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A synchronized heart beat is controlled by pacemaking impulses
conducted through Purkinje fibers. In chicks, these impulse-con-
ducting cells are recruited during embryogenesis from myocytes in
direct association with developing coronary arteries. In culture, the
vascular cytokine endothelin converts embryonic myocytes to
Purkinje cells, implying that selection of conduction phenotype
may be mediated by an instructive cue from arteries. To investigate
this hypothesis, coronary arterial development in the chicken
embryo was either inhibited by neural crest ablation or activated
by ectopic expression of fibroblast growth factor (FGF). Ablation of
cardiac neural crest resulted in ~70% reductions (P < 0.01) in the
density of intramural coronary arteries and associated Purkinje
fibers. Activation of coronary arterial branching was induced by
retrovirus-mediated overexpression of FGF. At sites of FGF-induced
hypervascularization, ectopic Purkinje fibers differentiated adja-
cent to newly induced coronary arteries. Our data indicate the
necessity and sufficiency of developing arterial bed for converting
a juxtaposed myocyte into a Purkinje fiber cell and provide evi-
dence for an inductive function for arteriogenesis in heart devel-
opment distinct from its role in establishing coronary blood circu-
lation.
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he contractive rhythm of the vertebrate heart depends on

specialized tissue components involved in the generation and
conductive spread of electrical excitation (1-3). The dominant
pacemaking site in the heart is the sinuatrial node. From this
focus of automaticity, activation is spread from cell to cell
through atrial myocardium, eventually focusing into the atrio-
ventricular node, where impulse propagation is delayed briefly
before ventricular activation. After exit from the node, the
propagating action potential accelerates along the atrioventric-
ular bundle and its branched limbs, finally spreading into work-
ing ventricular muscle via a peripheral network of Purkinje
fibers. Current understanding of the mechanisms regulating
development of the cardiac pacemaking and conduction system
is rudimentary (4-7). Fundamental issues, including whether
common or different processes govern development of its dis-
parate elements, remain unsettled. Our work in avian hearts has
provided some progress on these questions, particularly in
relation to the origin and differentiation of Purkinje fibers
constituting the peripheral conduction system (4, 6, 8). By using
replication-defective retroviruses, it was demonstrated that peri-
arterial Purkinje fibers share common cellular progenitors with
working myocytes (8). Of particular significance, this recruit-
ment occurred in a site-specific pattern, with only those embry-
onic myocytes in direct proximity to coronary arterial vessels
undergoing further differentiation into Purkinje fibers. Further-
more, we have recently shown (9) that embryonic myocytes in
culture can be induced to convert to a Purkinje cell phenotype
by endothelin—i.e., ET-1, a vascular cytokine secreted from
arteries (10) in a shear stress-dependent manner (11). This latter
observation led us to hypothesize a role for coronary arteries in
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the process by which embryonic cardiomyocytes are induced to
undergo further differentiation into Purkinje fibers.

Here, two complementary strategies are used to probe the
relationship between arteriogenesis and the differentiation of
Purkinje fibers in the embryonic chicken ventricle. In the first set
of experiments we ask whether differentiation of the peripheral
conduction network is suppressed by inhibition of the coronary
arterial tree development. Ablation of the cardiac neural crest
(NC) before its emigration from the dorsal neural tube results in
systemic rearrangements of coronary vessel distribution in
chicken embryos (12). If an inductive relationship exists between
cardiac vascular and conductive tissues, then it is anticipated that
the positioning of periarterial Purkinje fibers will change in
concert with any changes to the ramification of coronary arteries
in NC-ablated embryos. The second set of experiments involves
examination of the effects of localized increases in the branching
and density of coronary arteries provoked by retrovirus-
mediated expression of fibroblast growth factor (FGF). Region-
alized application or up-regulation of FGF has been shown to
cause de novo induction of ectopic blood vessels at spatially
discrete loci in a number of developmental models, including
chick chorioallantoic membrane (13) and embryonic chicken
heart (14). The results of the present study demonstrate that the
coronary arterial bed has a decisive influence on the induction
and patterning of the peripheral conduction system in the
embryonic ventricle.

Materials and Methods

Laser Ablation of NC. Laser ablation of the cardiac NC was carried
out on Hamburger and Hamilton stage 10 chicken embryos
(Gallus domesticus) as has been described by Kirby et al. (15).
Briefly, after a small window had been made in the egg shell and
shell membrane, a small cut was made with a tungsten needle in
the chorion and amniotic membrane to expose the cranial
portion of the embryo. Subsequently, the intrinsic neural folds
were bilaterally ablated in the regions of somites 1 to 3 by
microprocessor-controlled pulsed illumination from a surgical
laser focused through a Zeiss dissection microscope. The eggs
were then resealed with Parafilm, placed in a humidified egg
incubator at 37.5°C, and allowed to develop to the 15th day of
embryonic incubation (E15). Control embryos were prepared
and/or incubated in parallel with NC-ablated chicken embryos.
At E15, the hearts were dissected from the embryos, fixed in 70%
ethanol, and photographed by using a Zeiss dissection micro-
scope. The samples were subsequently processed for paraffin

Abbreviations: NC, neural crest; FGF, fibroblast growth factor; En, embryonic day n; p-gal,
B-galactosidase; anti-SMA, anti-smooth muscle actin; Cx42, connexin 42.

J.H. and M.J. contributed equally to this work.
TTo whom reprint requests should be addressed. E-mail: gourdier@musc.edu.
ITo whom reprint requests should be addressed. E-mail: tmikaw@mail.med.cornell.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.



embedding in frontal orientation, sectioned at 10 um and slide
mounted as has been detailed in earlier publications (8, 9, 16).

Retroviral Vectors and in Ovo Infection. The retrovirus used for
genetic cell tagging is a replication-defective variant of a spleen
necrosis virus co-encoding FGF and B-galactosidase (3-gal) (14,
17). Preparation of the viral vector, its propagation in vitro, and
proof of helper virus-free stocks have been presented elsewhere
(17). Viral concentrations of greater than 107 active virions per
ml were obtained by ultracentrifugation of culture supernatant
from packaging cells as has been described previously (18). After
asmall window had been opened in the shell and shell membrane
of fertilized chicken eggs, a small cut was made with a tungsten
needle in the chorion and amniotic membranes to expose the
proepicardial organ. Viral suspensions of 5 nl, containing 100
wg/ml Polybrene, were pressure injected in ovo into the proepi-
cardial organ of Hamburger and Hamilton stage 17-18 embryos,
as described (16). A parallel series of embryos injected with virus
encoding only B-gal served as a control. The eggs were resealed
with Parafilm and placed in a humidified incubator at 37.5°C to
allow injected embryos to develop.

Histochemistry and Immunohistochemistry. The virus-infected em-
bryos at E14-E18 were killed by cervical transection. Hearts
were removed and fixed by immersion overnight in 2% parafor-
maldehyde (4°C in PBS) and processed for 5-bromo-4-chloro-
3-indolyl B-D-galactoside (X-Gal) histochemistry in whole
mounts as described previously (18). For immunohistochemistry
and confocal microscopy, hearts were dissected from E14-18
chicken embryos. Single immunoperoxidase and single or double
immunofluorescent labeling of histological sections with anti-
smooth muscle actin (anti-SMA; Sigma), ALD58/sMHC (De-
velopmental Studies Hybridoma Bank, Iowa City, IA), and
anti-p-gal (5 Prime—3 Prime) antibodies were done according to
methods detailed previously (8, 9, 19, 20). EAP3 mouse mono-
clonal antibodies against EAP300, a marker of chicken Purkinje
fibers (8), were kindly provided by Gregory Cole (Ohio State
Univ., Columbus, OH). The rabbit polyclonal antibody used
(V15KR), with specificity for connexin 42 (Cx42)-containing
gap junctions, has been previously characterized (9). This probe
was custom produced in rabbits by Research Genetics (Hunts-
ville, AL) against a synthetic peptide containing residues match-
ing amino acids 256-270 of rat Cx40 and 271-280 of chicken
Cx42. Immunofluorescent labelings using EAP3 (diluted 1:1000
in PBS) and V15KR (diluted 1:500 in PBS) were undertaken
with protocols we have described in earlier publications (8, 9).

Quantitative Microstereology. The fractional volumes of coronary
arteries and associated Purkinje fibers in NC-ablated and control
hearts were estimated on immunolabeled histological sections by
using a well-established point counting protocol (21). Microste-
reology was performed on three NC-ablated and four control
hearts, each heart sectioned in frontal orientation (three sections
were assessed per heart; at frontal, mid, and posterior planes).
Intersections of coronary arterial profiles and adjacent Purkinje
fiber cells with a M168 Weibel grid were counted at 40 inde-
pendent microscope fields (40X objective) within each of the 21
histological sections assessed. Mean comparisons of volume
fraction estimates between NC-ablated and control hearts were
first made using Student’s ¢ test according to standard statistical
practice. As the data showed slight deviation from normality,
nonparametric Mann—Whitney tests were also done.

Results and Discussion

If an inductive relationship exists between vascular and conduc-
tion tissues in the heart, the positioning of intramural Purkinje
fibers might be predicted to change in concert with changes in
the ramification of coronary arteries. We tested this hypothesis
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in vivo by probing for Purkinje fiber differentiation in the
embryonic chicken heart after either inhibition or activation of
coronary artery development. In the first set of experiments,
coronary arterial branching was inhibited by ablating cardiac NC
at E2 prior to its emigration from the dorsal neural tube (12, 15).
NC-ablated embryos developed to E15, at which stage Purkinje
fibers can be discriminated by expression of distinct marker
genes (4). Arteries of non-operated and sham-operated controls
(Fig. 1 a and b) and of NC-ablated hearts (Fig. 1 e and f) were
identified by immunohistochemistry for vascular smooth muscle
actin (19). The numbers and profiles of coronary arteries
penetrating the ventricular myocardium were notably reduced in
NC-ablated hearts. Those few histologically normal arteries that
persisted after NC ablation were typically located within the
basal ventricular myocardium. These alterations in the distribu-
tion of intramyocardial coronary arteries were not seen in
control hearts (compare Fig. 1 a and b with e and f).

Differentiation of periarterial Purkinje fibers in NC-ablated
embryos was then examined by probing for expression of EAP-
300 (transitin) and Cx42, both early markers of conducting cells
(4). In non-operated and sham-operated hearts, Purkinje fibers
were distinguished from myocytes by elevated EAP-300 (Fig. 1c)
and Cx42 (Fig. 1d). In NC-ablated embryos, EAP-300" (Fig. 1g)
and Cx42* (Fig. 1h) cells were found only in areas adjacent to
histologically normal arteries persisting within ventricular myo-
cardium. There was no evidence of Cx42* /EAP-300" Purkinje
cells dispersed within ventricular myocardium independent of
arteries. Hence, NC ablation did not result in a dissociation of
intramural Purkinje fiber distribution from arterial branching
patterns.

The volume densities (Vv) of the developing arterial bed and
the periarterial Purkinje fiber network were quantified by mi-
crostereology in control and NC-ablated hearts (Table 1). Con-
sistent with visual appraisal, this quantitative analysis indicated
that there was a significant (P < 0.01) 66% reduction in the
volume density (mm? of artery per mm? of myocardium) of
intramyocardial coronary arteries in NC-ablated embryos com-
pared with control embryos. The volume density of periarterial
Purkinje fibers showed a comparably significant decrease (P <
0.01). These results, together with the immunolabeling data (Fig.
1), demonstrate that a reduction in Purkinje fiber differentiation
resulting from NC ablation was accounted for by decreases in the
density of coronary arterialization.

Although the above data suggest the necessity of coronary
arteries for normal development of the Purkinje fiber network,

Table 1. Suppressed development of intramural coronary
arteries and periarterial Purkinje fibers by NC ablation

Vv, %
Intramural Periarterial
Hearts coronary arteries Purkinje fibers
NC-ablated 0.4 (0.06) 0.1 (0.02)
Control 1.2 (0.11) 0.3 (0.03)
Unpaired t test P <0.01 P < 0.01
Mann-Whitney P < 0.0001 P < 0.0001

Quantitative microstereology reveals significant decreases in the volume
density fractions (Vv, expressed as percentages) of cardiac tissue occupied by
intramural coronary arterial profiles penetrating ventricular myocardium and
periarterial Purkinje fibers in E15 hearts after NC ablation (15). The fractional
volumes of coronary arteries and associated Purkinje fibers were scored on
immunolabeled histological sections by using a well-established point count-
ing protocol (21). Numbers in parentheses indicate the standard error. Com-
parisons of mean volume fraction estimates between NC-ablated and control
hearts by Student’s t test and nonparametric Mann-Whitney tests are pre-
sented as P values.
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Fig. 1.

Loss of Purkinje fibers following suppression of coronary arterial branching. Frontal sections of control (a—d) and NC-ablated (e-h) E15 hearts. Sections

were immunolabeled with antibodies against smooth muscle actin (anti-SMA) (a, b, e, and f), EAP-300 (c and g), and Cx42 (d and h). Arrows on a and e indicate
location of the higher magnification views shown in b and f, respectively. Arrows on b indicate anti-SMA-labeled intramural arteries. Arrows and asterisks on
¢, d, g, and h indicate Purkinje fibers and atrial lumen, respectively. No intramural arterial profiles are evident on f. (Scale bars a and e = 300 um; b and f = 100

pm; and ¢, d, g, and h = 25 um.)

it was unclear which step depends on the arterial system, the
induction, survival, and /or terminal differentiation of Purkinje
fibers. To address these questions, vessels were ectopically
created in the embryonic heart. The potential for recruitment of
myocytes to a Purkinje fiber phenotype was then examined at
such sites of de novo vessel formation. Regionalized application
or up-regulation of FGF has been shown to cause de novo
induction of ectopic blood vessels at spatially discrete loci in a
number of developmental models, including chick chorioallan-
toic membrane (13) and embryonic chicken heart (14). Coronary
precursors were infected with a replication-defective retrovirus
coencoding FGF and B-gal (14, 17) (Fig. 2a). A virus encoding
only B-gal was used in control infections (8, 14) (Fig. 2a). The
resulting treated and control hearts were examined at E18.
Whole-mount X-Gal staining of these samples revealed that cells
infected with either control B-gal virus (Fig. 2b) or FGF-
producing virus (Fig. 2 ¢ and d) were distributed in the ventricle
as discrete B-gal sectors. As demonstrated in our previous work,
the cells constituting these sectors proliferate actively and mi-
grate into the heart with other derivatives of the epicardial sheet
(16, 18). Cells infected with control B-gal virus differentiated
into normal epicardial and coronary vascular tissues (Fig. 2b)
identical to uninfected stem cells. In contrast, and as we have
shown previously (14), cells infected with FGF-virus developed
vessel networks with abnormal branching patterns, and regions
containing large numbers of FGF-virus-infected cells were often
hypervascularized (Fig. 2 ¢ and d).
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Ectopic Purkinje fiber differentiation was examined in these
hearts by probing for the ALDSS8 antigen, a late marker of
Purkinje fiber differentiation (8, 22, 23). In normal E18 and adult
hearts, bona fide Purkinje fiber differentiation was detected in
periarterial regions within the myocardium (Fig. 2 e and f) and
never occurred in the superficial myocardium underlying the
epicardium (Fig. 2¢). In control hearts infected with virus
expressing only B-gal (red), no ALD58* cells were identified in
the superficial myocardium juxtaposed to B-gal™ epicardial cells
(Fig. 2g). In contrast, ALD58* Purkinje fibers (green) were
found in myocardium adjacent to FGF-induced B-gal® vessels
(Fig. 2 h and i). Importantly, the induction of ALD58* cells was
restricted to within one, or at most two, myocyte layers directly
adjacent to ectopic vessels and never extended into deeper layers
of muscle cells. The conversion of myocytes into ALDS58"
Purkinje fibers was specifically dependent on the presence of
arteries and was not the result of FGF. When the myocardium
was directly infected with the same FGF-producing virus,
ALDS58* Purkinje cells were never induced from infected or
associated myocytes (negative data not shown). Moreover, in
previous experiments in vitro we have shown that exogenous
FGF is not able to elicit up-regulation of ALDS58 in myocytes
cultured from chicken embryos (9).

The above experimental approaches, resulting in either loss
or ectopic differentiation of Purkinje fibers, demonstrate that
the in-growth pattern of coronary arteries provides an induc-
tive cue for differentiation and organization of the conduction
system. The results are consistent with our previously pro-
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Fig. 2.

Ectopic induction of Purkinje fibers at FGF-induced sites of hypervascularization. (a) Proviral structures of replication-defective retroviruses expressing

only B-gal (8, 14) or coexpressing FGF4 and B-gal (14, 17) used for infection of coronary precursors in vivo on E3 (16, 18). (b and ¢) Hearts infected with control
B-gal virus (b) or FGF-producing virus (c). (d) FGF-induced vessels (some prominent branches are arrowed) adjacent to the location indicated by the asterisk in
c. (e-i) Cryosections double-labeled with ALD58 (green) and anti-p-gal (red) or anti-SMA (red) antibodies. Bona fide periarterial Purkinje fibers (green) in
ventricular myocardium of an E18 (e) and adult () chicken. Arterial smooth muscle (red) isimmunolabeled with anti-SMA in e and 7. (g) No Purkinje fiber induction
in the myocardium subjacent to epicardial cells (red) infected with control g-gal virus. (h and i) Induced ALD58" (green) Purkinje fibers (arrows) in myocardium

adjacent to B-gal™ (red) blood vessels induced by ectopic FGF secretion. Asterisks mark the lumen of the artificially formed vessels.

posed model (8). The inductive event appears to be a short-
range paracrine interaction, since Purkinje fiber differentia-
tion is restricted to a few myocyte layers juxtaposed to both
bona fide and ectopic vessels. In chickens, coronary arterio-
genesis begins with migration of vascular progenitors from the
liver primordium into the heart on E3 (16, 18, 24), along with
ingrowth of the epicardium. Endothelial progenitors organize
into discontinuous channels (16, 25) and secondarily form
early arterial vessels between E7 and E10 (26). Coronary
arteries continue to anastomose and eventually establish a
closed coronary vessel network around E14 (26). Importantly,
differentiating Purkinje fibers become detectable between
E10 and E15 (4), following initiation of the maturational phase
of coronary arterial bed development and not before that time.
Thus, Purkinje fiber differentiation may depend on a perfused
and functional coronary arterial plexus. Physical proximity to
organizing, but as yet functionally immature, vascular struc-
tures may not be sufficient to induce adjacent myocyte pop-
ulations to differentiate into Purkinje fibers.

Consistent with this idea, embryonic myocytes convert in
vitro to impulse-conducting Purkinje cells after exposure to a
vascular paracrine factor endothelin (9) which is secreted in a
shear-stress-dependent manner from coronary arteries (11).
Its potential involvement in vivo is further supported by our
observations of the expression pattern (K. Takebayashi-Suzuki
and T.M., unpublished material) of endothelin-converting
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enzyme, ECE (27, 28), a metalloprotease essential for con-
verting an endothelin precursor into an active peptide. The in
situ hybridization data in embryonic chicken heart revealed
that ECE is induced in arterial beds only after they begin to
function, but neither before that time nor in the venous system.
The responsiveness of cultured embryonic myocytes to endothelin
gradually declines as development proceeds (9). More mature
cardiocytes, responding to endothelins, undergo hypertrophy (29),
instead of conversion to Purkinje fiber cells. Thus, differentiation of
Purkinje fibers may be spatiotemporally confined both by an
inductive signal whose activity is localized to the arterial bed and by
developmental changes in the response of myocytes to that signal.

Coronary arteries are vital for survival of both growing and
mature cardiac muscle. In addition to having their well-
established function in perfusion, our data demonstrate that
coronary arteries in the embryonic heart play a central and
previously unrecognized role in differentiation and organiza-
tion of impulse-conducting Purkinje fibers. This newly uncov-
ered inductive potential of arteriogenesis may provide for
future therapeutic approaches to regeneration and/or repair
of cardiac conduction systems damaged by disease or congen-
ital abnormality. The future studies should address whether
terminal differentiation of Purkinje fibers is a direct result of
the arterial system. Finally, that in-growing vessels act only in
the developing heart to foment three-dimensional pattern
during development seems unlikely. Recent retroviral fate
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mapping studies suggest a role for interactions between in-
growing arteries and central nervous system cells in selection
of glial cell fate and distribution of astrocytic pattern in the
developing rodent brain (30). Interestingly, this induction of
astrocytic differentiation is accompanied by up-regulation of
specific intermediate filament genes, including nestin, a mam-
malian homolog of chicken EAP-300 (transitin), a neurofila-
ment also expressed by cardiac Purkinje fibers (4). It is
speculated that analogs of the inductive process we describe in
the embryonic heart may well be involved in the generation of
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