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We examined the differentiation potential of an adult
liver stem cell line (WB F344) in a cardiac microenvi-
ronment, ex vivo. WB F344 cells were established
from a single cloned nonparenchymal epithelial cell
isolated from a normal male adult rat liver. Geneti-
cally modified, WB F344 cells that express �-galacto-
sidase and green fluorescent protein or only �-galac-
tosidase were co-cultured with dissociated rat or
mouse neonatal cardiac cells. After 4 to 14 days, WB
F344-derived cardiomyocytes expressed cardiac-spe-
cific proteins and exhibited myofibrils, sarcomeres,
and a nascent sarcoplasmic reticulum. Further,
rhythmically beating WB F344-derived cardiomyo-
cytes displayed calcium transients. Fluorescent recov-
ery after photobleaching demonstrated that WB F344-
derived cardiomyocytes were coupled with adjacent
neonatal cardiomyocytes and other WB F344-derived
cardiomyocytes. Fluorescence in situ hybridization
experiments suggested that fusion between WB F344
cells and neonatal mouse cardiomyocytes did not take
place. Collectively, these results support the conclu-
sion that these adult-derived liver stem cells respond
to signals generated in a cardiac microenvironment
ex vivo acquiring a cardiomyocyte phenotype and
function. The identification ex vivo of microenviron-
mental signals that appear to cross germ layer and
species specificities should prove valuable in under-
standing the molecular basis of adult stem cell differ-
entiation and phenotypic plasticity. (Am J Pathol
2004, 165:135–145)

Stem cells in the liver in vivo are quiescent until the liver is
injured and the proliferative capacity of its differentiated
hepatocytes and biliary duct cells is inhibited. Then, a

facultative stem cell compartment is believed to become
activated. Stem cell lines have been derived from normal
and diseased livers and established in propagable cultures
from experimental animals by several investigators.1–8

We have previously used such a stem cell line (WB
F344) cloned from a single nonparenchymal epithelial
stem cell of a normal adult male rat liver to investigate the
differentiation potential of these stem cells in the heart, in
vivo.9 This cell line is diploid, nontumorigenic, and dem-
onstrates phenotypic properties of oval cells.10 WB F344
cells engraft in the livers of rats that are deficient for
dipeptidyl peptidase IV activity, integrate into the hepatic
plates, and differentiate into morphologically and func-
tionally mature hepatocytes that express dipeptidyl pep-
tidase IV.1,2 When transplanted in the myocardium of
nude mice,9 WB F344 cells acquire a phenotype charac-
teristic of mature cardiomyocytes.

It has been suggested that the plasticity of adult non-
hematopoietic stem cells, in vivo, may be a reflection of
multipotent hematopoietic stem cells circulating in the
blood11–13 or residing quiescent in the tissues outside the
bone marrow.14 Moreover, cell fusion of embryonic and
some adult stem cells has been suggested, in some
cases, to explain the apparent plasticity of adult stem
cells.15–17

Here, we demonstrate that WB F344 cells acquire a
cardiomyocyte phenotype and function in a neonatal car-
diac environment generated ex vivo. Taking advantage of
xenogeneic differences between the mouse and rat, our
results suggest that these rat WB F344-derived cardio-
myocytes are not the product of fusion with differentiated
mouse cardiomyocytes. Furthermore, the cloning of the
WB F344 cell line from a single liver epithelial cell argues
against a contaminating hematopoietic stem cell giving
rise to our finding.
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Materials and Methods

A myocardial microenvironment was generated by disso-
ciating neonatal rat or mouse hearts and establishing
cardiomyocyte primary cultures. Neonatal cardiomyo-
cytes were isolated from the hearts of 1- to 2-day-old
Sprague-Dawley rats or CD1 mice in accordance with
accepted guidelines for the care and treatment of exper-
imental animals at the University of North Carolina School
of Medicine and the National Institutes of Health. Neona-
tal cardiomyocytes were isolated using a Worthington
Neonatal Cardiomyocyte Isolation System (Worthington
Biochemical Corp., Lakewood, NJ). They were plated on
laminin-coated cover slides at 1 � 106 cells per 22-mm
cover slide and grown in Richter (Irvine Scientific, Santa
Ana, CA) medium supplemented with 10% fetal calf se-
rum. They were maintained for 48 hours before WB F344
cells were added.

WB F344 Cells and Genetic Modification of WB
F344 Cells

WB F344 cells were genetically modified to express the
Escherichia coli lac Z gene (�-galactosidase) by infection
with the CRE BAG2 retrovirus.18 WB F344 cells intended
for transplantation were harvested by trypsinization from
subconfluent cultures, washed, and resuspended in cell
culture medium. They were counted and plated at a
1/2000 to 1/3000 ratio (300 to 500 cells per 22-mm cover
slide) with neonatal cardiac cells in the same medium for
1 to 4 days, then the serum was replaced with 2% horse
serum. The co-cultures were grown in a 5% CO2, 95% air
environment at 37°C and interrupted at 4 to 15 days. In
control experiments, WB F344 cells were grown in con-
ditioned medium collected from 4- to 6-day-old cultures
of neonatal cells. Furthermore, neonatal cells were cul-
tured on 0.02-�m Anopore membrane inserts (Nunc, Na-
perville, IL) that physically separated them from WB F344
cells in the same culture.

For functional studies, a subset of WB F344 cells was
transfected with a plasmid containing a green fluorescent
protein (GFP) gene that enables the identification of living
WB F344 cells. An enhanced GFP gene was obtained
from Clontech (Palo Alto, CA) and inserted between the
promoter and polyadenylation signal of the murine phos-
phoglycerate kinase gene (pgk-1). The pgk-1 sequences
were derived from the vector pJNS2.19 The vector pPGK-
propA, which contains the pgk-1 promoter and polyade-
nylation sequences separated by a unique Pst1 site, was
constructed by standard cloning. The GFP gene was
amplified by polymerase chain reaction (PCR) and in-
serted into the Pst1 site of pPGKpropA to generate the
final pPGKBSGFPpropA (BlueScript). WB F344 cells
were transfected with this plasmid using 50 �l of lipo-
fectamine (Life Technologies, Inc., Grand Island, NY) to
10 �g of DNA. The cells were plated and screened for
GFP expression 3 days later. Fluorescent cell nests were
trypsinized using cloning rings and expanded to enrich
for GFP-expressing cells. Fluorescent cells were fluores-
cence-activated cell sorted, amplified in culture, and

subsequently cloned at limiting dilutions. Clones were
screened, and selected clones were cloned again after
which a single clone was selected and amplified.

Histochemistry, Immunocytochemistry, and
Electron Microscopy

Cells grown on cover slides were rinsed in 0.1 mol/L
sodium phosphate buffer, pH 7.3, and fixed for 5 minutes
in 2% formaldehyde in 0.1 mol/L sodium phosphate
buffer, pH7.3. After three washes with phosphate buffer,
the �-galactosidase reaction was performed by incubat-
ing the fixed cells in the X-gal substrate for 2 to 4 hours.20

Expression of cardiac-specific proteins was demon-
strated using antibodies against cardiac myosin heavy
chain (Chemicon International, Temecula, CA), cardiac
troponin I (cTnI),21 and cTnT.22 The anti-cTnT monoclonal
antibody (mAb) (designated mAb 13-11) recognizes a
cardiac-specific TnT epitope22 conserved across phyla.
mAb 13-11 does not immunoreact with skeletal muscle
because this cardiac-specific epitope is absent from
skeletal muscle TnT. The expression of connexin 43 was
demonstrated using a polyclonal antibody against con-
nexin 43 (Zymed, San Francisco, CA). An anti-myogenin
antibody (PharMingen, San Diego, CA) was used to rule
out a skeletal muscle phenotype. After the �-galactosi-
dase reaction, the cells were permeabilized with 0.4%
Triton, washed, and incubated with the respective anti-
bodies, as previously described.9 Rhodamine-, fluores-
cein isothiocyanate-, or Texas Red-labeled goat anti-
mouse and anti-rabbit antibodies were used as
secondary antibodies (Rockland Immunochemicals, Gil-
bertsville, PA). Normal mouse or rabbit sera were substi-
tuted for the primary antibodies in control conditions.
After performing the �-galactosidase reaction, the cells
were prepared for electron microscopy examinations, as
previously described.9 �-galactosidase-positive cardio-
myocytes were selected, sectioned at 70 nm, and exam-
ined with a Leo EM 910 transmission electron microscope
at 80 kV.

Fluorescence in Situ Hybridization (FISH) on
Neonatal Mouse Cell/Rat WB F344 Cell Co-
Cultures

Taking advantage of xenogeneic differences between
mouse and rat DNA, dissociated cardiac cells from neo-
natal mice were co-cultured with WB F344 cells to inves-
tigate whether WB F344 cells fused with differentiated
neonatal mouse cardiac cells. After the �-galactosidase
reaction, the cells were permeabilized and incubated
with mAb 13-11, the cardiac-specific anti-cTnT monoclo-
nal antibody. Texas Red-labeled anti-mouse antibody
was used as a secondary antibody.

FISH experiments were conducted using two probes
simultaneously on the same co-culture. A rat-specific
tandemly repetitive 200-bp DNA sequence, predominant
in the rat Y-chromosome, was used to identify the rat-
derived WB F344 cardiomyocyte nuclei.9,23 This rat-spe-
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cific probe was labeled with biotin (Biotin-Nick translation
mix; Roche, Indianapolis, IN) and used at 50 ng in the
probe mix. Fluorescein-labeled avidin (Roche) was used
as the secondary label. In control experiments, we inves-
tigated by PCR whether this rat-specific DNA is present in
the mouse genome.

A second probe, specific for the mouse L1 Md-A2 DNA
element (L1 DNA),24 was used to identify mouse cell
nuclei. This repetitive L1 DNA sequence is dispersed
throughout the mouse genome and has been estimated
to be repeated 10,000 times. In control experiments, we
investigated by PCR whether this L1 DNA sequence is
present in the rat genome. The mouse L1 DNA probe was
amplified from mouse genomic DNA using the following
primers: 5�-AATCGCACGGAACTTGAGACTGCA-3� tan-
demly repeated in the 5� end of the mouse L1 and 5�-
CGTTTGCCTTTCGCCATCTGGTA-3� at position 1756. A
400-bp PCR product was cloned into a TA cloning vector
(Invitrogen, Carlsbad, CA). The resulting clones were
screened for the mouse L1 DNA sequence by PCR, and
positive clones were subjected to automated DNA se-
quencing to confirm that the sequence was identical to
the published mouse L1 sequence.24 The L1 DNA-con-
taining plasmid was labeled with digoxigenin (Dig-Nick
translation mix, Roche) and used at a concentration of
100 ng in the double probe mix.

The FISH experiments were performed on WB F344
cell/mouse cell co-cultures after performing the �-galac-
tosidase reaction and immunocytochemistry to demon-
strate in the same WB F344-derived cardiomyocytes the
expression of cTnT. After fixation of the immune com-
plexes in 10% formaldehyde, the cells were washed in
sodium phosphate buffer. This was followed by protein-
ase K digestion at 37°C for 20 minutes in 0.01 �g/ml of
proteinase K and 200 mmol/L Tris-HCl, 300 mmol/L so-
dium acetate, 50 mmol/L ethylenediaminetetraacetic
acid, 1% sodium dodecyl sulfate, pH 9.0. After three
washes in 2� standard saline citrate (SSC, 0.3 mol/L
NaCl, 30 mmol/L sodium citrate), the cells were incu-
bated in a prehybridization solution at 40°C (50% form-
amide, 50% 2� SSC, and 0.1% Tween). After adding
both probes into the same hybridization mix, the DNA
was simultaneously targeted and denatured at 90°C for 5
minutes. Hybridization was performed overnight at 37°C
in a humid chamber, after which the cells were washed
three times for 2 minutes each in 50% formamide in 2�
SSC at 40°C, and two washes in 2� SSC. After incubation
in preblocking solution (3% bovine serum albumin in 0.1
mol/L phosphate buffer) for 30 minutes at 37°C, a sheep
anti-digoxigenin rhodamine-labeled antibody (Roche)
that recognizes the digoxigenin-labeled mouse L1 DNA
and avidin-fluorescein (Roche) that binds to the biotin-
labeled rat-specific DNA were applied simultaneously for
30 minutes at 37°C in a humid chamber. After this incu-
bation, the cells were washed in phosphate-buffered sa-
line in 0.1% Tween three times for 5 minutes each and
covered using a mounting medium containing 4,6-diami-
dine-2-phenylindole counter stain (Vectashield; Vector
Laboratories, Inc, Burlingame, CA). The cells were exam-
ined using a Zeiss LSM 5 Pascal confocal microscope
equipped with a rhodamine long-pass filter.

Fluorescence Recovery after Photobleaching
(FRAP)

Functional gap junction mediated cell-to-cell communi-
cation was measured in the neonatal cardiomyocyte/WB
F344 cell co-cultures using a FRAP analysis at room
temperature. A 1-mmol/L stock solution of red SNARF
calcein acetoxymethylester (SNARF calcein AM; Molec-
ular Probes, Eugene, OR) was prepared in dimethyl sul-
foxide. Using fluorescence microscopy this cytosolic flu-
oroprobe is visible at wavelengths greater than 590 nm
when excited at 560 nm. SNARF calcein has a molecular
weight less than 1 kd, allowing it to pass through the
connexons of neighboring cells. The dissolved SNARF
calcein AM was added to a modified Tyrode’s composed
of 124 mmol/L NaCl, 4.5 mmol/L KCl, 0.5 mmol/L MgCl2,
0.4 mmol/L NaH2PO4, 1.8 mmol/L CaCl2, 5 mmol/L so-
dium pyruvate, 10 mmol/L HEPES, 20 mmol/L glucose,
insulin 1 U/L, pH 7.2. The cytosol of the co-cultures was
labeled by incubation in 1 �mol/L of SNARF calcein AM
Tyrode’s for 30 minutes at 37°C. De-esterification inside
the cell renders SNARF calcein membrane impermeant.
The cell cultures were washed several times with dye-free
modified Tyrode’s before measurements were recorded.
Cell cultures were bathed in a modified Tyrode’s, pH 7.2,
and placed on the stage of a Zeiss LSM410 laser-scan-
ning confocal microscope. High-resolution optics (Zeiss
�63/1.4 NA oil immersion objective) were focused on the
co-cultures, identifying native cardiomyocytes and WB
F344-derived cardiomyocytes. The latter were identified,
as binucleated cells expressing GFP (Figure 1D) and
were located on top or integrated within a group of neo-
natal cardiomyocytes. A 488-nm excitation wavelength
and 540 � 25-nm band pass emission filter were used to
locate the WB F344-expressing GFP. Using Zeiss soft-
ware, a rectangular region of interest encompassing 90%
of a WB F344 stem cell, WB F344-derived cardiomyocyte,
or a neonatal cardiomyocyte was selected. A high-inten-
sity laser pulse (5 to 10 seconds) excitation wavelength of
568 nm bleached the SNARF calcein molecules within
the region of interest cell. This caused an immediate loss
of SNARF calcein fluorescence emission recorded
through a 590-nm long-pass filter. SNARF calcein redis-
tribution from adjacent unbleached cells through con-
nexin pores into the bleached region of interest was
recorded in subsequent confocal images acquired at 30-
to 120-second intervals. Monitoring the fluorescence
emission intensity of the SNARF calcein in the region of
interest cell as a function of time resulted in a single
exponential recovery curve, yielding a rate constant for
the fluoroprobe transport (k � min�1), a measure of gap
junction permeability.25

Inhibition of cell-to-cell gap junction coupling was
measured in the co-cultures with FRAP analysis in the
presence of the gap junction uncoupler 3�-hydroxy-11-
oxoolean-12-en-30-oic acid 3-hemisuccinate (carbenox-
olone, Sigma-Aldrich).26 For this series of measurements,
a WB F344-derived cardiomyocyte in modified Tyrode’s
was identified and photobleached, and the fluorescence
recovery recorded. A modified Tyrode’s with 100 �mol/L
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of carbenoxolone was added to the co-cultures, and a
second photobleach and recovery sequence was re-
peated in the same WB F344-derived cardiomyocyte.

Measurement of Intracellular [Ca2�] Transients

A multisite ratiometric fiber optic recording and imaging
system provided high temporal and spatial resolution
recordings of whole-cell [Ca2�]i transients in the co-cul-
tures.27 After indo-1 labeling, the cell cultures were
washed with fluoroprobe-free modified Tyrode’s and
placed on the stage of an inverted Olympus IMT-2 micro-
scope. Temperature was maintained at 37°C. The co-
cultures were electrically stimulated with a platinum bi-
polar electrode. Rectangular impulses, 1 ms in duration,
2� threshold intensity, were delivered continuously to the
co-cultures at a cycle length of 1 to 2 Hz (Grass Instru-
ments). High-resolution images of cell alignment and ge-
ometry were acquired with a Cohu CCD camera mounted
to the trinocular of the microscope. Whole-cell [Ca2�]i
transients were recorded with an Olympus �40/1.4 NA
UV oil immersion objective. An excitation wavelength of
350 nm was focused on the co-culture, and indo-1 emis-

sion fluorescence was collected for up to 2 seconds
through a 406-nm BP and 460-nm LP filter to two identi-
cal, precisely aligned fiber optic arrays. The ratio of the
emission fluorescence (406 nm/460 nm) provided a mea-
sure of [Ca2�]i. Recorded signals were normalized for
individual fiber optics. Fluorescent signals were collected
simultaneously from eight sites (16 channels) at a sam-
pling rate of 70 kHz.

Results

WB F344-Derived Cardiomyocytes

WB F344 cells that attached to the coverslips away from
the neonatal cardiac cells behaved as WB F344 cells
normally would when plated in the absence of neonatal
cardiac cells. They multiplied to form nests of confluent,
small polygonal cells (8.5 to 10 �m in diameter) (Figure
1A), that as shown previously were coupled via connex-
ons made up of connexin 43.2,3,28,29 Undifferentiated WB
F344 cells continued to proliferate in the co-cultures
where they became the predominant cells in older (�15

Figure 1. WB F344 cells co-cultured with neonatal cardiac cells. A: Proliferating WB F344 cells that attached away from cardiac cells formed nests of
undifferentiated WB F344 cells (black triangle). B and C: Differentiating WB F344-derived cardiomyocytes (blue cell) adjacent to neonatal cardiomyocytes. C:
Binucleated, WB F344-derived cardiomyocyte. D: WB F344-derived cardiomyocyte expressing GFP. Original magnifications, �40.
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days) co-cultures occupying the majority of the culture
field. In the periphery of younger WB F344 nests, WB
F344 cells that were bordered by neonatal cardiac cells
acquired various shapes consisting of larger elongated
and fusiform cells (Figure 1A). Because the neonatal
heart cells are enriched with cardiomyocytes but also
contain other types of cells, we suspect that the fusiform
and elongated WB F344 cells surrounding the nests,
such as seen in Figure 1A, may be responding to signals
from cell types other than cardiomyocytes. WB F344-
derived cardiomyocytes measuring up to 90 to 120 �m in
length were most frequently present among neonatal car-
diomyocytes. These WB F344-derived cardiomyocytes
were identified by their blue color, the product of the
�-galactosidase reaction in the cytoplasm (Figure 1, B
and C). Neonatal cardiac cells alone did not demonstrate
any �-galactosidase expression. Like the neonatal cardi-
omyocytes, the majority of which were multinucleated,
the WB F344-derived cardiomyocytes exhibited double
nuclei (Figure 1C), a characteristic of developing cardi-
omyocytes in culture,30 and occasionally demonstrated
cross-striations by light microscopy. The number of WB
F344-derived cardiomyocytes was examined at 6 to 7
days in the co-culture and was 99.8 � 8.1 (n � 6, mean �
SEM) per coverslip. The number of WB F344 cardiomy-
ocytes increased with time but so did the undifferentiated
WB F344 cells. When examined by electron microscopy,
the WB F344-derived myocytes exhibited nascent myofi-
brils (Figure 2A) and sarcoplasmic reticulum (Figure 2B).
The WB F344-derived cardiomyocytes were identified
through the electron dense crystalline deposits in the
cytoplasm, the product of the �-galactosidase reaction
(Figure 2, arrows).

The WB F344-derived cardiomyocytes expressed car-
diac proteins, namely, myosin, cTnI, cTnT, and connexin
43 (Figure 3). They did not express skeletal muscle myo-
genin. The striated pattern obtained with the immunolo-
calization of cardiac myosin, cTnI, and cTnT is consistent
with localization of these proteins in the cardiac sarco-
meres (Figure 3; a, b, and c). By confocal microscopy,
neonatal cardiomyocytes were not found to underlie or
overlap the WB F344-derived cardiomyocytes. The dif-
fuse distribution of connexin 43 along the WB F344-
derived cardiomyocyte cell membrane reflects the rela-
tive immaturity of these cardiomyocytes (Figure 3d).

Contact between the WB F344 cells and neonatal cells
or their extracellular matrix in the neonatal cardiac micro-
environment seems to be necessary for WB F344 cells to
acquire the cardiomyocyte phenotype. In conditioned
media from neonatal cardiac cell cultures, or when WB
F344 cells were grown on 0.02-�m Anopore membrane
inserts (Nunc) that prevented their direct contact with the
neonatal cardiac microenvironment, WB F344 cells did
not acquire the cardiomyocyte phenotype.

FISH in Mouse/Rat Co-Cultures

Control experiments on WB F344 cells demonstrated that
FISH analysis did not identify 100% of the sites in the WB
F344 cell nuclei. Despite this and other technical difficul-
ties encountered in the double FISH experiments, we
found in one experiment six cardiomyocytes and in an-
other experiment four cardiomyocytes that fulfilled criteria
that allowed us to identify them as WB F344-derived
cardiomyocytes (Figure 4B), namely, 1) �-gal expression,

Figure 2. Myofibrillogenesis of WB F344-derived myocytes. Nascent myofibrils in A and B and sarcoplasmic reticulum (black triangle) in a WB F344-derived
myocyte. Electron dense crystalline deposits (arrows in A and B) are product of �-galactosidase reaction. Scale bars: 10 �m (A); 20 �m (B).
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Figure 3. WB F344 myocytes express cardiac-specific protein. Undifferentiated WB F344 cells and WB F344-derived myocytes express �-galactosidase (blue cells
in a–d). WB F344-derived cardiomyocytes co-express cardiac myosin, striated red fluorescence in a, 2 and 3 (13 days co-culture); cardiac-specific cTnI, red
fluorescence in b (13 days co-culture); cardiac-specific cTnT, striated red fluorescence in c (7 days co-culture); connexin 43, green fluorescence in d (13 days
co-culture). Select confocal microscopic stacks in a and b demonstrate that neonatal myocytes do not overlie or underlie the WB F344-derived myocytes.
Expression of myosin and TnI is inherent to the WB F344-derived myocytes that co-express �-galactosidase. Undifferentiated WB F344 cells are predominant in
the 13-day co-cultures (a and b). Arrow in a3 depicts the nucleus of a neonatal cardiomyocyte. Arrow in a7 depicts the body of the same neonatal cardiomyocyte
in contact with the WB F344-derived myocyte. The distribution of connexin 43 throughout the WB F344-derived myocyte cell membranes (d) is consistent with
the immaturity of the myocyte. The arrow at the top in d represents connexin 43 expression in an adjacent neonatal cardiac myocyte that does not express
�-galactosidase. Original magnifications, �40.
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Figure 4. Double FISH on mouse neonatal cell/WB F344 cell co-cultures. The FISH was conducted after performing the �-gal reaction and the immunochemistry
to demonstrate �-galactosidase and cardiac-specific protein expression in WB F344-derived cardiomyocytes. The mouse line 1 DNA and the rat-specific DNA
probes were used simultaneously in the same probe mix on the same mouse/rat co-culture. A: The mouse L1 DNA probe hybridized with a mouse myocyte nuclear
DNA. Punctate rhodamine-positive speckles in the nuclei in A2 (arrow) represent clusters of mouse L1 DNA. Some are artificially enhanced to differentiate their
signal from the Texas Red striations in the sarcomeres. The nuclei of the same cell are shown with the 4,6-diamidino-2-phenylindole stain in A4. This
mouse-derived myocyte does not express �-galactosidase (A3), nor does it hybridize with the rat DNA probe (A1). B: The rat-specific DNA probe hybridizes with
the rat WB F344-derived myocyte nuclei. The two green fluorescent (fluorescein isothiocyanate-positive) dots in the nuclei of a WB F344-derived myocyte (B1,
arrow) reflect high-affinity hybridization sites of the rat DNA probe with the Y-chromosome of the male WB F344-derived myocyte and with less affinity with
alleles on chromosome 3 and/or 12.23 This WB F344-derived myocyte does not hybridize with mouse L1 DNA (B2). The nuclei of this WB F344-derived myocyte
are shown with the 4,6-diamidino-2-phenylindole stain in B4. Unlike the mouse-derived myocyte, this WB F344-derived myocyte expresses �-galactosidase. Both
the mouse neonatal myocyte and the WB F344-derived myocyte express cTnT (striations), probed with mAb 13-11. mAb 13-11 recognizes a cTnT epitope
conserved across species and does not recognize skeletal muscle TnT. A Texas Red-labeled anti-mouse antibody was used as a secondary antibody. Using a
long-pass filter, the Texas Red emission bled through the rhodamine range, and sarcomeric cTnT striations are evident in the myocytes (A2 and A4, B2 and B4).
Only the WB F344-derived myocyte (B3) expresses �-galactosidase. Original magnifications, �100.
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2) cardiac troponin T expression, 3) positive in situ hy-
bridization with the rat-specific probe, and 4) negative in
situ hybridization with the mouse-specific line 1 probe. By
the same token, we examined more than 100 neonatal
mouse cardiomyocytes in each mouse/rat co-culture
(Figure 4A). All of these demonstrated 1) cardiac troponin
T expression, 2) positive in situ hybridization with the
mouse line 1-specific probe, 3) no �-gal expression, and
4) no hybridization with the rat-specific probe. It is impor-
tant to point out that co-hybridization of the rat-specific
probe and the mouse-specific line 1 probe was never
observed in the same cardiomyocytes in the mouse/rat
co-cultures.

Neonatal Mouse Cardiomyocytes

Neonatal mouse cardiomyocyte nuclei hybridized with
the mouse L1 DNA probe labeled with rhodamine (Figure
4A2). cTnT expression was demonstrated with a Texas
Red-labeled secondary antibody in the same cell (Figure
4A, 2 and 4). Using a long-pass emission filter, the Texas
Red emission maximum of 635 nm bled through the
rhodamine range used to probe the mouse L1 DNA.
Taking advantage of this technical overlap, the presence
of rhodamine-positive punctate clusters (Figure 4A2) of
mouse L1 DNA in the nuclei (Figure 4A4) and Texas
Red-labeled cTnT striations in the cytoplasm were clearly
demonstrated in the same mouse cardiomyocytes. These
mouse neonatal cardiomyocytes did not express �-ga-
lactosidase (Figure 4A3) nor did their nuclear DNA hy-
bridize with the rat-specific fluorescein-labeled DNA
probe (Figure 4A1). In control PCR experiments, the
mouse L1 DNA was not present in the rat genome.

WB F344-Derived Cardiomyocytes

In contrast, the WB F344-derived cardiomyocytes
identified with �-galactosidase (Figure 4B3) and cTnT
expression (Figure 4B2) hybridized with the fluorescein-
labeled rat Y-chromosome-specific DNA probe (Figure
4B1). That some cardiomyocytes had more than one
labeled nuclear DNA site is consistent with the findings of
Essers et al23 that the rat-specific DNA, used in the FISH
experiment as a probe for rat DNA, is specific for a
repetitive sequence in the rat Y-chromosome, but hybrid-
ization with alleles on rat chromosomes 3 and 12 may
occur in less stringent conditions. None of the WB F344-
derived cardiomyocytes hybridized with the rhodamine-
labeled mouse L1 DNA probe (Figure 4B2). In control
PCR experiments, the rat-specific DNA was not present
in the mouse genome.

Functional Cell-to-Cell Communication

Gap junction-mediated cell-to-cell communication be-
tween the neonatal cardiomyocytes and WB F344-de-
rived cardiomyocytes was measured with FRAP (n � 15).
WB F344-derived cardiomyocytes were identified by their
expression of GFP (Figure 1D) and characterized by their
elongated shape and double nuclei. The confocal im-

ages (optical thickness, 3 �m) shown in Figure 5 (top)
distinguish the four types of cell-to-cell interactions ex-
amined with FRAP (Figure 5, bottom) in cultures: A) neo-
natal rat cardiomyocyte to cardiomyocyte; B) WB F344-
derived cardiomyocyte to rat neonatal cardiomyocytes;
C) undifferentiated WB F344 cell to rat neonatal cardio-
myocytes; and D) WB F344 cell nests. In Figure 5, B and
C, only portions of the surrounding cardiomyocytes are
visible as the optics were focused on the WB F344 cells.
Also shown in Figure 5 (bottom) is the magnitude of gap
junction mediated cell-to-cell communication for each of
the classes of cell-to-cell interaction, as assessed by the
rate of fluorescence recovery. The highest rate of fluores-
cence recovery was measured in the neonatal cardiomy-
ocytes surrounded by neonatal cardiomyocytes (Figure
5A, top and bottom; k � 0.082 � 0.009), whereas the
lowest rate of fluorescence recovery was measured be-

Figure 5. Top: Cellular coupling in co-cultures measured with FRAP. Neo-
natal myocyte (red) adjacent to another neonatal myocyte (A), WB F344-
derived myocyte (green) adjacent to a neonatal myocyte (B), undifferenti-
ated WB F344 cell adjacent to neonatal myocyte (C), and WB F344 nests (D)
are shown. Confocal images of co-cultures (optical thickness, 3 �m) were
obtained with a �63/1.4 NA oil immersion objective (scale bar, 50 �m).
Bottom: The rate of fluorescence recovery for the cell relations described at
the top are provided here. Column A, neonatal cardiomyocyte adjacent to
another neonatal cardiomyocyte; Column B, WB F344-derived cardiomyo-
cyte adjacent to a neonatal cardiomyocyte; Column C, undifferentiated WB
F344 cell adjacent to neonatal cardiomyocyte; and Column D, WB F344 cells
within a nest of WB F344 cells.

142 Muller-Borer et al
AJP July 2004, Vol. 165, No. 1



tween neonatal cardiomyocytes and undifferentiated WB
F344 cells (Figure 5C, top and bottom; k � 0.029 �
0.006). The rate of fluorescence recovery measured be-
tween the neonatal cardiomyocyte and WB F344-derived
cardiomyocyte (Figure 5B, top and bottom) is �60% of
that measured between adjacent neonatal cardiomyo-
cytes (k � 0.049 � 0.006, k � 0.082 � 0.009, P 	 0.01).
In addition the rate of fluorescence recovery between the
neonatal cardiomyocyte and WB F344-derived cardiomy-
ocyte (Figure 5B, top and bottom; k � 0.049 � 0.006) was
approximately equal to that measured in the confluent
WB F344 nests (Figure 5D, top and bottom; k � 0.057 �
0.010). Repeated photobleach and recovery sequences
on WB F344-derived cardiomyocytes demonstrated re-
producible measures of FRAP with no photochemical
damage or cell injury (data not shown). After the first
photobleach and recovery sequence, WB F344-derived
cardiomyocytes recovered to 70% of the initial fluores-
cence with similar rates of fluorescence recovery (k �
0.09 minutes�1). In modified Tyrode’s, after the WB F344-
derived cardiomyocyte was bleached a second time,
fluorescence recovered to 60% of the initial fluorescence
within 15 minutes with a similar rate of fluorescence re-
covery as measured in the first photobleach and recovery
sequence. However, when the co-cultures were exposed
to 100 �m carbenoxolone in Tyrode’s, the fluorescence
recovery rate in the photobleached WB F344-derived
cardiomyocyte decreased (k � 0.03 minutes�1) with min-
imal change in fluorescence emission. These results
demonstrate decreased gap junction permeability in the
presence of carbenoxolone.

Intracellular [Ca2�]i Transients

The change in [Ca2�]i in response to an electrical stim-
ulus in co-cultured cardiomyocytes and WB F344-de-
rived cardiomyocytes is shown in Figure 6. The image in
the top panel depicts cell orientation and fiber optic
placement. The highlighted optical fibers labeled A and B
overlay a cardiomyocyte and WB F344-derived cardio-
myocyte (GFP-positive), respectively, separated by 120
�m and labeled with indo-1. [Ca2�]i transients recorded
from optical fibers A and B are shown in Figure 6 (panel
2). When the co-cultures were stimulated at 1 Hz, the
recorded [Ca2�]i transients from the neonatal cardiomy-
ocytes (A) and WB F344-derived cardiomyocytes (B)
were of similar amplitude and duration. In contrast, in the
same co-culture, [Ca2�]i transients were not recorded
from WB F344 cell nests that had not acquired a cardiac
phenotype (Figure 5D). Increasing the frequency of the
pacing stimulus to 2 Hz resulted in a corresponding
increase in the frequency of [Ca2�]i transients in the
neonatal cardiomyocytes. However, [Ca2�]i transients in
the WB F344-derived cardiomyocytes evidenced 2:1 or
higher degrees of conduction block.

Discussion

Our findings suggest that stem cells cloned from a single
epithelial cell of a normal adult rat liver acquire a cardiac

phenotype in a cardiac microenvironment generated, ex
vivo, from mouse or rat neonatal cardiac cells, as WB
F344 cells did in vivo9 in the mouse. We furthermore
demonstrate that these ex vivo WB F344-derived cardio-
myocytes function as cardiomyocytes.

WB F344 cells that engrafted near differentiated neo-
natal cardiomyocytes, acquired a cardiomyocyte pheno-
type. In contrast, when WB F344 cells were engrafted
away from neonatal cardiac cells, were separated from
the neonatal cardiac cells through a barrier membrane,
or were grown in a neonatal cardiac cell preconditioned
medium, the WB F344 cells multiplied and formed con-
fluent nests of undifferentiated WB F344 cells as they do
when grown alone. This suggested that some of the

Figure 6. Intracellular [Ca2�]i transients. 1: Highlighted fiber optics over-
layed on image of co-culture with neonatal cardiac myocyte (A) and WB
F344-derived myocyte expressing GFP (B), intracellularly labeled with
indo-1 (scale bar, 100 �m). 2: [Ca2�]i transients recorded at sites A and B.
Measured change in [Ca2�]i recorded at sites A and B demonstrated conduc-
tion block when the pacing stimulus increased from 1 Hz to 2 Hz. Recorded
signals were normalized for fiber optic A and B and offset for display.
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inductive signals present in the neonatal cardiac micro-
environment acted on the WB F344 cells through either
cell-cell or cell-extracellular matrix contact, rather than as
soluble factors alone. It has previously been demon-
strated that the WB F344 cells in culture are joined by gap
junctions and express liver and cardiac connexin iso-
forms, namely connexin 43 and 26.2,3,28,29 It is tempting
to speculate that connexin 43, being the predominant
isoform expressed in ventricular cardiomyocytes, might
have facilitated the transfer of cardiogenic signals from
the neonatal cardiomyocytes to adjacent undifferentiated
WB F344 cells through shared connexons. Interestingly,
intercellular signaling across connexons have been re-
ported in WB F344 cells28,29 and other types of cells31

and propagation of Ca2� waves in C6 glioma cells, which
have low endogenous connexin levels, have been shown
after their transfection with connexin 43.31,32

The spatial requirement necessary for the acquisition
by the WB F344 cells of a cardiomyocyte phenotype
within the neonatal cardiac microenvironment raises the
hypothetical possibility that fusion between WB F344
cells and neonatal cardiomyocytes might have occurred,
allowing �-galactosidase-expressing WB F344 cells to
adopt the phenotype of neonatal cardiomyocytes. We
examined this possibility in mouse cell/WB F344 cell co-
cultures using FISH experiments with DNA probes that
differentiated between rat and mouse. We demonstrate
that WB F344-derived cardiomyocytes were not a prod-
uct of fusion between WB F344 cells and mouse neonatal
cardiac cells as the mouse-specific and rat-specific DNA
probes were never co-localized in the same cardiomyo-
cyte nuclei. Furthermore, mouse cardiomyocytes that hy-
bridized with the mouse-specific DNA probe were never
found to express �-galactosidase. In addition, our finding
of functional disparity between the immature WB F344-
derived cardiomyocytes and the relatively more mature
neonatal cardiomyocytes argues against fusion between
these two types of cells. It is conceivable that fusion
between some WB F344 cells and differentiated neonatal
cardiac cells took place in these cultures but was not
seen in the cells we examined because fusion between
somatic stem cells and ES cells was reported to occur as
a rare event in culture.15,16

An important aspect of this study is the confirmation
that the WB F344-derived cardiomyocytes that acquire a
cardiomyocyte phenotype also function as cardiomyo-
cytes. Functional integration was verified by observing
the presence of Ca2� transients in response to propa-
gated electrical wavefronts and the diffusion of a fluores-
cent probe between WB F344-derived cardiomyocytes
and adjacent neonatal cardiomyocytes. These studies
show that WB F344-derived cardiomyocytes cycle intra-
cellular Ca2� during contraction, a characteristic of car-
diomyocytes. In general, the amplitude and contour of
the Ca2� transient measured in the cardiomyocytes and
WB F344-derived cardiomyocytes were similar. Two ob-
servations, however, indicate that the electrical proper-
ties of the WB F344-derived cardiomyocytes are not as
well developed as the neonatal cardiomyocytes. First,
cell-to-cell coupling, as measured by FRAP, was de-
creased between WB F344-derived cardiomyocytes and

neonatal cardiomyocytes when compared to neonatal
cardiomyocytes to neonatal cardiomyocytes. And, sec-
ondly electrical coupling or excitability of the WB F344-
derived cardiomyocytes, as measured by the effect of
increasing pacing rate, appeared to be decreased com-
pared to neonatal cardiomyocytes. The reduced cell-to-
cell coupling measured between WB F344-derived car-
diomyocytes and neonatal cardiomyocytes observed in
FRAP experiments may contribute to the decreased ex-
citability. Other possibilities such as differences in inward
and repolarizing currents cannot be excluded.

Oval cells have been isolated from diseased liver and
reported to repopulate the injured liver of FAH �/�
mice.33 In analogy, progenitor/stem cells from the heart
have also been described to reconstitute the myocar-
dium in vivo after experimental infarction.34 Because of
their clonal nature, which eliminates the contribution from
other cell types, WB F344 cells provide an ideal experi-
mental system in understanding the plasticity of adult
stem cells and to investigate, ex vivo, the signals that
induce lineage commitment and phenotypic differentia-
tion.35 These signals are likely to be of broad importance
in that they cross species specificities.
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