha: M32441; Chicken
Skeletal: J00910; Human Trop: M12125; Human Sk. Alpha:
M19715; Japanese Quail: M15043; Mouse Beta: M81086;
Mouse Sk. Alpha: X64831; Pig Cardiac Alpha: X66274; Quail
Sk. Alpha: X04690; Rana Sk. Alpha: M24634; Rabbit Cardiac
Alpha: V00892; Salmon Fast: L25609; Xenopus Sk. Muscle:
X61273; Xenopus Cardiac: L35239; Zebra Fish Skeletal:
M24635.

.
Fig. 4. Northern blot analysis for the expression of ATmC-3
transcript. Panel A: A 1.2% formaldehyde gel with an estimated
10 mg of total RNA from each tissue type. Lane 1: RNA ladder;
Lane 2: Stage 41 embryonic heart total RNA. An a-32P labeled
probe corresponding to the putative exon 9 region including the
30 untranslated region (UTR) was used to detect the message.
The ATmC-3 transcript was approximately 1.25 kb in length.
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the presence of the ATmC-3 transcript in
the mutant heart was not an artifact due to
amplification.

Disruption of Organized Myofibrils
and Contractions by ATmC-3 Antisense

Oligonucleotides

Inhibition of ATmC-3 expression with anti-
sense oligonucleotide transfection resulted in a

disruption of the organization of the myofibrils.
Confocal microscopic analysis of normal control
hearts stained with CH1 tropomyosin antibody
demonstrates organized myofibrils throughout
the sections and in all of the cells (results not
shown). Transfection of normal hearts with
ATmC-3 exon 2 specific sense chimeric oligonu-
cleotide [50-fG*C*A*GCTTGAGGCGAGCTA*
G*T*A*-30] did not significantly alter the orga-
nization of the myofibrils (Fig. 7A). These FS-
ODN transfected normal hearts retained their
ability to contract with 8/8 still contracting
during the 5 days preceding fixation. The sense
oligonucleotide was tagged at the 50 end with
fluorescein so that entry of the sense oligo-
nucleotide into the cardiac cells could be con-
firmed. After 2 days of transfection, green
fluorescence was observed within the hearts
(data not shown). Significantly, at 5 days of
transfection all of the treated hearts had fluor-
escein within a majority of the cells, primarily
in the nuclear areas (Fig. 7C). Cationic lipo-
somes have been shown to deliver F-ODN to the
nucleus while leaving the lipid in the cytoplasm
[Zelphati and Szoka, 1996]. FS-ODN entered
the whole hearts during transfection with
localization to the nucleus without inhibiting
the biosynthesis of ATmC-3 protein and with
little disruption of the myofibril organization.

Organized myofibrils were significantly dis-
rupted in normal hearts transfected with
ATmC-3 exon 2 specific anti-sense oligonucleo-
tide (AS-ODN) (Fig. 7B). Organized myofibrils
were almost completely disrupted in the ven-
tricles of some hearts, whereas regional disrup-
tion was observed in other hearts. Contractions
stopped completely in 6 of the 10 of the AS-
ODN transfected hearts. The average beats per
minute in the remaining hearts (7.2 beats/min)
was slower than FS-ODN transfected hearts
(14 beats/min)

RT-PCR analysis was also performed with
RNA from control normal hearts, normal hearts
transfected with S-ODN, and normal hearts
transfected with AS-ODN. Total cellular RNA
was isolated from 50 hearts of each control
group after 5 days of transfection. RT-PCR was
carried out using ATmC-3 specific primer pair
following published protocol [Gaur et al., 1995,
1998]. The results showed that the concentra-
tion of ATmC-3 transcript in control and sense
oligonucleotide treated hearts were comparable
(Fig. 8A). However, we did not detect the
ATmC-3 transcript in AS-ODN treated hearts.

Fig. 5. RT-PCR analysis for evaluating the expression of
ATmC-3 transcript at various stages of development and also
in normal and mutant embryonic hearts. Panel A: Lane 1—Stage
6 whole embryo total RNA; Lane 2—Stage 10 whole embryo;
Lane 3—Stage 15 whole embryo total RNA; Lane 4—Stage 20
whole embryo RNA; Lane 5—Stage 25 whole embryo total
RNA; Lane 6—Stage 30 whole embryo RNA. ND, not detected.
Panel B: Lane 1—Stage 38 normal heart total RNA; Lane 2—
Stage 38 normal skeletal muscle total RNA; Lane 3—Stage 38
mutant heart total RNA; Lane 4—Stage 38 mutant skeletal
muscle total RNA. Panel C: Lane 1—Stage 41 normal heart total
RNA; Lane 3—Stage 41 normal skeletal muscle total RNA; Lane
3—Stage 41 mutant heart total RNA; Lane 4—Stage 41 mutant
skeletal muscle total RNA. The PCR amplification was ac-
complished with primer-pair PIX (þ) 1A/TmBS 1(�); the sub-
sequent hybridization was with detector oligonucleotide TmBS
2(�) in all lanes.
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Fig. 6. In situ hybridization analysis for expression of ATmC-3
transcript in normal andmutant axolotl hearts. Panel A: Stage 35
axolotl embryowith antisense RNA probe (arrowheads highlight
areas of positive staining). Panel B: Stage 35 axolotl embryowith
sense RNA probe. Panel C: Stage 38 normal axolotl embryowith
antisense RNA probe. Panel D: Stage 38 mutant axolotl embryo
with antisense RNA probe. Mutant hearts begin to have mor-
phological changes from this stage onward. Panel E: Stage 41
normal axolotl embryo with antisense RNA probe. Panel F:

Stage 41 mutant axolotl embryo with antisense RNA probe. The
probe was an approximately 350 base sequence of synthetic
DIG labeled RNA encompassing the putative exon 9 and the 30

untranslated region of the ATmC-3 sequence. (G-gut, H-heart,
MH-mutant heart, N-notochord, NP-neural plate, NT-neural
tube, PC-pericardial cavity, S-somite). Bar, 200 mm. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Increased exposure of theX-ray film displayed a
weak ATmC-3 signal. The amount of ATmC-3
transcript was quantified by densitometry and
the NIH image program. These results showed
the concentration of the ATmC-3 transcript was
drastically reduced in AS-ODN transfected
hearts but not in the FS-ODN hearts. This was
most likely due to the action of the RNase H
enzyme on the AS-ODNhybrid with the ATmC-
3 transcript. ATmC-2 transcript was not
reduced in the ATmC-3 AS-ODN transfected
hearts indicating the specificity of the AS-ODN
to ATmC-3. Thus, the action of the ATmC-3 AS-
ODN was specific in reducing the level of the
ATmC-3 transcripts in normal hearts.

The specificity of these oligonucleotides
was also determined in vitro. Isoform specific
S-ODN or AS-ODN was annealed with total

RNA from embryonic axolotl hearts, the reac-
tion products were treated with RNase H. RT-
PCR was then performed with a gene specific
primer pair followed by Southern blot analysis.
Figure 8C demonstrates that annealing total
RNA with ATmC-3 AS-ODN affected the con-
centration of ATmC-3 transcript only and not
ATmC-1 or ATmC-2 transcript. ATmC-3 sense
oligonucleotide did not affect either ATmC-3,
ATmC-2, or ATmC-1 transcripts. The data
demonstrated the specificity of the S-ODN and
AS-ODN for in vitro and for the in vivo ex-
periments. Therefore, transfection of exon 2
specific AS-ODN for ATmC-3 conclusively
altered transcripts, protein expression, organi-
zation, and contractions in the ventricles of
normal whole hearts.

Ectopic Expression of pSI.ATmC-3
Into Mutant Whole Hearts

Mutant axolotl hearts have greatly reduced
levels of tropomyosin in the ventricles. This
reduction contributes to few, if any organized
myofibrils, and no contractions. Since the ven-
tricles of the mutant hearts lack tropomyosin,
we transfected ATmC-3 cDNA into mutant

Fig. 7. Transfection of ATmC-3 specific sense and anti-sense
oligonucleotides in whole hearts. A: Stereo anaglyph of a
24 section confocal laser scanning microscope z-series. The red
and green colors are created by the confocal software and an
offset is created. This type of image is shown because it de-
monstrates branching myofibrils in whole hearts. Periodic
myofibril staining (CH1 tropomyosin antibody) was seen in
ATmC-3 sense transfected normal whole hearts (arrowheads).
Red/green glasses may also be used to visualize the myofibrils in
pseudo three dimensions. B: Stereo anaglyph of normal heart
transfected with ATmC-3 exon 2 specific anti-sense chimeric
oligonucleotide, 50-T*A*C*T*AGCTCGTCCTCAAGC*T*G*C*-
30, where *N represents the phosphothioate blocked oligo-
nucleotide (IDT, Inc.). Myofibril organization was disrupted in
a majority of the cardiomyocytes. Most of the tropomyosin
appears to be in amorphous areas when expressed. Some of
the cells do not appear to have a detectable level of tropo-
myosin. Gross morphology was normal and the cells appeared
to be intact although myofibril structure was largely disrupted.
C: Normal heart transfected with ATmC-3 exon 2 specific sense
chimeric oligonucleotide, 50-fG*C*A*GCTTGAAGGCGAGC-
TA*G*T*A*-30, where *N represents phosphothioate blocked
nucleotide and fG represents G tagged with Fluorescein at the
50 end (IDT, Inc.). This image is a compressed z-series of two
sections that was not stereo offset but used to demonstrate
double staining. Isolated pieces of myofibrils that were con-
tained within these sections of the cardiac cells were stained
with tropomyosin antibody (red, arrowheads). This image is
primarily useful for demonstrating the presence of green fluor-
escence (GFP) within the nuclear area of the cardiomyocytes by
5 days (asterisk). Bar, 20 mm.
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hearts. Previously, we have shown that ectopic
introduction of a mouse tropomyosin cDNA
could promote myofibril formation in mutant
hearts [Zajdel et al., 1998]. Mutant hearts
transfected with axolotl ATmC-3 cDNA exhib-
ited increased expression of tropomyosin pro-
tein and organized myofibrils in the ventricles
(Fig. 9). Control mutant hearts lacked orga-
nized myofibrils in the ventricles.

Fig. 8. Determination of relative concentration of ATmC-3
transcripts by RT-PCR in sense and anti-sense oligonucleotide
transfected axolotl hearts; in vitro analysis of the specificity of
the transfected oligonucleotides. Panel A: Total RNA was
isolated from axolotl hearts transfected with ATmC-3 specific
sense and anti-sense oligonucleotides (as in Fig. 7). RT-PCR and
subsequent hybridization was carried out with ATmC-3 specific
primer-pair and detector oligonucleotide respectively as stated
under Materials and Methods. The autoradiograph was devel-
oped at 4 (upper panel for short exposure) and 24 h (bottom
panel for long exposure). Densitometry scan was performed
using NIH Image Program. The results showed drastic reduc-
tions in ATmC-3 transcripts in hearts transfected with ATmC-3
anti-sense oligonucleotides compared to that in sense oligonu-
cleotide transfected hearts. Lane 1: RNA from control hearts.
Lane 2: RNA from sense oligonucleotide transfected hearts.
Lane 3: RNA from ATmC-3 specific anti-sense oligonucleotide
transfected hearts. Panel B: Determination of the concentration
of ATmC-2 transcript in control and ATmC-3 specific anti-sense
oligonucleotide transfected hearts. RT-PCR was carried out to
determine the concentration of ATmC-2 in transfected hearts.
ATmC-2 specific primer-pair [50-ATGGACGCCATCAAGAA-
GAAG-30 (þve)/ 50-TTACATTGAAGTCATATCGTTGAG-30

(�ve) and detector oligonucleotide (50- AGGGTGCTGGAT-
GAACTGCACAA-30) were used for the amplification of ATmC-2
transcripts as described earlier [Luque et al., 1997]. The results
show that the transfection of either ATmC-3 specific sense or
anti-sense oligonucleotides did not affect the concentration of
ATmC-2 in axolotl hearts. Lane 1: RNA from control hearts;
Lane 2: RNA from ATmC-3 specific sense oligonucleotide
transfected hearts; Lane 3: RNA from ATmC-3 specific anti-
sense oligonucleotide transfected hearts. The results from
Figures 8A and B suggest that hearts transfected with ATmC-3
specific anti-sense oligonucleotide specifically lowers the
concentration of ATmC-3 transcript but not of ATmC-2.
ATmC-3 specific sense oligonucleotide does not affect the
concentration of ATmC-3 transcripts. C: Determination of the
specificity of the sense and anti-sense oligonucleotides used in
vivo by in vitro experiments using RNase H and RT-PCR. In this
experiment, total RNA isolated from axolotl heart was annealed
with sense or anti-sense oligonucleotides and the annealed
reaction mixture was digested with RNase H (Gibco BRL).
Finally RT-PCR was carried out with the RNase H treated RNA
using our standard protocol as described under Materials and
Methods. Southern blot analysis was performed with ATmC-3
specific detector oligonucleotide [Luque et al., 1997]. The
results show that the ATmC-3 transcript was not reduced with
sense oligonucleotide (first lane) whereas the anti-sense
oligonucleotide significantly reduced the amount of ATmC-3
transcripts due to RNase H treatment. This shows the specificity
of the sense and anti-sense oligonucleotides used for transfec-
tion in vivo. ATmC-3 sense lane: RNA was annealed with sense
oligonucleotide specific for ATmC-3 and subsequent RT-PCR
was carried out with ATmC-3 specific primer-pairs and detector
oligonucleotides. ATmC-3 anti-sense lane: RNA was annealed
with ATmC-3-specific anti-sense oligonucleotides in vitro. RT-
PCR was carried out with ATmC-3 specific primer-pairs and
detector oligonucleotides. The results show that annealing of
anti-sense oligonucleotides but not the sense counter part
allows degradation of ATmC-3 transcripts by RNase H. The
results also show the specificity of the sense and anti-sense
oligonucleotides of ATmC-3 that have been used for in vivo
experiments (A and B). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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DISCUSSION

The assembly and maintenance of the sarco-
mere is dependent on regulated gene expres-
sion of specific contractile proteins or isoforms

[Epstein and Fischman, 1991; Ordahl, 1992].
Diversity of tropomyosin isoforms occurs in
different tissues or cells by alternative splicing
and differential gene expression [Wieczorek
et al., 1988; Goodwin et al., 1991; Hardy et al.,
1991; Fleenor et al., 1992; Pittenger et al., 1994;
Lin et al., 1997]. Knowledge of the number of
isoforms is expanding but information on the
importance of these isoforms to the specific
functions of the individual cells is largely un-
known. In general, tropomyosin muscle iso-
forms are important in muscle contraction,
especially regarding interaction with actin and
troponin [Smillie, 1979; Zot and Potter, 1987]
and nonmuscle tropomyosin isoforms have been
found to be important to the formation of the
cytoskeleton [Pittenger et al., 1994]. Reduced
expression of tropomyosin may also be involved
in cancerous transformations [Prasad et al.,
1993; Boyd et al., 1995].

Regulation of the expression of specific TM
isoformswithin a cell is also relatively unknown
but likely related to a cell’s specific function.
Earlier studies have proposed that differen-
tial control of tropomyosin mRNA levels dur-
ing myogenesis can occur as a result of an
isoform competition-auto regulatory compensa-
tion mechanism [Gunning et al., 1990]. Simi-
larly, actin isoforms, g and b, were found to be
differentially regulated at the level of mRNA
accumulation. This regulation of actin isoforms
may be intimately associated with the interac-
tion of a specific tropomyosin isoform. Specifi-
cally, nonmuscle tropomyosins (248 aa) were
more closely regulated with the nonmuscle
actins [Gunning et al., 1990]. More recent
studies have hypothesized the translational
control of mRNA expression and regulation of
tropomyosin proteins [Pieples and Wieczorek,
2000].

Three isoforms of axolotl tropomyosin have
been isolated, sequenced, and designated
ATmC-1, ATmC-2, and ATmC-3 [Luque et al.,
1994; Luque et al., 1997]. We believe that two
(ATmC-1 andATmC-2) are encoded by the puta-
tive alpha-TM gene and the third (ATmC-3) is
encoded by a TM-4 type gene. Northern blot
analysis and RT-PCR of ATmC-3 showed ex-
pression predominantly in heart with very little
in skeletal muscle. Two embryonic stages were
examined and detection in these stages con-
firmed the specificity of ATmC-3 to the heart.

We have also cloned and sequenced the
ATmC-3 cDNA frommutant axolotl hearts that

Fig. 9. Transfection of whole mutant hearts with pSI ATmC-3
cDNA. A: Compressed z-series of a control mutant heart stained
with CH1 anti-tropomyosin antibody. The mutant ventricle has
greatly reduced expression of the protein detected by CH1.
Identical confocal parameters were used on this control heart as
the experimental hearts. B: Compressed z-series of a mutant
heart transfected with pSI ATmC-3 cDNA, treated for 48 h and
cultured for a total of 5 days. Tropomyosin staining was clearly
increased compared to the mutant control. Small and larger
sarcomeric myofibrils have formed in many of these cardio-
myocytes (arrowheads). C: Compressed z-series of a mutant
heart transfected with pSI ATmC-3 cDNA and stained for alpha-
actinin. Sarcomeric myofibrils branching in many directions can
be seen in specific areas of the cardiomyocytes (arrowheads).
Bar, 10 mm.
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lack tropomyosin in the ventricle. However, we
have not detected any mutations either in the
50UTR or in the coding region of the ATmC-3
transcript (data not shown). The results stron-
gly suggest that the tropomyosin deficiency in
the mutant is not due to the formation of a
premature codon in the ATmC-3 gene. Rather,
the deficiency of tropomyosin protein is most
likely due to an insufficiency at a post-tran-
scriptional level. This could be due to a muta-
tion at the 30-UTR, which makes the ATmC-3
transcript, thereby altering translation in the
mutant hearts. Alternatively, an inhibitory pro-
tein that may be overexpressed in the mutant
hearts may specifically bind with the ATmC-3
transcripts. This complexmayprevent the tran-
slation of the ATmC-3 transcript.
The lack of organized myofibrils in mutant

hearts has been confirmed by ultrastructural
and immunohistochemicalmethods [Lemanski,
1973]. Biochemical, immunohistochemical, and
radioimmunoassay also indicated that the
tropomyosin levels were significantly reduced
[Moore and Lemanski, 1982, Starr et al., 1989].
The effect of the tropomyosin deficiency was
further substantiated in the mutant heart by
the findings that ectopic expression of murine
alpha-tropomyosin cDNA or lipofection of pur-
ified rabbit TM protein could result in the
formation of organized myofibrils [Zajdel et al.,
1998]. RNA from normal axolotl heart has been
shown to increase tropomyosin levels and pro-
mote myofibril formation in mutant hearts
[Davis and Lemanski, 1987; Lemanski et al.,
1996]. The regulatory mechanism used to pro-
mote or inhibit the translation of a specific
tropomyosin is unknown.
In the current experiments, we transfected a

specific axolotl tropomyosin cDNA into mutant
hearts and organized myofibrils also formed.
Thus, the ATmC-3 TM-4 type tropomyosin can
replace missing tropomyosin in mutant hearts.
In combination with the AS-ODN experiments,
this suggests that themissing tropomyosinmay
be ATmC-3. It also supports the hypothesis that
a 284 aa striatedmuscle TM-4 type tropomyosin
can form organized myofibrils similar to alpha-
tropomyosin. Therefore, axolotl heart contains
a TM-4 type tropomyosin that can function
similar to chicken TM-4. However, we found
expression of ATmC-3 in both adult and em-
bryonic heart, whereas TM-4 type expression in
Xenopus was only found in adult heart [Hardy
et al., 1995].

Our data support Hardy’s earlier results
regarding the evolutionary relationship of the
co-expression of the TM-4 gene and an alpha-
type TM in amphibians [Hardy et al., 1995].
Through the course of vertebrate evolution, it is
evident that the co-expression was lost, leaving
avians with cardiac expression of exclusively
TM-4 and mammals with expression of alpha
and/or beta tropomyosin. It appears that ad-
vanced vertebrates do not co-express a TM-4
cardiac transcript and an alpha- or beta-tro-
pomyosingene.Hence, onemayassume that the
need for the TM-4 protein was lost along the
evolutionary path.

The functional significance of TM-4 type
tropomyosin in the heart was examined by
transfection of ATmC-3 exon specific antisense
oligonucleotides and ATmC-3 cDNA. Expres-
sion of the ATmC-3 transcript was effectively
blockedwith the anti-sense oligonucleotide and
the expression of ATmC-1 (results not shown)
or ATmC-2 transcripts were not affected. In
vitro analysis of the specificity of the ATmC-3
antisense oligonucleotide demonstrated the
expected specific action. Therefore, we believe
these various experiments clearly show that
the ATmC-3 transcript level was reduced and
not the other tropomyosins. Concomitantly,
myofibril organization was disrupted and
less tropomyosin protein was localized with
the CH1 antibody. Finally, contractions were
stopped in some of the hearts transfected with
AS-ODN. Blocking the expression of TM-4
tropomyosin altered the formation of orga-
nized myofibrils in the ventricles of the normal
hearts.

Further examination of the regulation of the
specific tropomyosin isoforms and their signifi-
cance within specific cells may help determine
the regulatory pathways involved with myo-
fibril formation and maintenance. In this
study, we show that a TM-4 type tropomyosin
was found in embryonic and adult heart of an
amphibian, in contrast to Xenopus, which had
TM-4 expression only in adult heart. Transfec-
tion of isoform specific oligonucleotides altered
the expression of this isoform and organization
of myofibrils. Interestingly, we did not find a
decrease in the ATmC-3 transcript in untreated
mutant hearts. Although, blocking the expres-
sion ATmC-3 expression alters myofibril orga-
nization and reduces tropomyosin staining,
further study will be needed to determine if
the expression of ATmC-3 in mutant hearts is
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lower due to inhibition of synthesis at the
translational level.
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