elements exist. The discovery of new mem-
bers of the STAT family, coupled with
potential heterodimer formation, consider-
ably broadens the possible range of specific
STAT responses to different ligands. This
ability of STAT proteins to interact both
within the family and outside the family, as
evidenced in IFN-a-stimulated gene factor
3 (ISGF-3) where Statla and Statlp,
Stat2, and the 48-kD DNA binding protein
all interact (23), suggests a potential for
forming and delivering transcription com-
plexes to the nucleus specific to a wide array
of different ligands.
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Formation of Nascent Intercalated Disks Between
Grafted Fetal Cardiomyocytes and Host Myocardium

Mark H. Soonpaa, Gou Young Koh,
Michael G. Klug, Loren J. Field*

Fetal cardiomyocytes isolated from transgenic mice carrying a fusion gene of the a-cardiac
myosin heavy chain promoter with a B-galactosidase reporter were examined for their
ability to form stable intracardiac grafts. Embryonic day 15 transgenic cardiomyocytes
delivered directly into the myocardium of syngeneic hosts formed stable grafts, as identified
by nuclear B-galactosidase activity. Grafted cardiomyocytes were observed as long as 2

months after implantation, the latest date assayed. Intracardiac graft formation did not

induce overtly negative effects on the host myocardium and was not associated with
chronic immune rejection. Electron microscopy revealed the presence of nascent inter-
calated disks connecting the engrafted fetal cardiomyocytes and the host myocardium.
These results suggest that intracardiac grafting might provide a useful approach for
myocardial repair, provided that the grafted cells can contribute to myocardial function.

Ieis widely accepted that the adult mamma-
lian myocardium has no regenerative capacity
(1). As a consequence, cardiomyocyte loss as
a result of injury or disease is irreversible. The
ability to graft healthy myocytes into a dis-
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eased heart might compensate for myocardial
loss, provided that the grafted cells are able to
couple with host myocytes.

The feasibility of intracardiac grafting was
first established with AT-1 cardiomyocytes, a
differentiated tumor cell lineage derived from
transgenic mice expressing the SV40 large T
antigen (2). AT-1 cardiomyocytes formed
stable grafts when introduced into the myo-
cardium of syngeneic hosts, and graft forma-
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tion did not overtly impair host heart function
(3). However, no coupling was observed be-
tween grafted AT-1 cardiomyocytes (derived
from the atria of transgenic mice) and host
ventricular cardiomyocytes. Furthermore, be-
cause AT-1 cardiomyocytes are transformed,
their ability to effect long-term myocardial
repair is limited. Subsequent studies have
assessed the capacity of skeletal myoblasts to
form stable intracardiac grafts. C2C12 myo-
blasts delivered into the myocardium of syn-
geneic hosts differentiated to form grafts com-
prised of fused, multinucleated myotubes that
were stable for at least 6 months (4). Further-
more, graft myocytes stopped cell cycling by 1
month after implantation, as measured by
[PH]thymidine incorporation. Surface electro-
cardiographic and plasma enzyme analyses did
not detect any overtly negative effects on the
host heart. However, it was not clear if the
grafted C2C12 myocytes were able to couple
to host cardiomyocytes, a prerequisite for this
approach to successfully repair a diseased
heart.

To explore further the use of intracardiac
grafting as a means to effect myocardial repair,
we generated transgenic mice that carry a
fusion gene comprised of the a-cardiac myosin
heavy chain (MHC) promoter and a modified
B-galactosidase (B-gal) reporter (nLAC) (5).
The nLAC reporter carries the SV40 nuclear
transport signal, which results in the accumu-
lation of B-gal activity in the nucleus of
targeted cells. Four transgenic lineages were
produced, and two (designated MHC-
nLAC-2 and MHC-nLAC-4) were selected
for further analyses. To ensure that the
MHC-nLAC transgene would provide a
suitable cell lineage marker, we assessed
B-gal activity in transgenic cardiomyocytes.
Single cell preparations generated by retro-
grade collagenase perfusion (6) were exam-
ined simultaneously for B-gal activity and
4,6-diamino-2-phenylindole (DAPI) epi-
fluorescence (Fig. 1, A and B). Almost all
(99.0 = 0.45%, n = 400 for MHC-
nLAC-2 and 100.0 = 0.00%, n = 200 for
MHC-nLAC-4) of the transgenic cardio-
myocyte nuclei expressed B-gal, whereas
no B-gal activity was detected in noncardi-
omyocytes. In addition, no nuclear B-gal
activity was detected in nontransgenic con-
trol cardiomyocytes.

Single cell suspensions were prepared by
collagenase digestion of hearts harvested from
embryonic day 15 MHC-nLAC-2 or MHC-
nLAC-4 transgenic mice (7). Greater than
95% of the cardiomyocytes isolated by this
technique were viable, as evidenced by dye
exclusion assay. Cardiomyocytes were deliv-
ered to the left ventricular free wall of synge-
neic nontransgenic animals (8). Grafted car-
diomyocytes were readily and unambiguously
identified by virtue of the nuclear B-gal activ-
ity encoded by the MHC-nLAC transgene
(Fig. 1, C and D). Grafted cardiomyocytes




were frequently observed at sites distal to the
point of delivery; it presently is not clear
whether this distribution of grafted cells re-
flects cardiomyocyte migration or simple
spreading of the cells along a tissue plane.
Approximately 58% (11/19) of the animals
receiving intracardiac injections of fetal car-
diomyocytes developed grafts. This frequency
of successful graft formation is likely to in-
crease as cell preparation and implantation
protocols are optimized.

Light microscopy of hematoxylin and eo-
sin (H and E) stained sections processed for
B-gal activity indicated that grafted cardiomy-
ocytes (blue nuclei) were juxtaposed directly
with host cardiomyocytes (purple nuclei, Fig.
1E). The hearts depicted in Fig. 1 were
harvested at 19 days after grafting; as such, the
engrafted cells correspond to those of a 13-
day-old mouse, because the fetal cells were
obtained from 15-day-old embryos and mouse
gestation is 20 to 21 days. At this stage of
development, the mouse heart has not com-
pleted the normal program of hypertrophic
growth. Consequently, the nucleus to cyto-
plasm ratio is somewhat greater in the en-
grafted cells. No differences in the nucleus to
cytoplasm ratio were observed between graft
and host cardiomyocytes at 2 months after
grafting (9); in this case the donor cardiomy-
ocytes had sufficient time to complete the
normal program of hypertrophic growth.
Additional H and E analyses indicated that
the fetal grafts were not encapsulated by
fibrous scar tissue (Fig. 1, E and F). The
observed proximity of graft and host cardio-
myocytes and absence of encapsulation are
prerequisites for coupling between the two
cell types. Of interest, grafted cardiomyo-
cytes appeared to align themselves in cir-
cumferential arrays parallel to the host myo-
cardium. A similar phenomenon was ob-
served with C2C12 myoblast grafts (4).

Consecutive sections of a 19-day-old intra-
cardiac graft were processed for staining with
H and E, B-gal activity, and macrophage and
leukocyte immunoreactivity (Fig. 1, F to I,
respectively). Although no evidence for mac-
rophage, monocyte, lymphocyte, natural kill-
er cell, or leukocyte infiltration was detected,
we cannot rule out the possibility that some of
the high nucleus to cytoplasm ratio observed
in Fig. 1, E and F, results from an inflamma-
tory response. As a positive control for the
immunohistology, grafts of incompatible ma-
jor histocompatability complex haplotype
were produced (Fig. 1, ] and K); graft rejec-
tion was clearly evident in these hearts.
[PH]thymidine uptake indicated that only
0.6% (n = 156) of the B-gal-positive nuclei
were synthesizing DNA, although noncardio-
myocyte DNA synthesis was apparent (Fig. 1,
L and M). Because the embryonic day 15
donor cells were still mitotically active when
grafted (labeling index of ~29%, n = 400)
(1, 10), the exceedingly low level of DNA

synthesis observed in B-gal—positive cells at 19
days after grafting suggests that the MHC-
nLAC fetal cardiomyocytes had undergone
terminal differentiation. This notion is further
supported by the activity of the MHC-nLAC
transgene in the grafted cells; cMHC is the
classic contractile protein isoform associated

REPORTS

with ventncuwar cardiomyocyte terminal dif-
ferentiarion in rodents.

Th. -«<taposition of graft and host car-
diomyocytes observed by light microscopy
prompted us to determine if direct intercel-
lular coupling could be detected between
the two cell types. The X-gal reaction

Fig. 1. Histologic analysis of MHC-nLAC cardiomyocytes and fetal cardiomyocyte grafts. (A) Single
cell preparation of MHC-nLAC cardiomyocytes stained for B-gal activity (magnification, x400). (B)
Epifluorescent photomicrograph of field shown in (A), stained with DAPI (magnification, x400). (C
and D) Survey photomicrographs of coronal sections of hearts that carry MHC-nLAC fetal
cardiomyocyte grafts, stained with X-gal. (E) High-power photomicrograph of MHC-nLAC intracar-
diac graft, H and E plus B-gal activity stain (magnification, x1000). (F to I) Consecutive sections
from an MHC-nLAC intracardiac graft showing staining for H and E, B-gal activity, and macrophage
and leukocyte infiltration, respectively (magnification, x400). (J and K) Positive controls for
antibody to macrophage and antibody to leukocyte immunostaining, respectively (magnification,
x400). (L and M) Assessment of DNA synthesis in MHC-nLAC graft; sections were stained for g-gal
activity and then processed for autoradiography. For H and E, X-gal, immunohistology, and
thymidine analyses, hearts were cryoprotected, embedded, and sectioned at 10 wm as described
(16). Sections post-fixed in acetone:methanol (1:1) were stained with H and E according to the
manufacturer's specifications (Sigma). For B-gal assay, sections were post-fixed in acetone:meth-
anol (1:1) and overlaid with X-gal (5-bromo-4-chloro-3-indolyl-B-b-galactoside) (1 mg/ml), 5 mM
potassium ferricyanide, 5 mM potassium ferrocyanide, and 2 mM magnesium chloride in phos-
phate-buffered saline (PBS). For immunohistology, antibodies against the common leukocyte
antigen CD25 and macrophage Mac-1 antigen CD11b/18 (M1/9.3HL and M1/70HL; Boehringer
Mannheim, Indianapolis, Indiana) were used; signal was visualized by an avidin-biotin (ABC) kit
(Vector Labs, Burlingame, California). The antibody to macrophage cross-reacts with monocytes,
lymphocytes, and natural killer cells. [3H]thymidine incorporation methods were as previously
described (3, 4). For visualization of nuclei in single cell preparations, slides were stained with DAPI
in PBS (0.28 uM, Boehringer Mannheim), washed in PBS, and wet-mounted in 2% n-propyl gallate
dissolved in glycerol. Methods for the coronal heart sections were as described (76).
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product is an electron-dense precipitate,
which can be detected by transmission elec-
tron microscopy (TEM) (11). Vibratome
sections from glutaraldehyde perfusion—
fixed hearts were stained for B-gal activity
(12), and grafted regions thus identified
were trimmed and processed for TEM.
Light microscopy of 1-wm sections revealed
that the X-gal reaction product had a peri-
nuclear appearance owing to a slight degree
of nuclear leaching that occurred during the
embedding process (9). Analysis of consec-
utive thin sections by TEM revealed host
cardiomyocytes directly juxtaposed with the
grafted cells (Fig. 2A). Host and donor
cardiomyocytes were readily distinguished
by the absence or presence, respectively, of
perinuclear X-gal reaction product, which
appeared as a crystalloid deposit at high
magnification (Fig. 2, B and D). Intercalat-
ed disks were present between the host and

graft cardiomyocytes (Fig. 2C), suggesting a
high degree of intercellular coupling. Many
examples of such coupling between host
and graft cardiomyocytes were observed
throughout the grafted regions. Important-
ly, intercellular connections could be
traced from B-gal-positive cardiomyocytes
through numerous host cells, thus demon-
strating that grafted cardiomyocytes could
be participating in a functional syncytium.
Unfortunately, the processing required to
obtain adequate nuclear X-gal staining pro-
hibited the unambiguous identification of
gap junctions between the engrafted fetal
cardiomyocytes and the host myocardium.
However, because we are not aware of any
instances in which the formation of inter-
calated disks occurs in the absence of gap
junctions, it is quite likely that the grafted
cells are in fact electrically coupled. Defin-
itive proof of electrical coupling is depen-

Fig. 2. Transmission electron microscopy analysis of fetal cardiomyocyte grafts. (A) Transmission
electron microscopy of a host cardiomyocyte juxtaposed to an engrafted fetal cardiomyocyte. (—)
indicates the nucleus of the host cardiomyocyte and (+) indicates the nucleus of the donor
MHC-nLAC cardiomyocyte. Arrows indicate an intercalated disk that connects the two cells.
Enlargements of the blocked regions are depicted in (B) to (D). (B) High-power view of the host
cardiomyocyte nucleus shown in (A); note the complete absence of crystalloid X-gal reaction
product in the perinuclear region; (—), nucleus. (C) High-power view of a region of the intercalated
disk [blocked in (A)] that connects the host and fetal cardiomyocytes. (D) High-power view of the
MHC-nLAC fetal cardiomyocyte nucleus shown in (A); note the presence of crystalloid X-gal
reaction product (arrows) in the perinuclear region. (+); nucleus. MHC-nLAC fetal grafts were
localized in coronal heart sections as described (72). All TEM protocols were as previously

described (3, 4).
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dent on physiologic analyses that monitor
either dye or action potential propagation
between host and graft cardiomyocytes.

In addition to documenting the presence
of abundant intercellular coupling between
grafted and host cardiomyocytes, the TEM
analyses revealed that the grafted cardiomyo-
cytes were highly differentiated. Normal char-
acteristics of adult cardiomyocytes were ob-
served, including myofibrillae forming com-
plete sarcomeres, numerous junctional com-
plexes between cells, and abundant mito-
chondria. Indeed, aside from the presence of
the X-gal reaction product, grafted cardiomy-
ocytes were indistinguishable from host cells.
Further, binucleated, PB-gal-positive cells
could be detected in the intracardiac grafts
(9). Because binucleation is a characteristic of
adult rodent cardiomyocytes (I, 10), this
observation further supports the notion that
the grafted cardiomyocytes have undergone
terminal differentiation. Finally, surface elec-
trocardiogram (ECG) recordings were used to
determine if the presence of coupled fetal
cardiomyocyte grafts negatively influenced
host heart rhythm (Fig. 3). ECG traces from
graft-bearing animals were indistinguishable
from those of sham-operated controls and
exhibited P waves and QRS complexes

A

Fig. 3. ECG analysis of hearts bearing fetal
cardiomyocyte grafts. (A) ECG trace from a
sham operation. (B to E) ECG traces from
animals with MHC-nLAC fetal cardiomyocyte
grafts. Mice were anesthetized (2.5% Avertin,
0.015 ml per gram of body weight, intraperito-
neally; Fluka Chemicals, Ronkomkoma, New
York), surface electrodes were placed in the
standard lead 1 position, and ECGs were re-
corded with a Narco Biosystems (Houston,
Texas) high-gain amplifier coupled to an A/D
converter (Coulbourn Instruments, Lehigh Val-
ley, Pennsylvania).



(which correspond to atrial and ventricu-
lar depolarization, respectively) typical for
mice. There was no evidence for cardiac
arrhythmia in graft-bearing animals, de-
spite the apparent presence of a high
degree of intercellular coupling between
grafted and host cardiomyocytes.

The donor transgenic cardiomyocytes used
in this study were mitotically active when
grafted. Although it is presently not clear if
cell cycling is a prerequisite for successful graft
formation, the time course of [*H]thymidine
incorporation and the use of donor transgenic
cardiomyocytes from different stages of devel-
opment should address this issue. If cardio-
myocyte cycling is in fact required for graft
formation, the ability to transiently induce
proliferation in vitro could mean that biopsied
adult cardiomyocytes could be used for autol-
ogous grafting experiments. Recent studies
using transformed cardiomyocytes derived
from transgenic mice have identified three
endogenous proteins that form stable com-
plexes with SV40 large T antigen (13). By
analogy to skeletal muscle (14), these proteins
may mediate cardiomyocyte terminal differen-
tiation and consequently represent potential
targets (either independently or in combina-
tion) with which to engender transient car-
diomyocyte proliferation in vitro. In addition
to fetal hearts, cardiomyocytes derived from
embryonic stem cells (15) may be a viable
source for donor cardiomyocytes. Intracardiac
grafting of such cells might be useful for
myocardial repair, provided that the grafted
cells can contribute to myocardial function.
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Characterization of Type | Receptors for
Transforming Growth Factor—3 and Activin

Peter ten Dijke, Hidetoshi Yamashita, Hidenori Ichijo,*
Petra Franzén, Marikki Laiho, Kohei Miyazono,
Carl-Henrik HeldinT

Transforming growth factor-B (TGF-B) and activin exert their effects by binding to he-
teromeric complexes of type | and type Il receptors. The type Il receptors for TGF-8 and
activin are transmembrane serine-threonine kinases; a series of related receptors, denoted
activin receptor-like kinase (ALK) 1 to 5, have recently been identified, and ALK-6 is
described here. ALK-5 has been shown to be a functional TGF-B type | receptor. A
systematic analysis revealed that most ALKs formed heteromeric complexes with the type
Il receptors for TGF-B and activin after overexpression in COS cells; however, among the
six ALKs, only ALK-5 was a functional TGF-g type | receptor for activation of plasminogen
activator inhibitor-1, and only ALK-2 and ALK-4 bound activin with high affinity.

The TGF-B proteins belong to a family of
dimeric proteins that regulate the growth,
differentiation, and metabolism of many
cell types (I), and they are members of a
larger superfamily of structurally related
proteins that includes activins, inhibins,
bone morphogenetic proteins, and Miille-
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rian inhibiting substance. Both TGF-Bs
and activins exert their effects through
binding to specific cell surface receptors
(2). The TGF-B type I (53 kD) and type 11
(75 kD) receptors are indispensable for
signal transduction and form heteromeric
complexes on ligand binding (3, 4). The
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