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Abstract

The specialized cardiac conduction system (CCS) consists of the sinoatrial node (SAN) and the
atrioventricular (AV) conduction system (AVCS), which includes proximal (AV node, bundle of His
and bundle branches) and distal (Purkinje fibers) components. In four CCS marker mice [two
transgenic (cGATAG|lacZ, CCS|lacZ) and two targeted gene knock-in (minK|lacZ, Hop|lacZ)] the
expression of the lacZ gene (B-gal) has been reported to mark portions of the proximal and distal
AVCS; the expression of this marker in the adult SAN is unknown. The primary objective of this
study was to analyze the utility of these marker mice in the identification of the SAN. Intercaval and
interventricular septal regions, containing all the components of the CCS, were freshly dissected
from adult mice based on the anatomical landmarks and sectioned. Immunohistochemical
characterization was performed with SAN markers (Cx45, HCN4), compared to the reporter
expression (B-gal) and markers of the working myocardium (Cx40 and Cx43). In all four of the CCS
marker mice, we found that p-gal expression is consistently observed in the proximal and distal
AVCS. However, the presence of lacZ gene expression in the working myocardium outside the CCS
and/or the absence of this reporter expression in the SAN prevent the effective use of these mice to
identify the SAN, leading us to conclude that none of the four CCS marker mice we studied
specifically mark the SAN.
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Introduction

The heterogeneous tissues of the cardiac conduction system (CCS) are responsible for
initiating, maintaining and coordinating the rhythmic pumping of the heart. The components
of the CCS include the sinoatrial node (SAN), the proximal (atrioventricular node and bundle
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of His), and distal (bundle branches and Purkinje fibers) atrioventricular conduction system
(AVCS). The SAN is the impulse generating tissue or primary pacemaker of the heart. Early
studies focused on the morphological and electrophysiological characteristics of the SAN and
other components of the CCS (reviewed in [1,2]). In 1883 Gaskell described the sinus venosus-
atrial junction, which has the highest rate of automaticity, as the pace-making region [3]. Keith
and Flack described the complete morphology of SAN 24 years later [4]. Subsequently, there
have been multiple reports characterizing SAN structure, function and their interrelationships
[5-7], but it been only in the past decade that a definition of the SAN based on molecular and
histochemical markers was published by Boyett and colleagues [8,9].

The SAN has been defined by anatomical, electrical, and histochemical means. Taken together,
the SAN can be defined as a heterogeneous population of automatic cells in the atria near the
crista-terminalis with its core positive for Cx45 and HCN4 and periphery positive for both
Cx45 and Cx43[9-11]. Cx40, Cx43, Cx45 and Cx30.2 are considered the primary connexins
of the heart and have specific compartmentalized expression pattern both in the conduction
system and in the myocardium. Cx40, with the highest electrical conduction of the four
connexins is expressed in the atria and in the bundle of His and bundle branches. Cx43, the
moderate conductor is expressed in all the working myocardium. Cx45, with low conductance
and is associated with SAN and AVN [12,13]. Cx30.2 with the lowest conductance has an
expression pattern similar to that of Cx45[14]. HCN4 on the other hand is a non-specific cation
channel known to produce the If current, characteristic of the cardiac pacing tissue (Reviewed
in[15]).

Based on the conservation of the CCS paradigm among mammals and being amenable to
transgenic and recombination techniques, the mouse has emerged as an important tool for the
study of the CCS. Recent reports have described genetically engineered mouse models, where
a reporter gene, lacZ (gene product is f-galactosidase; p-gal), marks components of the CCS
(“CCS marker” mice) [16-20]. Expression of this reporter in the various components of the
AVCS has been extensively characterized in four models: 1) cGATA®6|lacZ 2) minK]lacZ 3)
CCSllacZ and 4) Hop|lacZ. The purpose of the present study was to delineate the SAN-specific
expression pattern of the reporter in adult hearts of these four CCS marker mice, and to
determine this we compared immunohistochemical localization of SAN-specific markers
(Cx45, HCNA4) with the staining patterns of the B-gal reporter expression.

Materials and Methods

Conduction System Marker Mice

The previously published characteristics of the conduction system marker mice are shown in
Table 1. In these mice, the morphology of the conduction system has not been reported to be
affected by the insertion of the reporter gene, but the expression pattern of the reporter varies
among the models. cGATAG|lacZ transgenic mice, first described by Davis and colleagues
[17], harbors a fragment of the chicken GATAG promoter (—1.5/0.0/GATAG) driving the
expression of lacZ in the 129J strain of mice[21]. GATAG belongs to the GATA family of zinc
finger transcription factors and is important for regulating terminal differentiation in the heart,
lung, gut and gut-derived organs. The reporter expression in the conduction system of the CCS|
lacZ transgenic mouse, originally termed MC4/Eng2|lacZ and described by Logan [22], was
delineated by Rentschler et al [19]. This mouse has been widely used in the study of the AVCS
[23,24]. minK|lacZ, first described by Kupershmidt and associates [18] and characterized by
Kondo [6], are mice with a homologous recombination of the lacZ gene replacing the KCNE1
channel ina Swiss black background (kind gift of Dr. Dan Roden). minK (KCNEZ1) is a voltage-
gated delayed rectifier potassium channel that is highly expressed in the heart, intestine, lungs
and kidney. It acts as a B-subunit for a variety of ion channels including, but not limited to,
KCNQ1, HERG and HCN1-4. HOP|lacZ mice (a kind gift of Dr. Jon Epstein), reported and
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characterized by Chen and Ismat [20,25], were generated by homologous targeting of the lacZ
gene into the HOP locus in 628 strain of mice. HOP is an atypical homeodomain-only
transcription factor that does not bind to DNA. It negatively regulates transcription by binding
and inhibiting serum response factor and by recruiting histone deacetylases.

Dissection of the SAN

Ten adult mice per genotype (PGT) of mixed gender were humanely sacrificed according to
institutional and national protocols [26], using an overdose of isofluorane (inhalation) and the
beating heart was removed and placed in a tyrode-perfused chamber as previously described
[27]. In brief, each active SAN was dissected using anatomical markers by sequential removal
of the ventricles, great arteries, pulmonary veins and the left atrium. The right atrium was then
opened along the caval axis to expose the cristaterminalis and the SAN (Fig. 1). The inter-
ventricular septum and part of the right ventricle around the tricuspid annulus were retained
during isolation of the AV node. The left atrium was retained in some specimens for better
ease of tissue handling. The whole tissues were visualized under a Nikon SMZ1500 dissection
microscope and imaged with a DXMZ1200F camera. Of the ten mice 2-3 mice PGT were used
for X-gal staining and 4-6 mice PGT were used for immunohistochemistry.

Staining and Immunohistochemistry (IHC)

Results

Isolated intercaval regions with or without AV nodal tissue were pinned on silicone blocks and
kept in ice-cold Hanks buffer before staining with X-gal to identify the f-gal expressing tissue.
Staining technique for B-gal detection, described by Hogan [28], was used for all specimens.
Stained intercaval regions were photographed, embedded in OCT and cryosectioned. Sections
(10-15pm) were counter-stained with Eosin or Nuclear Fast Red before microscopy. Unstained
intercaval regions were cryosectioned and adjacent sections (5-8um) were labeled using X-gal
stain or antibodies against B-gal, Connexin40 (Cx40), Connexin43 (Cx43), Connexin45
(Cx45), HCN4 and VEGF-R3. Details on the antibody source, concentration and antigen are
provided in Table 2, in the supplementary materials. Confocal microscopic analysis was
performed on the specimens. We used the immunohistochemical definition of the adult SAN
of Boyett et al [9-11], i.e., a heterogeneous population of automatic cells in the atria near the
crista-terminalis with its core positive for Cx45 and HCN4 and periphery positive for both
Cx45 and Cx43. Immunostained sections were then examined for the specificity of marker
expression with respect to the CCS under an Axioplane LSM510 (Carl Zeiss) confocal
microscope.

A cartoon representation of the anatomical region of the sinus venosus containing the SAN in
relation to other prominent structures of the posterior right atrium is shown in Figure 1A. The
outlined region in Figure 1A and 1B demarcate the potential SAN. Figure 1C shows a cartoon
of the confocal image of the SAN sectioned along the plane of sectioning shown in Figure 1A.
Representative pictures of whole mount X-gal-stained intercaval regions and
photomicrographs of immunostained sections representing genes analyzed in the four CCS
marker mice are shown in Figures 2-5. Consistent $-gal expression in the proximal and distal
AVCS was found in all four studied adult models, but there was significant variability in atrial
expression in mice of different genotypes. To a lesser extent, the expression varied even
between mice from the same genotype (supplemental Fig. 1; supplemental Fig. 2). However,
identification of the p—gal reporter outside the CCS and/or the absence of $-gal expression in
the SAN prevents them from being used as effective markers for identification of adult SAN
cells. The staining was considered “CCS-specific” when the marker expression was restricted
only to components of the CCS and “non-CC-specific” or “generalized” when expressed
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anywhere outside the CCS. A description of findings in each marker mouse model is provided
below and tabulated in Table 2.

cGATASG|lacz

CCsSj|lacz

minK|lacZ

Hop|lacz

LacZ gene was strongly expressed over the entire intercaval region (Fig. 2A, 2B, supplemental
Fig. 1C). X-gal staining showed B-gal activity near the SAN region along the crista-terminalis
with a vascular pattern (Fig. 2A, supplemental Fig. 1C). IHC with antibody against 3-gal and
section X-gal staining (Fig. 2B, supplemental Fig. 1) showed expression in the atrial muscle

(expressing Cx40 and Cx43; Fig. 2D & Fig. 2F respectively). The B-gal IHC and X-gal staining
also confirmed the absence of the reporter in the SAN (expressing HCN4 and Cx45; Fig. 2C

& 2E respectively). Examination of the sections at higher magnification and co-localization of
B-gal with VEGF-R2 identified marker expression in vascular endothelium (Data not shown).

X-gal staining of the hearts of these mice showed consistent proximal and distal AVCS (Fig.
3B inset) and patchy and variable expression of the reporter within the genotype in the
intercaval region, left and right atria including the appendages (Fig. 3A & 3B, supplemental
Fig. 2) similar to the pattern previously reported for neonates [19]. Section X-gal staining (Fig.
3B, supplemental Fig. 2) revealed the absence of expression of the lacZ gene in the SAN marked
by HCN4 (Fig. 3C) and Cx45 (Fig. 3E) while being variably present in the adjacent
myocardium marked by Cx43 and Cx40 (Fig. 3F & 3D).

As reported by Kupershmidt [18] in neonates and adults, X-gal staining was consistent, strong
and specific in the AVN, bundle of His and Purkinje fibers (Fig. 4A), indicating expression of
the lacZ gene in the proximal and distal AVCS. There was no trace of expression in the SAN
region with either X-gal staining (Fig. 4A) or by IHC (Fig. 4B). Immunohistochemical analysis
with Cx45 (Fig. 4E), HCN4 (Fig. 4C) and Cx43 (Fig. 4F) confirmed that the reporter is not
expressed in either the core or the periphery of the SAN. minK|lacZ did not show any
generalized expression outside of the CCS in the atrial tissue stained by Cx40 (Fig. 4D).

X-gal staining was consistently seen in the proximal and distal AVCS (Fig. 5A). However,
staining was also seen in a generalized pattern in both the atrial appendages, crista-terminalis
and in the inter-ventricular septum. IHC staining revealed the presence of the reporter gene
(Fig. 5B) in the SAN (expressing HCN4 and Cx45; Fig. 5C & 5E), albeit as an extension of
the expression in the myocytes of the crista-terminalis (expressing Cx43 and Cx40; Fig. 5F &
5D, respectively).

Discussion

Using immunohistochemical techniques, Boyett and colleagues provided a molecular
description of the SAN as a heterogeneous population of automatic cells in the right atria at
the junction of the crista-terminalis (CT) and the sinus venosus with its core positive for Cx45
and HCNA4 and periphery positive for both Cx45 and Cx43. Cx40, the most abundant connexin
in the atria, is not present in the SAN [9-11]. Using this approach to identify the SAN in adult
CCS marker mice, we found that a reporter gene that is consistently expressed in the proximal
and distal AVCS is not specifically or consistently expressed in the SAN. Thus, while the
current study shows that in each of these genetically engineered mice, the reporter specifically
marks some components of the CCS, they lack specific marker expression in the adult SAN.
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Our results demonstrate that Hop|lacZ is expressed in the SAN, but this cannot be distinguished
from generalized expression in surrounding atrial myocardium. CCS|lacZ, on the other hand,
has been reported to have marker expression in the SAN region in early embryonic and neonatal
time points (personal communication and [29]), but our study does not show any SAN
expression in adult hearts. In some mice with this genotype, we found marker expression in
the tissue around the SAN along the ICR, which in a whole mount would give an impression
of B-gal expression in the SAN (supplemental Fig. 2). cGATAG|lacZ and minK|lacZ both have
strong reporter expression in the proximal AVCS with no expression in the SAN. From these
results it is tempting to speculate that either the SAN originates from a different primordial
tissue compared to the rest of the CCS (three of the four mice don't mark the SAN) or
alternatively, in later developmental stages cells in the SAN down-regulate reporter gene
expression, while other components of the CCS continue to express it.

While molecular markers have facilitated study of the CCS, the question of CCS origin still
remains unanswered [16,30]. There are currently three schools of thought on the developmental
origin of the CCS. In the first, it is believed that sub-populations of primitive myocardium/
mesenchymal tissue in specific regions of the primitive heart are prevented from differentiating
into atrial and ventricular working myocardium. These cells continue to retain their primitive
phenotype and contribute to the formation of the CCS, septae and valves [31-33]. In the second
model, vascular endothelium or endocardium is believed to emit paracrine signals that induce
recruitment and re-differentiation of the periarteiolar working myocardium into the CCS,
especially in the AVCS [29,34-36]. Finally in a third scenario, it has been proposed that neural
crest cells migrating from the posterior rhomboencephalons contribute or signal the generation
of the CCS from the myocardium [37-39]. Based on existing evidence, the first two models
seem more likely, but with current tools, it is not possible to resolve the differences in the three
proposed models.

An ideal molecular marker, one that identifies the specific components of CCS primordia from
the first cardiac contraction throughout adult life, would be a real asset in delineating the most
appropriate model. While such a molecular marker model would be invaluable, the existing
tools need to be evaluated for specificity and persistence throughout development and
adulthood. While multiple transgenic and recombineered mouse lines have been described that
express a reporter gene in various components of the CCS (reviewed in [40,41]), details of
CCsS-specific expression have only been obtained in a small subset. Accurate evaluation of the
existing and future conduction system marker mice will lead to better understanding of the
developmental aspects of the SAN and other components of the CCS. Such understanding
promises improved comprehension of the pathogenesis of conduction system disease, e.g. sick
sinus syndrome, which in turn will lead to alternative therapeutic strategies, e.g. the
development of biological pacemakers [42,43].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 2
fB-galactosidase expression in various tissues, among the four CCS-marker mice
Mouse Genotype SAN Peri-SAN Atria Atria AVN
cGATAG6|Lacz - + ++ +
CCSJLacZ - + ++ ++
minK|LacZ - - - ++
HOP|LacZ + + ++ ++
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