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Abstract
Cardiomyocyte-like cells have been reported in thoracic veins of rodents and other mammals, but
their differentiation state and relationship to the muscle mass in the heart remain to be
characterized. Here we investigated the distribution, ultrastructure, and the expression and
developmental regulation of myofilament proteins in mouse and rat pulmonary and azygos venous
cardiomyocytes. Tracing cardiomyocytes in transgenic mouse tissues with a lacZ reporter gene
driven by cloned rat cardiac troponin T promoter demonstrated scattered distribution of
cardiomyocytes discontinuous from the atrial sleeves. The longitudinal axis of venous
cardiomyocytes is perpendicular to that of the vessel. These cells contain typical sarcomere
structures and intercalated discs as shown in electron microscopic images and express cardiac
isoforms of troponin T, troponin I and myosin. The expression of troponin I isoform genes and the
alternative splicing of cardiac troponin T in thoracic venous cardiomyocytes are regulated during
postnatal development in a precise synchrony with that in the heart. Nonetheless, the patterns of
cardiac troponin T splicing in adult rat thoracic venous cardiomyocytes are slightly but clearly
distinct from those in the atrial and ventricular muscles. The data indicate that mouse and rat
thoracic venous cardiomyocytes residing in extra-cardiac tissue possess a physiologically
differentiated state and an intrinsically preset developmental clock, which are apparently
independent of the very different hemodynamic environments and functional features of the
vessels and heart.
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INTRODUCTION
Cardiac and skeletal muscles are both striated muscles with many structural and functional
similarities [1]. Cardiomyocytes in adult hearts of higher vertebrates are post-mitotic cells
[2–5]. In contrast to skeletal muscle, cardiac muscle has little regenerative capacity due to a
lack of local stem cells ([6] and references therein). Proper differentiation of cardiomyocytes
requires a specific tissue environment, physiological activity, and mechanical load [7–10].
Understanding the requirements for cardiomyocyte differentiation is of major medical
importance in exploring myocardial regeneration in the treatment of ischemic heart disease
and other terminal heart failures due to losses of adult cardiomyocytes.
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Twitch-type contractions of thoracic venous vessels have been observed in mammalian
species for over two centuries, occurring independently of and asynchronously to the heart
beats ([11] and references therein). More recent publications attributed these contractions to
the presence of striated muscle in the vessel wall [12]. These muscles were shown to be
morphologically similar to myocardium [13]. In large mammals including humans, the atrial
myocardium extends into the vena cavae and pulmonary veins to form short “sleeves” [14].
Ectopic beats originating in the atrial sleeves are implicated as a possible source of atrial
fibrillation [15–18].

Myocardium-like tissues were further found in distal regions of extra- and intrapulmonary
veins of small rodents [19]. The physiological significance of cardiac muscle-like
components in rodent pulmonary veins remains to be determined. A few hypotheses have
been proposed, e.g., these muscle cells may function as a “throttle valve” for regulating
pulmonary blood flow, and play a role in determining cardiac output [20]. Lineage tracing
with in situ hybridization experiments illustrated that the pulmonary vein cardiomyocytes
are not descendants of the atrial myocardium, but originated from pulmonary mesenchymal
cells [21]. Despite the distinct developmental origins of atrial and pulmonary vein
cardiomyocytes, they both exhibit non-pacemaker cell phenotypes [21].

Those previous studies did not characterize the detailed morphological, biochemical, and
physiological properties of the thoracic venous cardiomyocytes. Here we examined tissue
distribution, ultrastructural features, and expression and developmental regulation of
myofilament protein isoforms of mouse thoracic venous cardiomyocytes. The spatial
distribution of cardiomyocytes in thoracic veins was traced in transgenic mice expressing a
lacZ transgene driven by a cloned cardiac troponin T (TnT) promoter. The venous
cardiomyocytes are present in clusters discontinuous from the atrial muscle mass and
contain cardiac-specific isoforms of myofilament proteins. The expression patterns of
troponin I (TnI) and TnT isoforms in thoracic venous cardiomyocytes are synchronized with
that in the heart during postnatal development. Nonetheless, differences in alternative
splicing of cardiac TnT were found in the thoracic venous cardiomyocytes and that in atrial
and ventricular muscles. The fully differentiated state and intrinsically preset developmental
clock in the thoracic venous cardiomyocytes lay a foundation for further understanding their
biological properties and potential function.

RESULTS
Scattered Distribution of cardiomyocytes in Mouse thoracic veins

A cTnT-lacZ transgene construct encoding β-galactosidase under the control of a cloned rat
cardiac TnT promoter (Fig. 1A) was described previously [22] and used to successfully
regenerate four independent transgenic mouse lines. Using two of these mouse lines, we
determined the venous distribution of cardiomyocytes by directly visualizing
cardiomyocytes in thoracic tissues.

The medium-level expression transgenic mouse line 3 showed robust and highly specific X-
gal staining in the heart, and multiple clusters of X-gal-stained cardiomyocytes in pulmonary
veins and their branches (Fig. 1B and C). The high expression transgenic mouse line 12
showed a wider coverage of X-gal staining in the pulmonary veins and branches (Fig. 1D –
G). X-gal-stained cardiomyocytes were also clearly seen in the azygos vein (a vein in the
systemic circulation, which runs up the right side of the thoracic vertebral column and
transporting blood into the superior vena cava), in contrast to the lack of staining in the
adjacent descending aorta (Fig. 1H and I). The different levels of lacZ activity in the two
mouse lines may be attributable to transgene copy number or chromosomal insertion sites.
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Nevertheless, both lines showed specific expression in the thoracic venous cardiomyocytes,
clearly distinct from the surrounding tissues.

The X-gal-stained whole-mount heart and lung tissue expressing β-galactosidase under the
control of cardiac TnT promoter allowed detection of cardiomyocytes in thoracic veins.
Similar to previous observations in rats [19], cardiomyocytes distribute deep into the mouse
pulmonary vein branches in the lung (Fig. 1). The X-gal-stained cells are distributed in
clusters, which was clearly shown even in the high expression mouse line 12. The spatial
distribution data from both mouse lines further indicated that the venous cardiomyocytes are
largely oriented perpendicularly to the axis of the vessels (Fig. 1C, E, G and I).

In both of the transgenic mouse lines, discontinuity of venous cardiomyocytes from the
atrial myocardium, and from each other in distal portions of the main pulmonary veins and
in their branches, is readily apparent (Fig. 1). The discontinuation between venous
cardiomyocytes and heart muscle mass is in agreement with their divergent developmental
origins [21]. This observation is of particular significance by suggesting biological, and
potentially functional, differences between these cells and the muscle mass of the heart.

The SDS-PAGE densitometry and Western blot using anti-cardiac TnT mAb CT3 (Fig. 2)
detected no significant difference between the transgenic and wild type adult mouse
ventricles, atria, pulmonary veins and azygos veins. Therefore, the expression of lacZ in
transgenic mice driven by cloned cardiac TnT gene promoter did not alter the expression of
endogenous cardiac TnT and the overall protein profiles in the cardiomyocyte-containing
tissues.

The comparisons further showed that the overall protein profiles, such as myosin light chain
isoforms, in pulmonary and azygos veins are different from that of either ventricular or atrial
tissue (Fig 2), suggesting that the venous cardiomyocytes are of unique differentiation states.

Thoracic venous cardiomyocytes contain typical sarcomeres and are interconnected via
intercalated discs

Transmission electron microscopic images revealed the ultrastructure of the striated muscle
cells in mouse pulmonary and azygos veins. In the main branches of pulmonary vein and the
upper portion of azygos vein of adult mice, myofibrils in these cells resemble those in the
ventricular myocytes, and the sarcomere structures in the three tissues are strikingly similar
(Fig. 3A–C). These data are consistent with the previously observed composition of
cardiomyocyte-like cells in rat pulmonary veins [13, 23, 24].

Cross sections of mouse pulmonary vein myofibrils further showed the typical integrative
pattern of myosin thick and actin thin filaments (Fig. 3D). Similar to the myocardium,
intercalated discs are seen to interconnect cardiomyocytes in mouse pulmonary and azygos
veins (Fig. 3E and F).

High level of cardiac myofilament proteins in adult mouse thoracic veins
Using monoclonal antibodies (mAbs) recognizing cardiac TnT (CT3 [25]) and cardiac TnI
(TnI-1 [26]), two myofilament proteins highly specific to adult cardiac muscle [27], the
Western blots in Fig. 4 detected high levels of cardiac TnT and cardiac TnI in pulmonary
vein, azygos vein, and superior vena cava of adult mouse. In contrast, these cardiomyocyte-
specific molecular markers were not detectable in the total protein extracts from thoracic
aorta and portal vein (Fig. 4). The high levels cardiac TnT and cardiac TnI in thoracic veins
indicated the presence of highly differentiated cardiomyocytes in these non-cardiac tissues.
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Cardiac α-myosin heavy chain (MHC) promoter-directed transgenes are highly expressed
in thoracic veins

In addition to the data that endogenous cardiac muscle specific genes, i.e., cardiac TnT and
cardiac TnI, are expressed in thoracic venous tissues (Fig. 4), we further demonstrated in
two previously characterized transgenic mouse lines [28, 29] that three independent cardiac
α-MHC promoter-driven transgene alleles are expressed at high levels in thoracic veins. The
mAb CT3 immunoblots in Fig. 5 showed that, together with the endogenous cardiac TnT
isoforms, the transgene-encoded TnT variants were readily detected in heart as well as in
thoracic vein tissue extracts from the transgenic mice. Matching levels of expression were
observed in the heart and thoracic veins for each of the two transgene alleles. Similarly,
transgene-encoded N-terminally truncated TnI (TnI-ND) was detected in heart and thoracic
vein tissue extracts of the transgenic mice as shown in the mAb TnI-1 blot (Fig. 5).

Developmentally regulated expression of troponin and isoforms in thoracic venous
cardiomyocytes is in synchrony with that in the heart

Previous studies have documented that TnI and TnT both undergo isoform switching during
postnatal development [30–33]. Our developmental studies found the same slow to cardiac
TnI switch during postnatal development in mouse pulmonary vein, occurring in precise
synchrony with the switching in the ventricle and atrium (Fig. 6A).

Similarly, a developmental high-to-low molecular weight isoform switch of cardiac TnT is
found in mouse pulmonary vein, similar to that seen in the heart. Like the TnI isoform
switch regulated at the level of gene transcription, the alternative RNA splicing-based
regulation of cardiac TnT was also synchronized in the pulmonary vein and ventricular and
atrial muscles (Fig. 6A).

Taken together, these data indicate that cardiomyocytes in mouse pulmonary vein possess
cardiac-type gene regulation at the levels of both transcriptional control (e.g., the down-
regulation of slow TnI gene and up-regulation of cardiac TnI gene) and alternative RNA
splicing (e.g., the cardiac TnT variants).

Consistent with the cardiac α-MHC promoter-driven transgene expression in thoracic veins,
the highly differentiated cardiac muscle phenotype of the thoracic venous cardiomyocytes
was further demonstrated by the result that cardiac α-MHC was the predominant myosin
heavy chain in adult mouse pulmonary and azygos veins as revealed by glycerol-SDS-
PAGE and mAb FA2 Western blot (Fig. 6B). As in ventricle and atrium, only cardiac α-
MHC was detected in the adult mouse pulmonary vein. While both α- and β-isoforms of
MHC were found in neonatal ventricle, only α-MHC was detectable in neonatal atrium and
pulmonary vein (Fig. 6B). This pattern of MHC isoform expression implies a closer
developmental origin of pulmonary vein cardiomyocytes to atrial than to ventricular muscle.

Distinct patterns of cardiac TnT alternative splicing in rat pulmonary vein, azygos vein,
atria and ventricles

Taking advantage of the fact that alternative RNA splicing of cardiac TnT is differentially
regulated in atria and ventricles of adult rat (Fig. 7), we further investigated similarities and
differences between the differentiation states of thoracic venous cardiomyocytes and atrial
and ventricular cardiac muscle.

mAb CT3 Western blots in Fig. 7B showed distinct patterns of cardiac TnT splicing in
ventricular, atrial, pulmonary and azygos vein tissues of 3–4 months old rats. The two low
molecular weight adult cardiac TnT splice forms (cTnT-3 and cTnT-4) are predominant in
adult rat ventricles. In addition to cTnT-3 and cTnT-4, the two embryonic cardiac TnT
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splice forms (cTnT-1 and cTnT-2) [32] are also expressed at significant levels in adult rat
atria and pulmonary and azygos veins. Close examination of the relative amounts of the
alternative splice forms revealed statistically significant differences between atria and
pulmonary and azygos veins. Pulmonary and azygos veins express more cTnT-3 and less
cTnT-2 than that in the atria (Fig. 7C). Accordingly, the cTnT-2/cTnT-3 ratio in pulmonary
and azygos veins was much lower than that in the atria (Fig. 7D).

While N-terminal variations of TnT are known to have functional significances [34], the
relatively small difference in the ratios of alternatively spliced cardiac TnT isoforms in rat
ventricular, atrial and thoracic venous cardiomyocytes may not have a large functional
impact. However, the clearly detectable differences do indicate differences in differentiation
states.

DISCUSSION
The presence of striated muscle cells in thoracic veins has been an intriguing finding from
the beginning. Despite many revisits, the developmental origin of these cells, their
differentiation state and physiological function are still not yet understood. While most of
earlier publications only examined pulmonary vein myocardium, our study also includes
cardiomyocytes in superior vena cava and azygos vein. The present study contributes several
interesting observations.

Abundance of cardiomyocytes in mouse and rat pulmonary and azygos veins
While α-MHC-lacZ transgenic mice were used previously to show the presence of
cardiomyocytes in the pulmonary vein [24], the density and distribution of these cells in the
vessel wall were not characterized. Using the lacZ reporter gene driven by cloned cardiac
TnT promoter as a visible marker for cardiomyocytes [22], we traced the distribution of
cardiomyocytes in pulmonary veins and other thoracic vessels. The results in Fig. 1
demonstrate large numbers of cardiomyocytes that form clusters in the wall of mouse
pulmonary and azygos veins. The electron microscopic images also indicated high densities
of cardiomyocytes in mouse pulmonary and azygos veins, with interconnections through
intercalated discs (Fig. 3). Consistent with the presence of cardiomyocyte-like cells in
venules of the rat lung [19], our data detected a significant presence of cells with strong
expression of cardiac TnT promoter-directed lacZ expression the branches of mouse
pulmonary vein (Fig. 1).

The abundance of cardiomyocytes in the thoracic veins indicates a unique tissue
environment that sustains the fully differentiated state of adult cardiomyocytes. The physical
proximity of these cells and vascular smooth muscle cells suggests smooth muscle and
cardiomyocyte precursors develop adjacent to each other while maintaining their
differentiated phenotypes. A previous report demonstrated that exogenously introduced
cardiomyocytes could take up residence in a venous smooth muscle environment and retain
their contractility [35], thus cues that promote differentiation of the venous cardiomyocytes
and the maintenance of their differentiated state may be autonomous in these cells.

Thoracic venous cardiomyocytes are discontinuous from atrial myocardium
The presence of atrial sleeves in the region of thoracic veins adjacent to the atria is well
documented [14]. In the two cTnT-lacZ transgenic mouse lines, we traced the distribution of
cardiomyocytes in the wall of pulmonary and azygos veins. Mouse line 3 with high cardiac
muscle specificity in lacZ expression clearly showed the scattered distribution of
cardiomyocytes in the branches of pulmonary vein (Fig. 1C). Whereas mouse line 12
represented a more sensitive detection of cardiomyocytes in the thoracic vessels, the
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distribution of X-gal-stained cells in the branches of pulmonary vein and azygos vein also
showed discontinuation from the atrial muscle mass (Fig. 1E, G and I). Together, the spatial
distribution of lacZ-positive cardiomyocytes in the vessel walls convincingly demonstrated
the presence of cardiomyocytes in the form of clusters of various sizes discontinuous from
the atrial myocardium, most apparently in the distal portion of pulmonary veins and their
branches. The discontinuous spatial discontinuity is consistent with the previous notion that
myocardial and venous cardiomyocytes have distinct developmental origins [21].

Earlier studies in dog and rabbit indicated an electrical continuum between the left atrium,
the proximal pulmonary vein and, possibly, distal regions of pulmonary veins, but their
arrhythmogenic contribution was contradictory [36]. Our results demonstrated an
histological discontinuity between the cardiomyocytes in the branches of mouse pulmonary
veins and the atrial muscle mass, which is also clearly seen in mouse azygos vein (Fig. 1).
Therefore, at least in rodents, fully differentiated cardiomyocytes can exist in the wall of
thoracic veins separately from cardiomyocytes in the heart. This histological discontinuity
would suggest no coordination between heart and thoracic vein electrical activity and
contraction, which would, therefore, exclude the hypothesis that the venous cardiomyocytes
function in providing a venous anti-backflow valve.

Thoracic venous cardiomyocytes are highly differentiated cardiac muscle cells
Electron microscopic images showed the ultrastructure of mouse thoracic venous
cardiomyocytes. The normal appearance of myofibrils, sarcomere structure and myofilament
arrangement are similar to that in cardiac muscle (Fig. 3). The presence of intercalated discs
between thoracic venous cardiomyocytes further demonstrates the similarities between
thoracic venous cardiomyocytes and myocardial myocytes.

The expression of myofilament proteins TnT and TnI are restricted to differentiated striated
muscle cells and cardiac TnT and cardiac TnI are established molecular markers for mature
cardiac muscle [27]. Western blots using specific mAbs revealed high levels of cardiac
isoforms of TnT and TnI in mouse and rat thoracic venous vessels, including pulmonary
veins, superior vena cava, and azygos vein (Fig. 4). The Western blots using mAb TnI-1
recognizing all TnI isoforms [26] did not detect fast or slow skeletal muscle TnI in the
venous tissue samples (Figs. 4 and 5). Non-thoracic veins, such as the portal vein, and
arteries including thoracic aorta have neither TnT nor TnI expression (Fig. 1). These results
are consistent with previous histological and ultrastructural studies that indicate the presence
of cardiomyocyte-like cells in the pulmonary and azygos veins [24, 37].

The expression of cardiac TnT promoter-driven transgene encoding β-galactosidase in
transgenic mice confirms the expression of cardiac muscle-specific genes in thoracic veins
(Fig. 1). To further demonstrate the cardiac muscle-specific cellular environment of mouse
thoracic venous cardiomyocytes, transgenes constructed using the extensively characterized
cardiac α-MHC promoter highly specific to adult cardiac muscle [38] also expressed at high
levels in the pulmonary and azygos veins of transgenic mice (Fig. 5).

While previous morphological and ultrastructural data suggest that the striated muscle cells
found in thoracic veins are cardiomyocyte-like cells, our data are the first to reveal their
cardiomyocyte identity at the level of myofilament proteins. Altogether, the data from gene
regulation, cellular environment, and ultrastructure clearly indicate that pulmonary and
azygos vein cardiomyocytes have fully differentiated cardiac muscle phenotypes.
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Synchronized developmental changes in mouse thoracic venous cardiomyocytes and
heart muscle

The results that thoracic venous cardiomyocytes and myocardium show synchronized
switching of cardiac TnT and TnI isoforms during postnatal development (Fig. 6) indicate
similar postnatal maturation cues. It was previously known that during mouse embryonic
development, the cardiomyocytes in pulmonary vein did not arise from migrations of cardiac
cells from the developing atrium. Instead, atrial and pulmonary vein cardiomyocytes arise
independently of each other before becoming physically adjacent [21]. The similar
developmental regulation of cardiac myofilament protein gene expression in the thoracic
venous and myocardial cardiomyocytes (Fig 6), however, suggests their common origin
from ancestor cells that have committed to the cardiomyocyte lineage. These observed
similarities highlight a homologous relationship between myocardial and thoracic venous
cardiomyocytes.

Adult thoracic venous cardiomyocytes are distinct from atrial or ventricular
cardiomyocytes

Despite the high degree of similarity between the thoracic venous cardiomyocytes and
myocardial myocytes, we also found evidence for differences in their structure and
differentiation states. For example, the electron microscopic structure data showed that the
venous cardiomyocytes have partially parallel fusion of myofibrils (Fig. 3A and B). In
comparison to that of ventricular myocytes, there was no significant difference in sarcomere
length or A-band and I-band widths (Fig. 3). The expression of alternatively spliced cardiac
TnT isoforms in adult rat pulmonary and azygos veins is different from that in the ventricles
and atria as shown by their relative levels (Fig. 7).

An earlier study reported at the mRNA level that the pulmonary venous cardiomyocytes had
an atrial pattern of cardiac-specific gene expression and suggested that cardiomyocytes
migrated into the pulmonary vein from the left atrium [39]. However, more recent studies
demonstrated independent developmental origins of atrial and venous cardiomyocytes [21].
Consistently, our present study showed that while several cardiac muscle-specific transgenes
examined were all active in thoracic venous cardiomyocytes, the ratios of α-MHC promoter-
directed transgene products and the proteins encoded by endogenous cardiac TnT or cardiac
TnI genes differ reproducibly across the heart and vessel tissues tested (data not shown).
Together with the ultrastructural and alternative splicing differences, the results suggest a
distinct differentiation state of the venous cardiomyocytes compared to that of myocardial
myocytes.

Similar phenotypes of cardiomyocytes in venous vessels of systemic and pulmonary
circulations

A previous study reported that the cardiomyocytes in systemic (superior vena cava and
azygos vein) and pulmonary veins are developed from different progenitors (Nkx2.5-
negative and Nkx2.5-positive, respectively) [21]. However, our results suggest that their
cardiomyocyte contents are identical in development and the differentiated phenotypes as
shown by the switching of TnI isoforms (Fig. 6A), cardiac TnT alternative splicing (Fig. 7),
and the myosin isoform content (Fig. 6B). The previous observation for the different origins
of systemic and pulmonary venous cardiomyocytes was only based on the presence or
absence of Nkx2.5. We have reported that deletion of Nkx2.5 binding site from a cardiac
TnT promoter did not affect cardiac specific expression [40–42]. Considering the well-
accepted combinatory mechanism for transcription factors to control cardiac gene
expression, it is not surprising to see the identical phenotype of contractile protein
expression in the cardiomyocytes residing in the systemic and pulmonary venous vessels.
Nonetheless, our finding that the cardiomyocytes in systemic and pulmonary venous vessels
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are both distinct from atrial or ventricular myocytes in gene expression phenotypes (Fig. 7)
indicated a role of tissue environment in the differentiation of cardiomyocytes.

In conclusion, our study demonstrated that abundant mouse and rat thoracic venous
cardiomyocytes residing in an extra-cardiac tissue possess a physiologically differentiated
state and an intrinsically preset developmental clock, which are apparently independent of
the very different hemodynamic functions of the venous vessels and heart. Besides studies
on the role of pulmonary vein and superior vena cava cardiomyocytes in originating atrial
fibrillation [15–18, 43], further investigations on cardiomyocytes in thoracic veins will help
understand gene regulation, differentiation, and function of cardiomyocytes in health and
diseases.

MATERIALS AND METHODS
All experimental protocols using animals were approved by the Institutional Animal Care
and Use Committees.

Transgenic mouse lines
For tracing differentiated cardiomyocytes in vivo, four independent transgenic lines carrying
a β-galactosidase reporter gene driven by a cloned rat cardiac TnT promoter (cTnT-lacZ)
were generated. The transgene was constructed as described previously [22]. Injection of
zygotes and embryo implantation into pseudopregnant mothers were done at the Transgenic
Animal Facility of the Carver College of Medicine, University of Iowa. Transgenic founders
and their progeny were genotyped by PCR using template DNA extracted from tissue
biopsies. Two lines (cTnT-lacZ-3 and cTnT-lacZ-12) were used in the present study.

A transgenic mouse line over-expressing an N-terminally truncated cardiac TnI [28] and a
double transgenic mouse line over-expressing two cardiac TnT splicing variants [29] were
described previously. The transgenes are driven by a cloned α-myosin heavy chain (α-
MHC) promoter [38].

X-gal staining of transgenic mouse tissues
Two- to three-month-old cTnT-lacZ transgenic mice were heparinized and euthanized 30
minutes later by intraperitoneal injection of pentobarbital (100 mg/kg). The mouse was
placed on a heating pad to maintain body temperature at 37°C. After opening the thorax
cavity, the left and right ventricles were cannulated to perfuse systemic and pulmonary
circulations simultaneously with filtered Krebs-Henseleit solution (118 mM NaCl, 25 mM
NaHCO3, 4.7 mM KCl, 1.2 mM KH2PO4, 2.25 mM MgSO4, 2.25 mM CaCl2, and 11 mM
D-glucose, oxygenated with 5% CO2 and 95% O2 at 37°C and pH 7.4) using a peristaltic
pump (BioRad, Hercules, CA) at a flow rate of 6.4 mL/min. Blood was flushed out from
incisions made in the left and right atria. Perfusion fixation was then carried out with filtered
3.7% formaldehyde in phosphate-buffered saline (PBS) at 37°C and a flow rate of 6.4 mL/
min until the visceral tissues hardened. Thereafter, Krebs-Henseleit solution was briefly
perfused in to remove excess fixative, before perfusion with X-gal reaction solution (0.1%
5-bromo-4-chloro-indolyl-galactopyranoside (X-gal)/5 mM potassium ferrocyanide/5 mM
potassium ferricyanide/0.002% IGEPAL/0.01% sodium deoxycholate in Krebs-Henseleit
solution) at 37°C. Color development was monitored and, when necessary, permitted to
progress further by dissecting out the heart-lung block and gently agitating it in X-gal
reaction solution at 37°C. After three 5-minute rinses in PBS at room temperature, the tissue
block was post-fixed in 3.7% formaldehyde in PBS at room temperature for one hour, or at
4°C overnight.
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Whole-mount tissues were imaged with a ProgRes C3 camera using ProgRes Mac Capture
Pro software (Jenoptik, Jena, Germany), or with a Sony CyberShot 3.3 megapixel camera
mounted on a Leica StereoZoom 6 microscope (Wetzlar, Germany).

Transmission electron microscopy
Main branches of pulmonary vein and upper portion of azygos vein were dissected from
adult mice. The tissues were fixed in 3% paraformaldehyde/0.2% glutaraldehyde in PBS.
Subsequent embedding, sectioning and observation were performed in the Central
Microscopy Research Facility at the University of Iowa for transmission electron
microscopy analysis using a JEOL JEM-1230 transmission electron microscope.

SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting
Adult and postnatal developing mice were euthanized and tissue samples were rapidly
isolated from left and right atria, left and right ventricles, aortic arch, superior vena cava,
pulmonary vein, azygos vein and portal vein.

Adult male Sprague-Dawley rats were euthanized and the heart and thoracic veins were
isolated for studies of troponin isoform expression.

The tissues were rinsed in PBS, blotted to remove excess liquid, and snap-frozen on dry ice.
Total protein was extracted by homogenization in SDS-PAGE sample buffer containing 2%
SDS and 1% β-mercaptoethanol using a high-speed mechanical homogenizer or a high
power sonicator. The tissue lysates were stored at −80°C in aliquots. As described
previously [44], the SDS-gel sample loading was normalized to the band intensity of either
MHC or actin. Duplicate gels were transferred to nitrocellulose membranes for Western
analysis using mAb TnI-1 against a conserved C-terminal epitope on troponin I (TnI) [26],
mAb CT3 recognizing cardiac TnT and slow skeletal muscle TnT that are distinct in their
molecular weights [25], or mAb FA2 against cardiac MHC [45].

After image scanning to document the results, some nitrocellulose membranes probed with
mAb CT3 were re-probed using anti-actin antibody to confirm the amount of sample
loading. The dried membranes were rehydrated in a blocking buffer containing TBS and 1%
BSA at room temperature for 30 min and then incubated with mouse anti-actin mAb ab3280
(Abcam) diluted in TBS containing 0.1% BSA at 4°C overnight. The washing, secondary
antibody incubation and substrate reaction were carried out same as described above.

Data analysis
Densitometry analysis of SDS-gel and Western blot was performed on images scanned at
600 dpi. Statistical analysis was performed for all quantitative data to establish significance
of differences (P<0.05). Densitometry scans of SDS-PAGE gels using ImageJ software were
also compared for the overall protein profiles of mouse atria, ventricles, pulmonary vein and
azygos vein extracts.
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FIGURE 1. Abundant cardiomyocytes scattered in the wall of adult mouse pulmonary and
azygos veins
In tissues from transgenic mouse lines bearing a β-galactosidase reporter gene driven by a
cloned cardiac TnT promoter, lacZ activity revealed by X-gal staining of whole mount
thoracic tissue blocks demonstrates cardiomyocytes in thoracic veins. A. Schematic
illustration of the cardiac TnT promoter-driven lacZ transgene. B, C. Distribution of lacZ-
expressing cells in heart and pulmonary veins from the medium-level expression transgenic
mouse line 3. D, E, F, G. Distribution of lacZ-expressing cells in pulmonary vein and
branches in the high-level expression mouse line 12. F and G are high magnification
micrographs of pulmonary vein branches after removing surrounding lung tissue to show the
scattered cluster distribution of cardiomyocytes. H and I show the similar distribution of
lacZ-expressing cells in azygos vein. The images demonstrate the discontinuity of thoracic
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venous cardiomyocytes from the atrial myocardium and their alignment perpendicular to the
vessel axis.
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FIGURE 2. Cardiac TnT gene promoter-directed expression of lacZ in transgenic mice did not
affect the expression of endogenous cardiac TnT or the overall protein profile in cardiomyocyte-
containing tissues
The SDS-PAGE densitometry and Western blot using mAb CT3 detected no significant
difference between the transgenic and wild type (WT) adult mouse ventricles, atria,
pulmonary vein and azygos vein. LV, left ventricle; RV, right ventricle; LA, left atrium; RA,
right atrium; MHC, myosin heavy chain; MLC, myosin light chain; cTnT, cardiac TnT.
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FIGURE 3. Myofibrils, sarcomeres and intercalated discs in mouse thoracic venous
cardiomyocytes
Transmission electron microscopic images of cardiomyocytes in the main branches of
pulmonary vein and the upper portion of azygos vein of adult mice are shown with left
ventricular muscle control. Myofibril and sarcomere structures are seen in transverse
sections of pulmonary vein (A, A′) and azygos vein (B, B′) with similar, but not identical,
appearance when compared with that in ventricular muscle (C, C′). Cross sections showed
the normal arrangements of sarcomeric myosin thick and actin thin filaments (D, D′).
Intercalated discs are found at the end-to-end junctions of cardiomyocytes in pulmonary
vein (E, E′) and azygos vein (F, F′). In the sarcomere structure: A, A-band; I, I-band; H, H-
zone; M, M-line.
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FIGURE 4. High levels of cardiac TnT and cardiac TnI in mouse thoracic venous tissues
SDS-PAGE and Western blots using mAbs CT3 and TnI-1 detected cardiac myofilament-
specific troponin subunits in mouse thoracic venous vessels, but not thoracic aorta and portal
vein. Atrial and ventricular muscles were included as controls. MHC, myosin heavy chain;
Tm, tropomyosin; cTnT, cardiac TnT; cTnI, cardiac TnI; MLC, myosin light chain.
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FIGURE 5. Active expression of transgenes driven by the adult cardiac muscle-specific α-MHC
promoter in mouse thoracic veins
The mAb CT3 and mAb TnI-1 Western blots of cardiac muscles and thoracic veins from a
single transgenic mouse line bearing an α-MHC promoter-driven transgene encoding N-
terminally truncated cardiac TnI (cTnI-ND) and a double transgenic mouse line bearing two
α-MHC promoter-driven transgenes encoding splicing variants of cardiac TnT (cTnTΔe7:
exon 7-deleted cardiac TnT, eTnT: embryonic cardiac TnT) showed high levels of transgene
expression in thoracic veins, similar to that in the heart. The bottom panels are the mAb CT3
blots reprobed with anti-actin mAb ab3280 to verify the amounts of sample loading.
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FIGURE 6. Developmental regulation of troponin isoforms in mouse heart and thoracic venous
cardiomyocytes
A. Western blots using mAb TnI-I and mAb CT3 showed that the slow to cardiac TnI gene
transition and the alternatively spliced cardiac TnT isoform switching occur in postnatal
mouse pulmonary vein, atrium and ventricle in a synchronized manner. The third row panels
are the mAb CT3 blots reprobed with anti-actin mAb ab3280 to verify the amounts of
sample loading. B. Glycerol-SDS-PAGE and mAb FA2 Western blots detected only α-
MHC in adult ventricle, atrium and pulmonary vein as well as neonatal atrium and
pulmonary vein, whereas β-MHC was also found in day 1 postnatal ventricular muscle.
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FIGURE 7. The expression of alternatively spliced cardiac TnT isoforms in rat thoracic veins is
distinct from that in atrial and ventricular muscles
A. The regions of rat cardiac TnT encoded by different exons are outlined. Exons 4, 5 and
13 are alternatively spliced (30). While variations at the exon 13-encoded segment do not
alter SDS-gel mobility, combinations of exon 4 and 5 splicing generate four protein variants
detectable by Western blotting. B. SDS-PAGE gel and mAb CT3 immunoblot of protein
extracts from adult (3–4 months old) rat ventricles, atria and thoracic veins detected four
alternatively spliced cardiac TnT (cTnT) variants at visibly different ratios. C. Densitometry
analysis of multiple copies of CT3 Western blots quantified the distinct ratios among the
cTnT splicing variants in ventricular, atrial and thoracic venous tissues. D. The unique
pattern of cTnT alternative splicing in thoracic veins is more clearly illustrated with the
cTnT-2/cTnT-3 ratio. *, **, ***: P<0.05, P<0.01, and P<0.001, respectively, versus the
ventricles, #, ##, ###: P<0.05, P<0.01, and P<0.001, respectively, versus atria, determined
by Tukey test. The values are shown as mean ± SE. N = 5 rats for atria or ventricle samples,
N = 3 rats for pulmonary vein or azygos vein.
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