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Abstract: Phenylethanolamine n-methyltransferase (Pnmt) catalyzes the conversion of norepinephrine into epineph-
rine, and thus serves as a marker of adrenergic cells. In adults, adrenergic cells are present in the adrenal medullae
and the central and peripheral (sympathetic) nervous systems where they play key roles in stress responses and a
variety of other functions. During early embryonic development, however, Pnmt first appears in the heart where it is
associated with specialized myocytes in the pacemaking and conduction system. There is a transient surge in car-
diac Pnmt expression beginning when the first myocardial contractions occur, before any nerve-like or neural crest
cells appear in the heart. This early expression of Pnmt denotes a mesodermal origin of these “Instrinsic Cardiac
Adrenergic” (ICA) cells. Interestingly, Pnmt+ cells are found in all four chambers of the developing heart, but by adult
stages, are found primarily concentrated on the left side of the heart. This regionalized expression occurs in the left
atrium and in specific regions of the left ventricle roughly corresponding to basal, mid, and apical sections. A second
distinct population of Pnmt-expressing (Pnmt+) cells enters the embryonic heart from invading neural crest, and
these “Neural Crest-Derived” (NCD) Pnmt+ cells appear to give rise to a subpopulation(s) of cardiac neurons. Pnmt
expression thus serves as a marker not only for adrenergic cells, but also for precursor or “primer” cells destined to
become specialized myocytes and neurons in the heart. This review discusses the distribution of Pnmt in the heart
during development, including the types of cells where it is expressed, and their potential use for regenerative medi-
cine therapies for cardiovascular disease.
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Introduction

Cardiovascular disease is the leading cause of
death in the U.S. Many forms of cardiovascular
disease lead to congestive heart failure, for
which there is poor prognosis and deteriorating
health and quality of life. The recently pub-
lished Heart Disease and Stroke Statistics -
2012 Update [1, 2] indicates that 5.7 million
people suffered from congestive heart failure,
with nearly 700,000 new cases reported each
year. New strategies are clearly needed to pro-
vide more effective treatment options and
improved outcomes.

Stem cells have the potential to regenerate car-
diac muscle tissue, and several studies have
shown that a variety of stem cells [3-11], includ-
ing those recently identified in adult hearts
[12], can be effectively transplanted into
regions of the heart damaged by experimental-

ly-induced myocardial ischemia or infarction.
The ability of these transplanted cells to actu-
ally regenerate functional myocardium is an
intense and sometimes controversial area of
investigation [6, 7, 13-21]. Nevertheless, new
cardiac stem and progenitor cell markers con-
tinue to be identified and characterized.
Expression of these markers is being used to
identify and isolate specific stem/progenitor
cell populations from both embryonic and adult
tissue sources [12, 22-27]. Further, the exciting
developments demonstrating that somatic cells
can be transformed into ES-like pluripotency
upon transfection with four stem cell genes
(Oct3/4, Sox2, c-Myc, and Klf4) [28, 29] or miR-
NA-based re-programming [30] creates for the
first time the real possibility that autologous cell
transplantation can be feasibly achieved.

For ethical and practical reasons, clinical stud-
ies have utilized adult stem cell populations
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Figure 1. Mammalian Heart Development. Oblique views of whole embryos and frontal views of cardiac precursors
during human cardiac development are shown. (First panel) First heart field (FHF) cells form a crescent shape in
the anterior embryo with second heart field (SHF) cells medial and anterior to the FHF. (Second panel) SHF cells
lie dorsal to the straight heart tube and begin to migrate (arrows) into the anterior and posterior ends of the tube
to form the right ventricle (RV), conotruncus (CT), and part of the atria (A). (Third panel) Following rightward looping
of the heart tube, cardiac neural crest (CNC) cells also migrate (arrow) into the outflow tract from the neural folds
to septate the outflow tract and pattern the bilaterally symmetric aortic arch arteries (lll, IV, and VI). (Fourth panel)
Septation of the ventricles, atria, and atrioventricular valves (AVV) results in the four-chambered heart. V, ventricle;
LV, left ventricle; LA, left atrium; RA, right atrium; AS, aortic sac; Ao, aorta; PA, pulmonary artery; RSCA, right sub-
clavian artery; LSCA, left subclavian artery; RCA, right carotid artery; LCA, left carotid artery; DA, ductus arteriosus.

Reprinted with permission from Cell [55].

from autologous sources such as bone marrow.
This strategy also minimizes potential host
immune rejection [31-36]. While many of these
studies have indicated marginal improvement
in cardiac hemodynamic function, there is little
convincing evidence to suggest that there is
substantial regeneration of new muscle tissue
as a result of these interventions. A more
recent phase | clinical study used autologous
cardiosphere-derived stem cells (CDCs) and
found reduced scar mass and increased viable
heart mass; however, there were no significant
changes in left ventricular function as mea-
sured by ejection fraction [37].

The specific type or types of stem cells needed
for successful cardiac repair/regeneration
strategies have not yet been established, and
there are several different cell types currently
under exploration in this regard. Recent studies
have identified several key markers for cardiac
stem cells that include, but are not limited to,
Isl-1, flk-1, and c-kit [12, 24-26]. Cardiac stem
cells can give rise not only to myocytes, but
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also to fibroblasts, endothelial, and smooth
muscle cell types. Other studies have identified
certain markers that represent specific deriva-
tives of these stem cells with more limited lin-
eage potentials within the heart. Some of these
include Wntl11, Wnt7a, 1d2, Thx5, and Tbx18
[38-40], which appear to contribute to myo-
cytes in the pacemaking and conduction sys-
tem. The use of cardiac neuron progenitors is a
relatively new and important area of research
[41-44]. It is clear that significant neural dam-
age occurs as a result of myocardial infarction
and other insults that contribute to the develop-
ment of heart failure [45-49]. Further, post-Ml
neural sprouting has been implicated as a
potential pro-arrhythmic hazard [50-54].
Consequently, it is imperative to determine if
cardiac neural progenitors are helpful or harm-
ful in proper context.

A potentially useful reference context is that of
“normal” cardiovascular development such as
occurs during embryonic development. This
highly orchestrated and dynamic process is
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Figure 2. Tyrosine hydroxylase expression and activity in developing chick embryos. Whole-mount ISH for TH at st.
8-12. a, b, and ¢ correspond to transverse paraffin sections at the levels indicated by the corresponding lines. Note
that at st. 8 TH mRNA is restricted to the splanchnic mesoderm of the endocardial tubes, and later it is predomi-
nantly expressed in the myocardial layer of the atriogenic region (arrows in a and c). Reprinted with permission from

Cardiovascular Research [57].
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Figure 3. Appearance of dopa and catecholamines in the heart
of the embryonic chick. Each point on the curves represents
the mean of three to six determinations. Vertical lines represent
+ S.E.M. DA, dopa; DM, dopamine; NE, norepinephrine; E, epi-
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theory, specific lineage-restricted progen-
itor or “primer” cells can be isolated and
expanded from FHF, SHF, and/or CNC
derivatives to provide customized repair/
regeneration of specific cardiac regions.
In some cases, more than one type of
primer cell may be warranted depending
on the nature of the damage/disease in
need of repair. As we shall see in the next
sections, progenitor cells transiently exp-
ressing the adrenergic biosynthetic enz-
yme, Phenylethanolamine n-methyltrans-
ferase (Pnmt), are supplied to the heart
first through the FHF and SHF followed by
a subsequent invasion from CNC.

nephrine. Reprinted with permission from the Journal of Pharm-

cology and Experimental Therapeutics [59].

schematically summarized in Figure 1 [55]
where color-coding aids our visualization of the
three major contributing populations of cardiac
progenitor cells. These include the primary or
first heart field (FHF) shown in red/pink, anteri-
or or secondary heart field (SHF) shown in yel-
low, and the cardiac neural crest (CNC) shown
in blue. Cells from FHF give rise to the left ven-
tricle and both atria, while the right ventricle
and conotruncal regions are mainly derived
from SHF. Both FHF and SHF are themselves
derived from mesoderm origins, whereas the
CNC cells are derived from neuroectodermal
lineage. CNC cells invade the cardiac region
several days after formation of the heart tube
and these cells contribute to outflow tract, aor-
tic arch formation, and cardiac neurons [56]. In
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Adrenergic cells in in the developing
heart

The first and rate-limiting step in the production
of adrenergic hormones is the enzymatic con-
version of I-tyrosine to I-dopa via the action of
tyrosine hydroxylase (TH). Although widely used
as a marker for “neural” cells, its expression
early in development is also associated with
myocardial development, as recently shown by
Lopez-Sanchez et al. [57]. They demonstrated
that TH expression appeared coincident and in
overlapping pattern with the formation of cells
from the FHF in the developing chick embryo
(Figure 2). Since there are no neurons in the
chick heart at these early stages of develop-
ment, this early TH expression constitutes a
non-neuronal source of cells that have the pot-
ential to produce adrenergic hormones beginn-
ing at remarkably early stages of development.

Am J Stem Cells 2013;2(3):137-154
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Figure 4. Catecholamine synthesizing enzymes in ICA cell lysates. A: Steps in the enzymatic synthesis of catechol-
amines are illustrated. TH, tyrosine hydroxylase; DD, dopa decarboxylase; DBH, dopamine beta-hydroxylase; PNMT,
phenylethanolamine n-methyltransferase. B: Northern blot analysis of TH mRNA from total RNA. C: TH protein sub-
units were identified in ICA cells and cultured sympathetic neurons from rat stellate ganglia, but not in ventricular
myocytes (Myo). D: Two major DBH isoforms were identified in ICA cells. No Dbh was detected in cardiomyocytes
depleted of ICA cells (Myo). A single DBH isoform was detected in cultured rat sympathetic neurons. E: PNMT protein
was detected in ICA cells and sympathetic neurons, but not in myocytes depleted of ICA cells. Reprinted with permis-

sion from the Journal of Clinical Investigation [62].

PNMT catalyzes the final step in the adrenergic
biosynthetic pathway, the conversion of norepi-
nephrine into epinephrine. The first description
of PNMT activity in the heart was reported by
Axelrod in 1962 [1]. Small but detectable levels
were noted in both rabbit and monkey hearts
from this study. Subsequent studies demon-
strated that epinephrine, norepinephrine, and
dopamine were all produced during early
embryonic heart development in chicks [58-
60], as shown in Figure 3. Similar results show-
ing that adrenergic hormones are produced
during embryonic heart development in mam-
mals, including humans, have also been report-
ed [61-65]. It has also been known for many
years that non-neuronal sources of adrenergic
cells are present in the hearts of numerous
species both during early development and in
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adulthood [66-83]. Thus, there is a clearly an
established presence of adrenergic cells in the
heart throughout development, but what exact-
ly is their role?

Adrenergic hormones play critical roles in heart
development and disease [84-91]. Indeed, the
absence of adrenergic hormones due to disrup-
tion of either the tyrosine hydroxylase (Th) or
dopamine B-hydroxylase (Dbh) genes leads to
heart failure in utero [92, 93]. Most cardiac
adrenergic cells appear to be only transiently
adrenergic during development, and then dif-
ferentiate into other (non-adrenergic) pheno-
types in all parts of the heart, including surpris-
ingly large numbers of myocytes in distinctive
regions of the left ventricle and atrium [64, 94].
These cells appear to be derived from Intrinsic

Am J Stem Cells 2013;2(3):137-154
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E8.5, Back
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Figure 5. Whole-mount XGAL staining of an embryonic day (E) 8.5 Pnmt-Cre/R26R embryo. A: Left ventral view.
Arrow points to LacZ* blue-stained cells in the sinus venosus (SV) region. Arrowheads indicate positions of additional
LacZ* cells in this heart. B: Right dorsal view. Arrows point to LacZ* blue-stained cells along the dorsal crest of the

neural folds (NF). Reprinted with permission from Developmental Dynamics [64].

Pnmt-cre x R26R Wild-type x R26R

Figure 6. Whole-mount XGAL staining in embryonic day (E) 10.5 mouse embryos. (A, B) Pnmt®e/Pnmt+, R26R/+
(A) and Pnmt+/Pnmt+, R26R/+ (B) mouse embryos at E10.5. Right sagittal views are shown. The arrow depicts the
heart. Staining can also be seen in the brainstem and 2nd branchial arch regions. Sparse patches of XGAL staining
are also seen along the back (dorsal surface) and in the forelimb of the Pnmt-Cre x R26R embryo. Scale bar = 1.0
mm in B (applies to A, B). NCD, Neural crest-derived. Reprinted with permission from Developmental Dynamics [64].

Cardiac Adrenergic or “ICA” cells [62], which
express all of the biosynthetic enzymes needed
to produce norepinephrine (NE) and epineph-
rine (EPI), including the final enzyme in the
pathway, phenylethanolamine n-methyltrans-
ferase (PNMT) (Figure 4). Further, ICA cells
have been shown to have numerous clear vesi-
cles [62], and thus appear capable of secretory
activity.

Notably, however, ICA cells are not neurons nor
are they derived from neural crest since their
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ontological appearance in the developing heart
precedes neural crest invasion of the cardiac
region, and their distribution within the heart is
not consistent with the well-mapped anatomi-
cal locations of neural crest-derived cells in the
heart [61-65]. In mice, for example, Pnmt+ cells
appear independently in the heart and neural
fold region of the embryo around embryonic
day 8.5 (E8.5) (Figure 5) [64]. On the other
hand, numerous Pnmt+ neural crest-derived
cells appear to be invading the cardiac region
by E10.5 (Figure 6) [64]. Consequently, there

Am J Stem Cells 2013;2(3):137-154
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Figure 7. Coimmunofluorescent localization of catecholamine biosynthetic enzymes
in the rat heart at E11.5. Sagittal sections (thickness = 10 ym) were costained
for PNMT (A and C) and a-actinin (B and D) and visualized using fluorescence
microscopy with FITC (A and C) and TRITC (B and D) filters. The arrows point to a
region of the dorsal-caudal atrium that contains a clustering of PNMT-expressing
cells (putative SA node). Note that some cells are clearly costained for PNMT and
a-actinin when visualized at higher magnification (compare panels C and D, x40
objective), whereas other cells express only one or the other of these markers.
Sagittal sections adjacent to the one shown in A through D were double-stained for
DBH and TH (E and F, respectively) or PNMT and TH (G and H, respectively). DBH
and PNMT were visualized with the FITC filter, whereas TH was observed using
the TRITC filter. Note the nearly identical patterns of staining for these enzymes
in these atrial tissue sections. OT indicates outflow tract; At, atrium; V, ventricle.
Reprinted with permission Circulation Research [63].

appear to be two sepa-
rate populations of Pn-
mt+ cells that contrib-
ute to heart develop-
ment. The first is deri-
ved from splanchnic me-
soderm (FHF and SHF)
while the second is de-
rived from invading CNC
cells.

Pnmt+ cells as cardio-
myocyte progenitors

Initial examinations of
Pnmt localization within
the developing rat heart
showed transient and
progressive areas of
cell concentrations in
pacemaking and condu-
ction system tissue. An
example of such from
the sinoatrial node re-
gion is shown in Figure
6 where immunofluo-
rescent histochemical
staining revealed a clus-
ter of cells that expr-
essed PNMT, DBH, and
TH at E11.5 in the rat
heart [63]. Note, how-
ever, that cells express-
ing the myocyte-specific
marker, sarcomeric o-
actinin (ACT), generally
displayed an inverse
pattern of staining rela-
tive to cells expressing
adrenergic enzymes
(compare panels A and
B, Figure 7). Neverthe-
less, a few cells app-
eared to be co-stained
for PNMT and ACT when
examined at higher ma-
gnification (compare pa-
nels C and D, Figure 7).
Despite partial overlap-
ping staining in a few
cells, itis also clear that
the vast majority of
myocytes do not stain
positive for PNMT, and
conversely, most PNM-
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Overlay

Figure 8. Co-localization of XGAL and sarcomeric
a-actinin in LV cells of the adult mouse heart. Im-
munofluorescent staining for sarcomeric o-actinin
in the adult mouse LV shows characteristic stria-
tions associated with cardiomyocytes (A, arrows). An
adjacent serial section (10 um) stained with XGAL
shows dark (positive) staining, indicating a history
of Pnmt gene expression (B, arrows). Overlay of the
immunofluorescent and XGAL staining show a clear
co-localization of cells that have a history of Pnmt ex-
pression and cells with a cardiomyocyte phenotype
(C, arrows). Reprinted with permission from PLoS
One [137].

T+ cells do not stain positively for ACT. Thus,
adrenergic cells are generally not myocytes,
and myocytes are generally not adrenergic.

Using a genetic marking strategy to identify his-
torical descendants of Pnmt+ cells in the devel-
oping mouse heart, it was later found that many
of the Pnmt-derived cells in the heart had
become myocytes, as exemplified in Figure 8
[94]. Consequently, the early PNMT expression
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seen in the previous figures appears to repre-
sent transient adrenergic cells, some of which
later differentiate into cardiomyocytes. The dis-
tribution of these myocytes is widely spread
through all four cardiac chambers through fetal
and neonatal development periods, but remark-
ably becomes largely restricted to the left side
of the heart by adult stages (Figure 9) [94]. It
has certainly been known for many years that
adult mammalian hearts have significant non-
ganglionic sources of adrenergic cells [73, 95,
96], but only in the past few years has it become
understood that adrenergic cells contribute
directly to myocardial cell development through
apparent trans-differentiation from an adrener-
gic phenotype into a myocyte phenotype.
Further work still needs to be done to prove this
hypothesis, but it is both plausible and consis-
tent with the currently available data.

Pnmt+ cells as neuro-progenitor cells in the
developing heart

The neural crest is a transient population of
migratory cells that arise from the border of the
neural plate and the epidermal ectoderm,
located at the dorsal end of the developing neu-
ral tube [97, 98]. This population of migratory
cells is often referred to as the fourth germ
layer, because the cells are multipotent and
crucial for proper organ development [99].
Ablation studies have confirmed the impor-
tance of these cells to normal development as
their destruction in ovum leads to reproducible
and often devastating organ defects [100-104].
Fate mapping studies have identified the heart,
thyroid, parathyroid, thymus, sympathetic gan-
glia, parasympathetic innervations, and cranio-
facial bones as targets of migratory neural
crest cells [105-107].

Of particular interest is the contribution of neu-
ral crest cells to the developing cardiovascular
system. Neural crest cells have been shown to
help direct formation of the aortic arches, the
ventricular outflow tract, become the neurons
of the autonomic nervous system within the
heart, and they play a crucial role in develop-
ment of the cardiac conduction system, as well
as directing aorticopulmonary septation [108-
111]. Furthermore, recent studies have identi-
fied dormant, neural crest-derived stem cells
within the heart and these have been shown to
migrate and differentiate in response to certain
stimuli [111, 112].

Am J Stem Cells 2013;2(3):137-154
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Figure 9. Three-dimensional (3D) reconstruction of the XGAL+ staining in the Pnmt*”%¢, ROSA26"%¢ heart. A: Rep-
resentative two-dimensional section of the adult mouse heart were cut at 20 microns. B: Still-shot of a 3D-rendered
image generated from stacked 2D images as described in the methods section. The arrows point to equivalent re-
gions in both panels that roughly correspond to basal, mid, and apical concentrations of XGAL+ cells in these hearts.

Reprinted with permission from PLoS One [137].

There are three subpopulations of neural crest
cells that contribute to heart development. The
truncal neural crest cells become the sympa-
thetic neurons innervating the heart, including
the sympathetic ganglia and also the chromaf-
fin cells of the adrenal gland [113]. Cranial neu-
ral crest cells become the parasympathetic
neurons innervating the heart [114-116], and
the cardiac neural crest directs development of
the aortic arch arteries, the great arteries, and
the outflow tract [108, 117]. While it is clear
that a population(s) of Pnmt+ cells coming into
the heart are derived from neural crest, it
remains to be determined if these are exclu-
sively cardiac neural crest cells or might also be
contributed from cranial and/or truncal neural
crest migrations as well.

Ablation studies

Neural crest-derived (NCD) cells are greatly out-
numbered in the heart. While most of the myo-
cardium is derived from mesoderm, the impor-
tance of the small population of cardiac neural
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crest cells that migrate during development is
evidenced by the great array of cardiac defects
seen upon destruction of pre-migratory neural
crest cells. The various cardiac defects result-
ing from this sort of ablation include ventricular
septal defects, variable regression of the great
arteries, overriding aorta, and symptoms con-
sistent with DiGeorge syndrome, including per-
sisting truncus arteriosus, interrupted aortic
arch, and Tetralogy of Fallot [100, 108, 118].

Furthermore, neural crest has been shown to
contribute to the maturation of the cardiac con-
duction system. It has been shown that neural
crest cells do not differentiate into the myo-
cytes involved in conduction, but that NCD cells
lie within the vicinity of ventricular (Purkinje)
conduction fibers [119]. Ablation studies have
confirmed the importance of neural crest cells
to the proper development of these fibers and
their destruction prevents the transition from
immature base-to-apex mode of activation to
the mature apex-to-base sequence of activa-
tion. Ablation also prevented insulation and

Am J Stem Cells 2013;2(3):137-154
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Figure 10. Expression of adrenergic biosynthetic enzymes in the rat intrinsic cardiac nervous system. (A and B)
Immunoreactivities for DbH-FITC and PGP 9.5-TR in the same filed in section of the left (rat) atrium. (C and D) Im-
munoreactivities for PNMT-FITC and PGP9.5-TR in the same field in section of the left atrium. Note that not all of
the large ganglion neurons, illustrated with PGP 9.5-IR (B, D), are also DbH-IR (asterisks in A) or PNMT-IR (asterisks
in C). (E and F) Immunoreactivities for NPY-FITC and TH-TR in the same field in whole-mount preparation of the left
atrium. A ganglion containing large-diameter neurons is seen. The somata express TH-IR (F), which co-localizes
with NPY-IR in almost all neurons, with few exceptions (asterisk in E). Bar is 20 um. Reprinted with permission from

Neurochemical Research [125].

compaction of His fibers, and resulted in faster
propagation of electrical currents along the His
bundles [120].

The heart receives neural inputs from the sym-
pathetic nervous system, which actsto increase
overall cardiac output, and the parasympathet-
ic system, which acts in contrast by ameliorat-
ing sympathetic effects. Sympathetic nerves
innervate the conduction system [121], cardio-
myocytes [122, 123], and the sinoatrial node
[124].

It is now known that these ganglia do not act
simply as bidirectional neural relay stations.
Rather, they are complex, multidirectional sta-
tions containing interneurons whose activities
are thought to be mediated through various
neurotransmitters. A multitude of neurotrans-
mitter-synthesizing enzymes have been identi-
fied within interneurons of these ganglia,
including those that synthesize serotonin, his-
tamine, norepinephrine, epinephrine, nitric
oxide, and various neuropeptides [125-128].

Co-localization of TH, DBH, and PNMT has been
demonstrated in some large diameter neurons,
meaning they could act through the release of
epinephrine to surrounding tissues (Figure 10)
[125]. PNMT mRNA has been shown to be pres-
entin all heart compartments, but was found to
be highestin the left atria [78, 125]. Kvetnansky
[96] has found that the PNMT mRNA levels are
about equal in ganglionic and nonganglionic tis-
sue of the heart and also found a higher level in
the left atria [79]. Interestingly, when rats were
subjected to stress by immobilization, PNMT
MRNA levels in nonganglionic areas of the
heart rose, while those in ganglionic areas
remained at basal levels [78, 129]. Taken
together, these data suggest that there are at
least two different populations of PNMT+ cells
in the heart that appear to be under different
regulatory influences. One hypothesis that
could explain these results is that nongangli-
onic Pnmt+ cells arise from ICA cells while gan-
glionic Pnmt+ cells arise from NCD cells.
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Therapeutic potential of Pnmt+ cells for car-
diac repair/regeneration

The data outlined in this review suggest that
Pnmt can serve as a useful marker for identify-
ing cardiac myocyte and neuronal precursors.
Substantial numbers of cardiac myocytes in
the developing and mature mouse heart are
derived from cells that expressed Pnmt [64,
94, 130, 131]. These include subsets of myo-
cytes that are found in all four chambers of the
heart and those comprising the pacemaking
and conduction system [63, 64]. These myo-
cardial precursors appear in the embryonic
mouse heart between E7.5-E8.5 as part of the
developing primary myocardium [64, 81]. In
addition, a second set of Pnmt+ cells invade
the developing heart several days later, begin-
ning ~E10.5 [64]. These latter Pnmt+ cells
appear to be of neural crest origin, and may
give rise to cardiac neurons [94]. The develop-
mental origins and functions of cardiac nerves
is generally known to be derived from neural
crest precursors, but the specific role and func-
tion of adrenergic neurons and their derivatives
in the heart is not well described or understood
at present. Further, most current stem cell
strategies designed to treat cardiovascular dis-
ease tend to focus almost exclusively on regen-
eration of new muscle and/or blood vessel
formation.

Here, we propose a new strategy to isolate and
potentially amplify selected populations of car-
diac neural progenitors to complement current
angiomyogenesis approaches for cardiac
regenerative medicine. It may be possible, for
example, to use Pnmt (or other neurotransmit-
ter-specific enzymes) as a marker to identify,
isolate, and characterize specific subpopula-
tions of cardiac stem/progenitor cells that have
the potential to become either specialized myo-
cytes or neurons during the course of normal
heart development and when applied to dam-
aged myocardium for repair/regeneration ther-
apy. A schematic illustration of this idea is
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Figure 11. Schematic illustration of dual differentiation pathways for Pnmt* cells in the heart. The pathway shown
in the upper half of the diagram is of mesoderm origin that produces ICA cells, which in turn become specific myo-
cytes within the heart. The pathway shown in the lower half of the diagram is of ectoderm origin that produces NCD
cells, which in turn become specific types of cardiac neurons. Upper panel pictures: Pnmt-derived (XGAL+) myocyte
(left panel, arrow) showing elongated rectangular shape with striations, characteristic of mature ventricular cardio-
myocytes (right panel). Lower panel pictures: Pnmt* neuron-like cells identified in adult mouse atrial tissue using
anti-Pnmt immunofluorescent staining techniques (arrows). Both picture sets are reprinted with permission from

PLoS One [137].

shown in Figure 11. Evidence supporting this
hypothesis is provided in the pictures showing
Pnmt-derived myocytes (top panels) and neu-
ron-like cells (bottom panels) in Figure 11 in
the adult mouse heart [94].

By manipulating the differentiation pathway in
culture, it is theoretically possible to generate
both neuronal and myocardial primer cells that
express Pnmt. Indeed, this has recently been
shown using recombinant mouse embryonic
stem cells (MESCs) that have the green fluores-
cent protein (GFP) reporter gene knocked into
the endogenous Pnmt locus [132]. These
results showed that GFP expression was
induced in parallel with endogenous Pnmt
MRNA following induction of cardiac differentia-
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tion in these cells using well-established proto-
cols. With these and other new tools being
developed to identify viable Pnmt+ cells, it will
soon be feasible to isolate them for detailed
characterization of their physiological proper-
ties and ability to differentiate and develop into
functional myocardium.

In parallel, Pnmt+ cells could also be isolated
following induction of neural crest differentia-
tion to isolate neuronal precursors using a dif-
ferentiation strategy to promote cardiac neural
crest development and migration [133]. The
two different Pnmt+ cell populations could be
evaluated independently or combined to facili-
tate an integrated neuro/myocardial approach
for cardiac repair and rehabilitation. Concei-
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vably, other markers in this pathway such (e.g.,
TH or DBH) could have similar but somewhat
different utilities in this context, and thus
appear ripe for exploration.

It is important to keep in mind, however, that
adrenergic primer cells may not necessarily
provide beneficial results for cardiac regenera-
tion. It is possible that they could instead show
no significant change, or they might worsen an
already deteriorating condition (e.g., heart fail-
ure). There are, for example, reports indicating
that post-MI neural sprouting can lead to
arrhythmogenic problems [50-52, 134-136].
An argument could be made that because
adrenergic influence is one of the major prob-
lems associated with heart failure in the clinic,
it might not make sense to add adrenergic-
derived stem/progenitor cells into a failing
heart. It will thus be important to know if these
cells pose a benefit or risk for stem cell thera-
pies used in the treatment of heart failure. It
will be equally informative if they turn out to
pose a risk because this may help future stem
cell therapies selectively avoid using this sub-
population of Pnmt+ cells for therapeutic appli-
cations of this type. In either case, this work
opens new possibilities for directed differentia-
tion of semi-specialized “primer” cells that have
great potential for cardiac regenerative medi-
cine therapies, and thus promises to be an
engaging area of research focus in the foresee-
able future.

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Steven N Ebert,
Burnett School of Biomedical Sciences, College of
Medicine, University of Central Florida, 6900 Lake
Nona Blvd, Orlando, FL 32827. Tel: 01-407-266-
7047; Fax: 01-407-266-7002; E-mail: steven.ebert@
ucf.edu

References

[1]  Axelrod J. Purification and properties of phenyl-
ethanolamine n-methyltransferase. J Biol
Chem 1962; 237: 1657-1660.

[2] Go AS, Mozaffarian D, Roger VL, Benjamin EJ,
Berry JD, Borden WB, Bravata DM, Dai S, Ford
ES, Fox CS, Franco S, Fullerton HJ, Gillespie C,
Hailpern SM, Heit JA, Howard VJ, Huffman MD,
Kissela BM, Kittner SJ, Lackland DT, Lichtman
JH, Lisabeth LD, Magid D, Marcus GM, Marelli

148

(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

A, Matchar DB, McGuire DK, Mohler ER, Moy
CS, Mussolino ME, Nichol G, Paynter NP, Sch-
reiner PJ, Sorlie PD, Stein J, Turan TN, Virani
SS, Wong ND, Woo D, Turner MB; American
Heart Association Statistics Committee and
Stroke Statistics Subcommittee. Heart disease
and stroke statistics-2012 update: a report
from the American Heart Association. Circula-
tion 2012; 125: e2-e220.

Thiele J, Varus E, Wickenhauser C, Kvasnicka
HM, Metz KA, Beelen DW. Regeneration of
heart muscle tissue: quantification of chimeric
cardiomyocytes and endothelial cells following
transplantation. Histol Histopathol 2004; 19:
201-209.

Smits PC, van Geuns RJ, Poldermans D, Boun-
tioukos M, Onderwater EE, Lee CH, Maat AP,
Serruys PW. Catheter-based intramyocardial
injection of autologous skeletal myoblasts as a
primary treatment of ischemic heart failure:
clinical experience with six-month follow-up. J
Am Coll Cardiol 2003; 42: 2063-2069.

Dick AJ, Guttman MA, Raman VK, Peters DC,
Pessanha BS, Hill JM, Smith S, Scott G,
McVeigh ER, Lederman RJ. Magnetic reso-
nance fluoroscopy allows targeted delivery of
mesenchymal stem cells to infarct borders in
Swine. Circulation 2003; 108: 2899-2904.

Oh H, Bradfute SB, Gallardo TD, Nakamura T,
Gaussin V, Mishina Y, Pocius J, Michael LH,
Behringer RR, Garry DJ, Entman ML, Schneider
MD. Cardiac progenitor cells from adult myo-
cardium: homing, differentiation, and fusion
after infarction. Proc Natl Acad Sci U S A 2003;
100: 12313-12318.

Kudo M, Wang Y, Wani MA, Xu M, Ayub A,
Ashraf M. Implantation of bone marrow stem
cells reduces the infarction and fibrosis in isch-
emic mouse heart. J Mol Cell Cardiol 2003;
35:1113-1119.

Wu JC, Chen 1Y, Sundaresan G, Min JJ, De A,
Qiao JH, Fishbein MC, Gambhir SS. Molecular
imaging of cardiac cell transplantation in living
animals using optical bioluminescence and
positron emission tomography. Circulation
2003; 108: 1302-1305.

Barbash IM, Chouraqui P, Baron J, Feinberg
MS, Etzion S, Tessone A, Miller L, Guetta E, Zi-
pori D, Kedes LH, Kloner RA, Leor J. Systemic
delivery of bone marrow-derived mesenchymal
stem cells to the infarcted myocardium: feasi-
bility, cell migration, and body distribution. Cir-
culation 2003; 108: 863-868.

Song K, Nam YJ, Luo X, Qi X, Tan W, Huang GN,
Acharya A, Smith CL, Tallquist MD, Neilson EG,
Hill JA, Bassel-Duby R, Olson EN. Heart repair
by reprogramming non-myocytes with cardiac
transcription factors. Nature 2012; 485: 599-
604.

Am J Stem Cells 2013;2(3):137-154


mailto:steven.ebert@ucf.edu
mailto:steven.ebert@ucf.edu

(11]

[12]

[13]

(14]

[15]

(16]

[17]

(18]

[19]

[20]

[21]

[22]

149

Pnmt+ primer cells for neuro/myocardial regeneration

Karantalis V, Balkan W, Schulman IH, Hatzis-
tergos KE, Hare JM. Cell-Based Therapy for
Prevention and Reversal of Myocardial Remod-
eling. Am J Physiol Heart Circ Physiol 2012 Aug
1; 303: H256-70.

Beltrami AP, Barlucchi L, Torella D, Baker M,
Limana F, Chimenti S, Kasahara H, Rota M,
Musso E, Urbanek K, Leri A, Kajstura J, Nadal-
Ginard B, Anversa P. Adult cardiac stem cells
are multipotent and support myocardial regen-
eration. Cell 2003; 114: 763-776.
Alvarez-Dolado M, Pardal R, Garcia-Verdugo
JM, Fike JR, Lee HO, Pfeffer K, Lois C, Morrison
SJ, Alvarez-Buylla A. Fusion of bone-marrow-
derived cells with Purkinje neurons, cardiomy-
ocytes and hepatocytes. Nature 2003; 425:
968-973.

Rota M, Kajstura J, Hosoda T, Bearzi C, Vitale
S, Esposito G, laffaldano G, Padin-lruegas ME,
Gonzalez A, Rizzi R, Small N, Muraski J, Alvarez
R, Chen X, Urbanek K, Bolli R, Houser SR, Leri
A, Sussman MA, Anversa P. Bone marrow cells
adopt the cardiomyogenic fate in vivo. Proc
Natl Acad Sci US A 2007 Nov 6; 104: 17783-8.
Anversa P, Leri A, Rota M, Hosoda T, Bearzi C,
Urbanek K, Kajstura J, Bolli R. Concise review:
stem cells, myocardial regeneration, and
methodological artifacts. Stem Cells 2007; 25:
589-601.

Rubart M and Field LJ. Cardiac regeneration:
repopulating the heart. Annu Rev Physiol
2006; 68: 29-49.

Virag JI and Murry CE. Myofibroblast and endo-
thelial cell proliferation during murine myocar-
dial infarct repair. Am J Pathol 2003; 163:
2433-2440.

Reinecke H, Poppa V and Murry CE. Skeletal
muscle stem cells do not transdifferentiate
into cardiomyocytes after cardiac grafting. J
Mol Cell Cardiol 2002; 34: 241-249.

Murry CE, Reinecke H, Pabon LM. Regenera-
tion gaps: observations on stem cells and car-
diac repair. J Am Coll Cardiol 2006; 47: 1777-
1785.

Gruh 1, Beilner J, Blomer U, Schmiedl A,
Schmidt-Richter |, Kruse ML, Haverich A, Mar-
tin U. No evidence of transdifferentiation of hu-
man endothelial progenitor cells into cardio-
myocytes after coculture with neonatal rat
cardiomyocytes. Circulation 2006; 113: 1326-
1334.

Orlic D, Kajstura J, Chimenti S, Bodine DM, Leri
A and Anversa P. Transplanted adult bone mar-
row cells repair myocardial infarcts in mice.
Ann N'Y Acad Sci 2001; 938: 221-229.

Barile L, Messina E, Giacomello A and Marban
E. Endogenous cardiac stem cells. Prog Cardio-
vasc Dis 2007; 50: 31-48.

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

(31]

(32]

van Vliet P, Sluijter JP, Doevendans PA, Gou-
mans MJ. Isolation and expansion of resident
cardiac progenitor cells. Expert Rev Cardiovasc
Ther 2007; 5: 33-43.

Wu SM, Fujiwara Y, Cibulsky SM, Clapham DE,
Lien CL, Schultheiss TM, Orkin SH. Develop-
mental origin of a bipotential myocardial and
smooth muscle cell precursor in the mamma-
lian heart. Cell 2006; 127: 1137-1150.
Moretti A, Caron L, Nakano A, Lam JT, Bern-
shausen A, Chen Y, Qyang Y, Bu L, Sasaki M,
Martin-Puig S, Sun Y, Evans SM, Laugwitz KL,
Chien KR. Multipotent embryonic isl1+ progen-
itor cells lead to cardiac, smooth muscle, and
endothelial cell diversification. Cell 2006; 127:
1151-1165.

Kattman SJ, Huber TL, Keller GM. Multipotent
flk-1+ cardiovascular progenitor cells give rise
to the cardiomyocyte, endothelial, and vascu-
lar smooth muscle lineages. Dev Cell 2006
Nov; 11: 723-32.

Barile L, Chimenti |, Gaetani R, Forte E, Miraldi
F, Frati G, Messina E, Giacomello A. Cardiac
stem cells: isolation, expansion and experi-
mental use for myocardial regeneration. Nat
Clin Pract Cardiovasc Med 2007; 4 Suppl 1:
S9-S14.

Takahashi K and Yamanaka S. Induction of
pluripotent stem cells from mouse embryonic
and adult fibroblast cultures by defined fac-
tors. Cell 2006; 126: 663-676.

Jaenisch R and Young R. Stem cells, the mo-
lecular circuitry of pluripotency and nuclear
reprogramming. Cell 2008; 132: 567-582.
Anokye-Danso F, Trivedi CM, Juhr D, Gupta M,
Cui Z, Tian Y, Zhang Y, Yang W, Gruber PJ, Ep-
stein JA, Morrisey EE. Highly efficient miRNA-
mediated reprogramming of mouse and hu-
man somatic cells to pluripotency. Cell Stem
Cell 2011; 8: 376-388.

Losordo DW, Schatz RA, White CJ, Udelson JE,
Veereshwarayya V, Durgin M, Poh KK, Wein-
stein R, Kearney M, Chaudhry M, Burg A, Eaton
L, Heyd L, Thorne T, Shturman L, Hoffmeister P,
Story K, Zak V, Dowling D, Traverse JH, Olson
RE, Flanagan J, Sodano D, Murayama T, Kawa-
moto A, Kusano KF, Wollins J, Welt F, Shah P,
Soukas P, Asahara T, Henry TD. Intramyocardi-
al transplantation of autologous CD34+ stem
cells for intractable angina: a phase I/lla dou-
ble-blind, randomized controlled trial. Circula-
tion 2007; 115: 3165-3172.

Engelmann MG, Theiss HD, Hennig-Theiss C,
Huber A, Wintersperger BJ, Werle-Ruedinger
AE, Schoenberg SO, Steinbeck G and Franz
WM. Autologous bone marrow stem cell mobili-
zation induced by granulocyte colony-stimulat-
ing factor after subacute ST-segment elevation
myocardial infarction undergoing late revascu-

Am J Stem Cells 2013;2(3):137-154



[33]

[34]

[35]

[36]

[37]

(38]

[39]

150

Pnmt+ primer cells for neuro/myocardial regeneration

larization: final results from the G-CSF-STEMI
(Granulocyte Colony-Stimulating Factor ST-
Segment Elevation Myocardial Infarction) trial.
J Am Coll Cardiol 2006; 48: 1712-1721.
Zohlnhofer D, Ott I, Mehilli J, Schémig K, Mi-
chalk F, Ibrahim T, Meisetschlager G, von We-
del J, Bollwein H, Seyfarth M, Dirschinger J,
Schmitt C, Schwaiger M, Kastrati A, Schomig A;
REVIVAL:-2 Investigators. Stem cell mobilization
by granulocyte colony-stimulating factor in pa-
tients with acute myocardial infarction: a ran-
domized controlled trial. JAMA 2006; 295:
1003-1010.

Wollert KC, Meyer GP, Lotz J, Ringes-Lichten-
berg S, Lippolt P, Breidenbach C, Fichtner S,
Korte T, Hornig B, Messinger D, Arseniev L,
Hertenstein B, Ganser A, Drexler H. Intracoro-
nary autologous bone-marrow cell transfer af-
ter myocardial infarction: the BOOST ran-
domised controlled clinical trial. Lancet 2004,
364: 141-148.

Boyle AJ, Whitbourn R, Schlicht S, Krum H, Ko-
cher A, Nandurkar H, Bergmann S, Daniell M,
O’Day J, Skerrett D, Haylock D, Gilbert RE, Ites-
cu S. Intra-coronary high-dose CD34+ stem
cells in patients with chronic ischemic heart
disease: a 12-month follow-up. Int J Cardiol
2006; 109: 21-27.

Goussetis E, Manginas A, Koutelou M, Peristeri
I, Theodosaki M, Kollaros N, Leontiadis E, The-
odorakos A, Paterakis G, Karatasakis G, Cok-
kinos DV, Graphakos S. Intracoronary infusion
of CD133+ and CD133-CD34+ selected autol-
ogous bone marrow progenitor cells in patients
with chronic ischemic cardiomyopathy: cell iso-
lation, adherence to the infarcted area, and
body distribution. Stem Cells 2006; 24: 2279-
2283.

Makkar RR, Smith RR, Cheng K, Malliaras K,
Thomson LE, Berman D, Czer LS, Marban L,
Mendizabal A, Johnston PV, Russell SD, Schul-
eri KH, Lardo AC, Gerstenblith G, Marban E.
Intracoronary cardiosphere-derived cells for
heart regeneration after myocardial infarction
(CADUCEUS): a prospective, randomised
phase 1 trial. Lancet 2012 Mar 10; 379: 895-
904.

Bond J, Sedmera D, Jourdan J, Zhang Y, Eisen-
berg CA, Eisenberg LM and Gourdie RG. Wnt11
and Wnt7a are up-regulated in association
with differentiation of cardiac conduction cells
in vitro and in vivo. Dev Dyn 2003; 227: 536-
543.

Moskowitz IP, Kim JB, Moore ML, Wolf CM, Pe-
terson MA, Shendure J, Nobrega MA, Yokota Y,
Berul C, Izumo S, Seidman JG, Seidman CE. A
molecular pathway including 1d2, Tbx5, and
Nkx2-5 required for cardiac conduction system
development. Cell 2007; 129: 1365-1376.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

Christoffels VM, Mommersteeg MT, Trowe MO,
Prall OW, de Gier-de Vries C, Soufan AT, Bussen
M, Schuster-Gossler K, Harvey RP, Moorman
AF, Kispert A. Formation of the venous pole of
the heart from an Nkx2-5-negative precursor
population requires Tbx18. Circ Res 2006; 98:
1555-1563.

Calderone A. Nestin+ cells and healing the in-
farcted heart. Am J Physiol Heart Circ Physiol
2012; 302: H1-HO9.

Béguin PC, El-Helou V, Gillis MA, Duquette N,
Gosselin H, Brugada R, Villeneuve L, Lauzier D,
Tanguay JF, Ribuot C, Calderone A. Nestin (+)
stem cells independently contribute to neural
remodelling of the ischemic heart. J Cell Physi-
ol 2011; 226: 1157-1165.

El-Helou V, Beguin PC, Assimakopoulos J,
Clement R, Gosselin H, Brugada R, Aumont A,
Biernaskie J, Villeneuve L, Leung TK, Fer-
nandes KJ, Calderone A. The rat heart contains
a neural stem cell population; role in sympa-
thetic sprouting and angiogenesis. J Mol Cell
Cardiol 2008 Nov; 45: 694-702.

El-Helou V, Dupuis J, Proulx C, Drapeau J, Clem-
ent R, Gosselin H, Villeneuve L, Manganas L,
Calderone A. Resident nestin+ neural-like cells
and fibers are detected in normal and dam-
aged rat myocardium. Hypertension 2005; 46:
1219-1225.

Shinohara T, Shen MJ, Han S, Maruyama M,
Park HW, Fishbein MC, Shen C, Chen PS, Lin
SF. Heart failure decreases nerve activity in
the right atrial ganglionated plexus. J Cardio-
vasc Electrophysiol 2012; 23: 404-412.

Cha YM, Redfield MM, Shah S, Shen WK, Fish-
bein MC, Chen PS. Effects of omapatrilat on
cardiac nerve sprouting and structural remod-
eling in experimental congestive heart failure.
Heart Rhythm 2005; 2: 984-990.

Kimura K, Kanazawa H, leda M, Kawaguchi-
Manabe H, Miyake Y, Yagi T, Arai T, Sano M,
Fukuda K. Norepinephrine-induced nerve gro-
wth factor depletion causes cardiac sympa-
thetic denervation in severe heart failure. Au-
ton Neurosci 2010; 156: 27-35.

Tamura Y, Matsumura K, Sano M, Tabata H,
Kimura K, leda M, Arai T, Ohno Y, Kanazawa H,
Yuasa S, Kaneda R, Makino S, Nakajima K,
Okano H, Fukuda K. Neural crest-derived stem
cells migrate and differentiate into cardiomyo-
cytes after myocardial infarction. Arterioscler
Thromb Vasc Biol 2011; 31: 582-589.

Li W, Knowlton D, Van Winkle DM, Habecker
BA. Infarction alters both the distribution and
noradrenergic properties of cardiac sympa-
thetic neurons. Am J Physiol Heart Circ Physiol
2004; 286: H2229-H2236.

Chen PS, Chen LS, Cao JM, Sharifi B, Karagueu-
zian HS, Fishbein MC. Sympathetic nerve

Am J Stem Cells 2013;2(3):137-154



(51]

(52]

(53]

(54]

[55]

(56]

[57]

(58]

(59]

[60]

[61]

[62]

151

Pnmt+ primer cells for neuro/myocardial regeneration

sprouting, electrical remodeling and the mech-
anisms of sudden cardiac death. Cardiovasc
Res 2001; 50: 409-416.

Cao JM, Fishbein MC, Han JB, Lai WW, Lai AC,
Wu TJ, Czer L, Wolf PL, Denton TA, Shintaku IP,
Chen PS, Chen LS. Relationship between re-
gional cardiac hyperinnervation and ventricu-
lar arrhythmia. Circulation 2000; 101: 1960-
1969.

Kammerling JJ, Green FJ, Watanabe AM, Inoue
H, Barber MJ, Henry DP, Zipes DP. Denervation
supersensitivity of refractoriness in noninfarct-
ed areas apical to transmural myocardial in-
farction. Circulation 1987; 76: 383-393.

Nori SL, Gaudino M, Alessandrini F, Bronzetti E,
Santarelli P. Immunohistochemical evidence
for sympathetic denervation and reinnervation
after necrotic injury in rat myocardium. Cell
Mol Biol (Noisy-le-grand) 1995 Sep; 41: 799-
807.

Liu YB, Wu CC, Lu LS, Su MJ, Lin CW, Lin SF,
Chen LS, Fishbein MC, Chen PS, Lee YT. Sym-
pathetic nerve sprouting, electrical remodel-
ing, and increased vulnerability to ventricular
fibrillation in hypercholesterolemic rabbits.
Circ Res 2003; 92: 1145-1152.

Srivastava D. Making or breaking the heart:
from lineage determination to morphogenesis.
Cell 2006; 126: 1037-1048.

Kirby M. Contribution of neural crest to heart
and vessel morphology. In: Harvey R, Rosen-
thal N, editors. Heart Development. San Diego:
Academic Press 1999; pp: 179-193.
Lopez-Sanchez C, Bartulos O, Martinez-Cam-
pos E, Gaifan C, Valenciano Al, Garcia-Martinez
V, De Pablo F, Hernandez-Sanchez C. Tyrosine
hydroxylase is expressed during early heart de-
velopment and is required for cardiac chamber
formation. Cardiovasc Res 2010; 88: 111-120.
Ignarro LJ and Shideman FE. Norepinephrine
and epinephrine in the embryo and embryonic
heart of the chick: uptake and subcellular dis-
tribution. J Pharmacol Exp Ther 1968; 159:
49-58.

Ignarro LJ and Shideman FE. Appearance and
concentrations of catecholamines and their
biosynthesis in the embryonic and developing
chick. J Pharmacol Exp Ther 1968; 159: 38-
48.

Ignarro LJ and Shideman FE. Catechol-O-meth-
yl transferase and monoamine oxidase activi-
ties in the heart and liver of the embryonic and
developing chick. J Pharmacol Exp Ther 1968;
159: 29-37.

Ebert SN, Baden JM, Mathers LH, Siddall BJ,
Wong DL. Expression of phenylethanolamine
n-methyltransferase in the embryonic rat
heart. J Mol Cell Cardiol 1996; 28: 1653-1658.
Huang MH, Friend DS, Sunday ME, Singh K,
Haley K, Austen KF, Kelly RA, Smith TW. An in-

[63]

[64]

[65]

(66]

[67]

(68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

trinsic adrenergic system in mammalian heart.
J Clin Invest 1996; 98: 1298-1303.

Ebert SN and Thompson RP. Embryonic epi-
nephrine synthesis in the rat heart before in-
nervation: association with pacemaking and
conduction tissue development. Circ Res
2001; 88: 117-124.

Ebert SN, Rong Q, Boe S, Thompson RP, Grin-
berg A, Pfeifer K. Targeted insertion of the Cre-
recombinase gene at the phenylethanolamine
n-methyltransferase locus: A new model for
studying the developmental distribution of ad-
renergic cells. Dev Dyn 2004; 231: 849-858.
Huang MH, Bahl JJ, Wu Y, Hu F, Larson DF,
Roeske WR, Ewy GA. Neuroendocrine proper-
ties of intrinsic cardiac adrenergic cells in fetal
rat heart. Am J Physiol Heart Circ Physiol 2005;
288: H497-H503.

Ellison JP and Hibbs RG. Catecholamine-con-
taining cells of the guinea pig heart: an ultra-
structural study. J Mol Cell Cardiol 1974; 6: 17-
26.

Dail WGJ and Palmer GC. Localization and cor-
relation of catecholamine-containing cells with
adenyl cyclase and phosphodiesterase activi-
ties in the human fetal heart. Anat Rec 1973;
177: 265-287.

Cottle MK. Distribution of catecholamine-con-
taining cells in the atrial region in rats and
ground squirrels. Histochem J 1984, 16: 1137-
1146.

Padbury JF, Diakomanolis ES, Lam RW, Hobel
CJ, Fisher DA. Ontogenesis of tissue catechol-
amines in fetal and neonatal rabbits. J Dev
Physiol 1981; 3: 297-303.

Papka RE. A study of catecholamine-contain-
ing cells in the hearts of fetal and postnatal
rabbits by fluorescence and electron micros-
copy. Cell Tissue Res 1974; 154: 471-484.
Pappano AJ. Ontogenetic development of auto-
nomic neuroeffector transmission and trans-
mitter reactivity in embryonic and fetal hearts.
Pharmacol Rev 1977; 29: 3-33.

Pendleton RG, Gessner G, Sawyer J. Studies on
the distribution of phenylethanolamine N-
methyltransferase and epinephrine in the rat.
Res Commun Chem Pathol Pharmacol 1978;
21: 315-325.

Spurgeon HA, Priola DV, Montoya P, Weiss GK,
Alter WA 3rd. Catecholamines associated with
conductile and contractile myocardium of nor-
mal and denervated dog hearts. J Pharmacol
Exp Ther 1974; 190: 466-471.

Forsgren S, Moravec M, Moravec J. Catechol-
amine-synthesizing enzymes and neuropep-
tides in rat heart epicardial ganglia; an immu-
nohistochemical study. Histochem J 1990; 22:
667-676.

Elayan HH, Kennedy BP, Ziegler MG. Cardiac
atria and ventricles contain different inducible

Am J Stem Cells 2013;2(3):137-154



[76]

[77]

[78]

[79]

[80]

(81]

[82]

[83]

(84]

(85]

(86]

152

Pnmt+ primer cells for neuro/myocardial regeneration

adrenaline synthesising enzymes. Cardiovasc
Res 1990; 24: 53-56.

Kennedy B, Ziegler MG. Cardiac epinephrine
synthesis. Regulation by a glucocorticoid. Cir-
culation 1991; 84: 891-895.

Kennedy B, Bigby TD, Ziegler MG. Nonadrenal
epinephrine-forming enzymes in humans.
Characteristics, distribution, regulation, and
relationship to epinephrine levels. J Clin Invest
1995; 95: 2896-2902.

Krizanova O, Micutkova L, Jelokova J, Filipenko
M, Sabban E, Kvetnansky R. Existence of car-
diac PNMT mRNA in adult rats: elevation by
stress in a glucocorticoid-dependent manner.
Am J Physiol Heart Circ Physiol 2001; 281:
H1372-H1379.

Kvetnansky R, Micutkova L, Kubovcakova L,
Sabban EL, Palkovits M, Krizanova O. Localiza-
tion and regulation of phenylethanolamine N-
methyltransferase gene expression in the
heart of rats and mice during stress. Ann N'Y
Acad Sci 2004; 1018: 405-417.

Tillinger A, Bruderova V, Kubovcakova L, Ze-
man M, Kopacek J, Novakova M, Kvetnansky
R, Krizanova O. Gene expression of the phenyl-
ethanolamine N-methyltransferase is differ-
ently modulated in cardiac atria and ventricles.
Gen Physiol Biophys 2006; 25: 355-364.
Ebert SN, Rong Q, Boe S, Pfeifer K. Catechol-
amine-synthesizing cells in the embryonic
mouse heart. Ann N Y Acad Sci 2008 Dec;
1148: 317-24.

Kuhn H, Richards JG, Tranzer JP. The nature of
rat “specific heart granules” with regard to cat-
echolamines: an investigation by ultrastructur-
al cytochemistry. J Ultrastruct Res 1975; 50:
159-166.

Natarajan AR, Rong Q, Katchman AN, Ebert
SN. Intrinsic cardiac catecholamines help
maintain beating activity in neonatal rat car-
diomyocyte cultures. Pediatr Res 2004; 56:
411-417.

Bernstein D, Fajardo G, Zhao M. The role of
beta-adrenergic receptors in heart failure: Dif-
ferential regulation of cardiotoxicity and car-
dioprotection. Prog Pediatr Cardiol 2011; 31:
35-38.

Fajardo G, Zhao M, Berry G, Wong LJ, Mochly-
Rosen D, Bernstein D. beta2-adrenergic recep-
tors mediate cardioprotection through cross-
talk with mitochondrial cell death pathways. J
Mol Cell Cardiol 2011; 51: 781-789.

Zhao M, Fajardo G, Urashima T, Spin JM, Poor-
farahani S, Rajagopalan V, Huynh D, Connolly
A, Quertermous T, Bernstein D. Cardiac pres-
sure overload hypertrophy is differentially reg-
ulated by beta-adrenergic receptor subtypes.
Am J Physiol Heart Circ Physiol 2011; 301:
H1461-H1470.

(87]

(88]

(89]

[90]

[92]

(93]

(94]

[95]

[96]

[97]

(98]

[99]

Kulandavelu S and Hare JM. Alterations in be-
ta3-Adrenergic Cardiac Innervation and Nitric
Oxide Signaling in Heart Failure. J Am Coll Car-
diol 2012; 59: 1988-1990.

Gregg CJ, Steppan J, Gonzalez DR, Champion
HC, Phan AC, Nyhan D, Shoukas AA, Hare JM,
Barouch LA, Berkowitz DE. beta2-adrenergic
receptor-coupled phosphoinositide 3-kinase
constrains cAMP-dependent increases in car-
diac inotropy through phosphodiesterase 4 ac-
tivation. Anesth Analg 2010; 111: 870-877.
Hajjar RJ, Muller FU, Schmitz W, Schnabel P,
Bohm M. Molecular aspects of adrenergic sig-
nal transduction in cardiac failure. J Mol Med
(Berl) 1998; 76: 747-755.

Lyon AR, Nikolaev VO, Miragoli M, Sikkel MB,
Paur H, Benard L, Hulot JS, Kohlbrenner E, Haj-
jar RJ, Peters NS, Korchev YE, Macleod KT,
Harding SE, Gorelik J. Plasticity of Surface
Structures and beta2-Adrenergic Receptor Lo-
calization in Failing Ventricular Cardiomyocytes
During Recovery From Heart Failure. Circ Heart
Fail 2012; 5: 357-365.

Hajjar RJ and MacRae CA. Adrenergic-receptor
polymorphisms and heart failure. N Engl J Med
2002; 347: 1196-1199.

Thomas SA, Matsumoto AM and Palmiter RD.
Noradrenaline is essential for mouse fetal de-
velopment. Nature 1995; 374: 643-646.

Zhou QY, Quaife CJ, Palmiter RD. Targeted dis-
ruption of the tyrosine hydroxylase gene re-
veals that catecholamines are required for
mouse fetal development. Nature 1995; 374:
640-643.

Osuala K, Telusma K, Khan SM, Wu S, Shah M,
Baker C, Alam S, Abukenda |, Fuentes A, Seif-
ein HB, Ebert SN. Distinctive left-sided distri-
bution of adrenergic-derived cells in the adult
mouse heart. PLoS One 2011; 6: e22811.
Ziegler MG, Kennedy BP, Houts FW. Extra-adre-
nal nonneuronal epinephrine and phenyletha-
nolamine-N-methyltransferase. Adv Pharmacol
1998; 42: 843-846.

Kvetnansky R, Micutkova L, Kubovcakova L,
Sabban EL, Palkovits M, Krizanova O. Localiza-
tion and regulation of phenylethanolamine N-
methyltransferase gene expression in the
heart of rats and mice during stress. Ann N 'Y
Acad Sci 2004; 1018: 405-417.
Bronner-Fraser M. Origins and developmental
potential of the neural crest. Exp Cell Res
1995; 218: 405-417.

Selleck MA and Bronner-Fraser M. Origins of
the avian neural crest: the role of neural plate-
epidermal interactions. Development 1995;
121: 525-538.

Hall BK. The neural crest as a fourth germ lay-
er and vertebrates as quadroblastic not triplo-
blastic. Evol Dev 2000; 2: 3-5.

Am J Stem Cells 2013;2(3):137-154



Pnmt+ primer cells for neuro/myocardial regeneration

[100] Nishibatake M, Kirby ML, Van Mierop LH.
Pathogenesis of persistent truncus arteriosus
and dextroposed aorta in the chick embryo af-
ter neural crest ablation. Circulation 1987; 75:
255-264.

[101] Kulesa P, Bronner-Fraser M and Fraser S. In
ovo time-lapse analysis after dorsal neural
tube ablation shows rerouting of chick hind-
brain neural crest. Development 2000; 127:
2843-2852.

[102] Kulesa PM and Fraser SE. In ovo time-lapse
analysis of chick hindbrain neural crest cell mi-
gration shows cell interactions during migra-
tion to the branchial arches. Development
2000; 127: 1161-1172.

[103] Conway SJ, Bundy J, Chen J, Dickman E, Rog-
ers R, Will BM. Decreased neural crest stem
cell expansion is responsible for the conotrun-
cal heart defects within the splotch (Sp(2H))/
Pax3 mouse mutant. Cardiovasc Res 2000;
47: 314-328.

[104] Besson WT lll, Kirby ML, Van Mierop LH and
Teabeaut JR. Effects of the size of lesions of
the cardiac neural crest at various embryonic
ages on incidence and type of cardiac defects.
Circulation 1986; 73: 360-364.

[105] Phillips MT, Kirby ML, Forbes G. Analysis of cra-
nial neural crest distribution in the developing
heart using quail-chick chimeras. Circ Res
1987; 60: 27-30.

[106] Jiang X, Rowitch DH, Soriano P, McMahon AP
and Sucov HM. Fate of the mammalian cardiac
neural crest. Development 2000; 127: 1607-
1616.

[107] Shibata S, Yasuda A, Renault-Mihara F,
Suyama S, Katoh H, Inoue T, Inoue YU, Nagoshi
N, Sato M, Nakamura M, Akazawa C, Okano H.
Sox10-Venus mice: a new tool for real-time la-
beling of neural crest lineage cells and oligo-
dendrocytes. Mol Brain 2010; 3: 31.

[108] Creazzo TL, Godt RE, Leatherbury L, Conway SJ
and Kirby ML. Role of cardiac neural crest cells
in cardiovascular development. Annu Rev
Physiol 1998; 60: 267-286.

[109] Lo CW, Cohen MF, Huang GY, Lazatin BO, Patel
N, Sullivan R, Pauken C, Park SM. Cx43 gap
junction gene expression and gap junctional
communication in mouse neural crest cells.
Dev Genet 1997; 20: 119-132.

[110] Yamauchi Y, Abe K, Mantani A, Hitoshi Y, Su-
zuki M, Osuzu F, Kuratani S and Yamamura K.
A novel transgenic technique that allows spe-
cific marking of the neural crest cell lineage in
mice. Dev Biol 1999; 212: 191-203.

[111] Tamura Y, Matsumura K, Sano M, Tabata H,
Kimura K, leda M, Arai T, Ohno Y, Kanazawa H,
Yuasa S, Kaneda R, Makino S, Nakajima K,
Okano H, Fukuda K. Neural crest-derived stem
cells migrate and differentiate into cardiomyo-

153

cytes after myocardial infarction. Arterioscler
Thromb Vasc Biol 2011; 31: 582-589.

[112] Tomita Y, Matsumura K, Wakamatsu Y, Matsu-
zaki Y, Shibuya |, Kawaguchi H, leda M,
Kanakubo S, Shimazaki T, Ogawa S, Osumi N,
Okano H, Fukuda K. Cardiac neural crest cells
contribute to the dormant multipotent stem
cell in the mammalian heart. J Cell Biol 2005;
170: 1135-1146.

[113] Le Douarin NM and Kalchiem C. The Neural
Crest. Cambridge: Cambridge University Press
1999.

[114] Kirby ML, Stewart DE. Neural crest origin of
cardiac ganglion cells in the chick embryo:
identification and extirpation. Dev Bio 1983;
O7: 433-443.

[115] Anderson DJ. Cellular and molecular biology of
neural crest cell lineage determination. Trends
Genet 1997; 13: 276-280.

[116] Le Douarin NM, Teillet MA. Experimental analy-
sis of the migration and differentiation of neu-
roblasts of the autonomic nervous system and
of neurectodermal mesenchymal derivatives,
using a biological cell marking technique. Dev
Biol 1974; 41: 162-184.

[117] Snider P, Olaopa M, Firulli AB, Conway SJ. Car-
diovascular development and the colonizing
cardiac neural crest lineage. ScientificWorld-
Journal 2007; 7: 1090-113.

[118] Shi W, Wymore R, Yu H, Wu J, Wymore RT, Pan
Z, Robinson RB, Dixon JE, McKinnon D, Cohen
IS. Distribution and prevalence of hyperpolar-
ization-activated cation channel (HCN) mRNA
expression in cardiac tissues. Circ Res 1999;
85: el-e6.

[119] Cheng G, Litchenberg WH, Cole GJ, Mikawa T,
Thompson RP, Gourdie RG. Development of
the cardiac conduction system involves recruit-
ment within a multipotent cardiomyogenic lin-
eage. Development 1999; 126: 5041-5049.

[120] Gurjarpadhye A, Hewett KW, Justus C, Wen X,
Stadt H, Kirby ML, Sedmera D, Gourdie RG.
Cardiac neural crest ablation inhibits compac-
tion and electrical function of conduction sys-
tem bundles. Am J Physiol Heart Circ Physiol
2007; 292: H1291-H1300.

[121] Levy MN, Ng ML, Zieske H. Functional distribu-
tion of the peripheral cardiac sympathetic
pathways. Circ Res 1966; 19: 650-661.

[122] Barnes RJ, Bower EA, Rink TJ. Haemodynamic
responses to stimulation of the cardiac auto-
nomic nerves in the anaesthetized cat with
closed chest. J Physiol 1980; 299: 55-73.

[123] Phillips MT, Kirby ML, Forbes G. Analysis of cra-
nial neural crest distribution in the developing
heart using quail-chick chimeras. Circ Res
1987; 60: 27-30.

[124] Randall WC, Armour JA, Geis WP and Lippin-
cott DB. Regional cardiac distribution of the

Am J Stem Cells 2013;2(3):137-154



Pnmt+ primer cells for neuro/myocardial regeneration

sympathetic nerves. Fed Proc 1972; 31: 1199-
1208.

[125] Slavikova J, Kuncova J, Reischig J, Dvorakova
M. Catecholaminergic neurons in the rat intrin-
sic cardiac nervous system. Neurochem Res
2003; 28: 593-598.

[126] Kuncova J, Sviglerova J, Tonar Z, Slavikova J.
Heterogenous changes in neuropeptide Y, nor-
epinephrine and epinephrine concentrations
in the hearts of diabetic rats. Auton Neurosci
2005; 121: 7-15.

[127] Steele PA, Gibbins IL, Morris JL, Mayer B. Mul-
tiple populations of neuropeptide-containing
intrinsic neurons in the guinea-pig heart. Neu-
roscience 1994; 62: 241-250.

[128] Tanaka K, Takanaga A, Hayakawa T, Maeda S,
Seki M. The intrinsic origin of nitric oxide syn-
thase immunoreactive nerve fibers in the right
atrium of the guinea pig. Neurosci Lett 2001;
305:111-114.

[129] Song DK, Im YB, Jung JS, Suh HW, Huh SO,
Song JH, Kim YH. Central injection of nicotine
increases hepatic and splenic interleukin 6 (IL-
6) MRNA expression and plasma IL-6 levels in
mice: involvement of the peripheral sympa-
thetic nervous system. FASEB J 1999; 13:
1259-1267.

[130] Ebert SN, Taylor DG. Catecholamines and de-
velopment of cardiac pacemaking: an intrinsi-
cally intimate relationship. Cardiovasc Res
2006; 72: 364-374.

[131] Ebert SN, Rong Q, Boe S, Pfeifer K. Catechol-
amine-synthesizing cells in the embryonic
mouse heart. Ann N Y Acad Sci 2008; 1148:
317-324.

154

[132] Xia J, Varudkar N, Baker CN, Abukenda |, Mar-
tinez C, Natarajan A, Grinberg A, Pfeifer K, Eb-
ert SN. Targeting of the enhanced green fluo-
rescent protein reporter to adrenergic cells in
mice. Molec Biotech 2013; 54: 350-360.

[133] Etchevers H. Primary culture of chick, mouse
or human neural crest cells. Nat Protoc 2011;
6: 1568-1577.

[134] Kim DT, Luthringer DJ, Lai AC, Suh G, Czer L,
Chen LS, Chen PS, Fishbein MC. Sympathetic
nerve sprouting after orthotopic heart trans-
plantation. J Heart Lung Transplant 2004; 23:
1349-1358.

[135] Zhou S, Chen LS, Miyauchi Y, Miyauchi M, Kar
S, Kangavari S, Fishbein MC, Sharifi B, Chen
PS. Mechanisms of cardiac nerve sprouting af-
ter myocardial infarction in dogs. Circ Res
2004; 95: 76-83.

[136] Liu YB, Wu CC, Lu LS, Su MJ, Lin CW, Lin SF,
Chen LS, Fishbein MC, Chen PS, Lee YT. Sym-
pathetic nerve sprouting, electrical remodel-
ing, and increased vulnerability to ventricular
fibrillation in hypercholesterolemic rabbits.
Circ Res 2003; 92: 1145-1152.

[137] Osuala K, Baker CN, Nguyen HL, Martinez C,
Weinshenker D, Ebert SN. Physiological and
genomic consequences of adrenergic deficien-
cy during embryonic/fetal development in
mice: Impact on retinoic acid metabolism.
Physiol Genomics 2012; 44: 934-947.

Am J Stem Cells 2013;2(3):137-154



