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Abstract

Ventricular activation of the mouse heart differs significantly compared to activation in larger
mammals.  Knowledge of structural and functional characteristics of laboratory animals is essential for
evaluation of results obtained from experiments.  The present study was performed to evaluate whether
the different pattern of activation is common to small rodents or unique for mice.  Hearts of adult Wistar
rats were isolated and Langendorff perfused.  After removing the right and left ventricular free wall,
extracellular activity of the septum and bundle branches (BB) was determined using a multi-terminal
electrode harboring 247 terminals.  Immunolabeling on cryosections was performed to assess expression
and distribution of the gap junction proteins Connexin40 (Cx40), Cx43, Cx45, contractile (Desmin,
α-actinin) and intercalated disk-related (N-cadherin, β-catenin) proteins. Collagen distribution was
assessed by Sirius Red staining.  Reconstruction of the left and right bundle branch (LBB and RBB) using
immuno-labeling revealed that the LBB spreads all over the septal surface.  The RBB too is broad, albeit
to a lesser extend than LBB.  A sheet of connective tissue electrically separates the common bundle and
proximal BB from the septal working myocardium.  Immunolabeling revealed clear differences between
the conduction system and the working myocardium with respect to expression level and distribution of
the different proteins analyzed.  The morphological organization of the area resulted in an electrical
activation pattern of the septum comparable to what is common in larger mammals: earliest activation
at the midseptum via the bundle branches.  From our data we conclude that the pattern of ventricular
activation in the rat heart and the structure of the conduction system fit to data described for larger
mammals and differ from the different pattern previously found in mouse heart.
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Introduction

Impulse propagation throughout the heart de-
pends on geometry of the tissue, electrical coupling

between the cardiomyocytes and excitability of the
cells.  Geometry of the tissue includes cell-size and
cell-shape, as well as non-excitable, insulating con-
nective tissue.  Propagation of the action potential to
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neighboring myocytes depends on the functional
expression of gap junction channels.  Gap junction
channels are intercellular channels that connect the
cytoplasm of adjacent cells.  Such channels are com-
posed of hexagonally arranged connexin proteins
which form a large family of highly related though
functionally distinct isoforms (18).  In between car-
diomyocytes, including those that compose the con-
duction system, gap junctions can be composed of
connexin40, (Cx40), Cx43 or Cx45 (reviewed in (20)).
In the mammalian heart, Cx40 and Cx45 predominate
in the conduction system, while Cx43 is the far most
abundant isoform expressed in working myocardium.
Recently, expression of a fourth isoform, Cx30.2, has
been described in mouse heart where it is exclusively
located in the AV-node (9), but this isoform could not
be identified in the human heart (10).

In previous studies we have investigated how
the various factors influence impulse propagation
through the ventricular conduction system in mouse
hearts under physiological conditions (23), and upon
modulation of intercellular electrical coupling (1,
17), or action potential formation (22).  Under
physiological conditions, the sequence of ventricular
activation in the mouse heart appeared to be sig-
nificantly different from the pattern of activation as
reported in larger mammals.  Textbook physiology
learns that in hearts of large mammals, impulse prop-
agation through the common bundle (CB) proceeds
into both bundle branches (BB), from which the im-
pulse is conducted into apical direction.  Connection
of the specific conduction system to working myocar-
dium only occurs at the Purkinje-muscle junction.
First activation of the ventricular septal working
myocardium (SWM) is commonly found halfway the
septum.  Following this sequence of activation, highly
similar ventricular activation patterns derived from
subsequential beats can be recorded (23).

In the mouse heart, impulse propagation through
the CB preferentially activates the ventricular SWM
already at the base rather than midseptally.  This
appears to be due to the absence of a continuous and
isolating sheet of connective tissue at the interface
between the CB and the interventricular septum.  In
larger hearts, this isolating sheet of connective tissue
prevents activation of the septal myocardium and
directs the electrical impulse into the BB.  In the
mouse heart, a peculiar connection between the CB
and the septum gives rise to a different sequence of
ventricular activation, resulting in irregular patterns
of successive beats (23).

To unravel the molecular substrate underlying
cardiac electrophysiology, multiple (mostly geneti-
cally modified) mouse models have been used to study
pathophysiological alterations in relation to cardiac
excitation, conduction and repolarization.  To extrapo-

late the outcome of such studies to a higher level might
be hampered by the observed aberrancies with respect
to the electrical activation pattern in the mouse heart.
To investigate whether the different pattern of activa-
tion is restricted to the mouse heart alone or more
generalized to rodents, we performed a comparable
study on rat hearts.  Comparison of our previously
published data on mouse heart with those obtained in
this study implicates that, though evolutionary closely
related, morphological organization and electrical
activation of the rat heart is more comparable to that in
larger mammals than to that in mouse hearts.

Materials and Methods

Animals

Commercially available adult Wistar rats (n =
8) between 4 and 6 months of age were used for the
electrophysiological and immunohistochemical ex-
periments.  Experiments were performed according
to the Dutch Experiments on Animals Act and the
European Directive for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific
Purposes (86/609/EU).  The study complies with the
Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health
(No. 85-23, revised in 1996).  The experiments were
approved by the Animal Experiments Committee of
Utrecht University.

Preparation of the Hearts

Rats were anaesthetized by an intraperitoneal
injection of urethane (2.0 g/kg body weight).  After
opening of the chest, the heart was excised and sub-
merged in ice-cold Tyrode’s solution.  Next, the heart
was dissected from lungs and other tissue and the
aorta was cannulated.  Subsequently, the heart was
connected to a custom built Langendorff perfusion
setup and retrogradely perfused at 3°C with a perfusion
pressure of 80 cm H2O.  Perfusion buffer composition
was (in mM): NaCl 90, KCl 3.6, KH2PO4 0.92, MgSO4

0.92, NaHCO3 19.2, CaCl2 1.8, glucose 22, creatin 6,
taurine 6, insulin 0.1 µM, gassed with 95% O2 and 5%
CO2.  In all experiments the heart started to beat im-
mediately after initiating perfusion.  Flow rate was
approximately 10 ml/min.  To prevent heat loss to the
surroundings, the heart was placed against a heated
(37°C) and continuously moisturized support.

Recording of Electrograms

Extracellular electrograms were recorded with
a 247 points electrode (19 by 13 grid, inter-electrode
distances of 0.3 mm), mounted in a micromanipulator.
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Recordings were made in unipolar mode with regard
to a reference electrode connected to the support of
the heart.  Electrograms were acquired using a custom
built 256-channel data-acquisition system.  Signals
were bandpass filtered (low cut-off 0.16 Hz (12 dB),
high cut-off 1 kHz (6 dB)), and digitized with 16 bits
resolution at a bit step of 2 µV and a sampling fre-
quency of 2 or 4 kHz.  The input noise of the system
was 4 µV (peak-peak).  For septal measurements, the
right and left ventricular free walls were removed and
the electrode grid was positioned on the inter ven-
tricular septum (IVS) just below the atrio-ventricular
valves.  Atrial pacing was performed at twice the
stimulation threshold.  Each stimulus train was com-
posed of 16 basic stimuli (S1) of 150 ms, followed by
one premature stimulus (S2) of 140 ms, which was
decremented by 10 ms steps until the AV effective
refractory period (AVERP) was reached.

Data Analysis

Activation maps were constructed from activa-
tion times, determined with custom written software
based on Matlab (The Mathworks Inc., Natrick, MA,
USA).  The moment of maximal negative dV/dt in the
unipolar electrograms was selected as the time of
local activation.  Activation times of at least 4 con-
secutive electrode terminals along lines perpendicular
to intersecting isochronal lines were used to deter-
mine effective conduction velocity (CV).  Statistical
comparisons were performed using a paired Student’s
t-test, using SPSS 11 for Macintosh.  Values are given
as means ± standard error of mean.  P values ≤ 0.05
were considered as statistically significant.

Immunohistochemistry and Histology

Following the electrophysiological recordings,
hearts were rapidly frozen in liquid nitrogen and
stored at –80°C.  Frozen hearts were serially sectioned
in a frontal plane (‘four chamber view’) or perpen-
dicular to the long axis (transverse) to produce sec-
tions of 10 µm thickness.  Multiple sections taken
from different levels (frontal to dorsal) of the interven-
tricular septum were incubated with primary anti-
bodies directed against Cx40, Cx43, Cx45, α-actinin,
β-catenin, desmin, N-cadherin and SCN5a as reported
previously (21).  Transversal sections taken from the
midsection of the basis to apex axis were incubated
with Cx40, Cx43 and SCN5a in order to delineate the
bundle branches.  After immunolabeling, sections
were mounted in Vectashield (Vector Laboratories,
Burlingame, CA, USA) and examined using a light
microscope equipped for epifluorescence (Nikon
Optiphot-2, Amstelveen, The Netherlands).

To evaluate the presence of connective tissue,

sections serial to the ones used for antibody-labeling
were stained with Picro Sirius red.  Previously acquired
10 µm sections of wildtype mouse heart (C57B6,
stored at –80°C) were processed in a similar fashion
for a morphological comparison between mouse and
rat, additional to data published before (23).

Antibodies

The following antibodies were used; rabbit
polyclonal antibodies raised against Cx45 (kindly
provided by Dr. T.H. Steinberg, Washington Uni-
versity, St. Louis, USA (12)), Cx40 (Chemicon,
Temecula, CA, USA), N-cadherin (Sigma, St. Louis,
MI, USA), SCN5a (Alomone labs, Jerusalem, Israel)
and mouse monoclonal antibodies raised against Cx43
(Transduction Laboratories, Lexington, KY, USA),
desmin (Sanbio, Uden, The Netherlands), α-actinin
(Sigma, St. Louis, MI, USA) and β-catenin (Transduc-
tion Laboratories, Lexington, KY, USA).  Secondary
antibodies (Texas Red and FITC conjugated whole
IgG) were purchased from Jackson Laboratories (West
Grove, PA, USA).

Results

Delineation of the Ventricular Conduction System

In a similar fashion as described previously for
mouse heart, we divided the interventricular septum
of the rat heart in three regions; P1, P2 and P3 (23).
P1 is located directly apical from the bifurcation of
the CB (until 2.5 mm below the valves), P2 comprises
the midsection (2.5-8.0 below the valves) and P3 the
distal part of both BB and the Purkinje-fibers (from
8.0 mm below the valves into apical direction).

Expression profiles of several myocardial pro-
teins proved to be useful tools to demarcate the
ventricular conduction system apart from the SWM.
Both in mice (Fig. 1A) and rats (Fig. 1G), desmin la-
beling of the ventricular conduction system ap-
peared more intense compared to labeling of the
SWM.  Double labeling of the desmin stained section
shown in Fig. 1A with Cx40 (Fig. 1B) shows that the
highest intensity of desmin labeling correlates with
Cx40 positive cells of the conduction system (LBB)
in the mouse.  On the other hand, double labeling of
mouse heart sections with α-actinin (Fig. 1C) and
Cx40 (Fig. 1D) revealed a lower intensity of α-
actinin labeling in the ventricular conduction system
(CB) compared to the SWM.  A similar difference in
intensity of α-actinin labeling was observed in rats
(Fig. 1H).  Control incubations using only the fluores-
cent secondary antibody excluded that the difference
in intensity was caused by a-specific tissue-border
labeling of the secondary antibody (data not shown).
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Labeling against N-cadherin, an intercalated disk
(ID) associated component of the adherence junction,
suggests that both in mice (Fig. 1E) and rats (Fig. 1I),
IDs between myocytes of the ventricular conduction
system are smaller compared to IDs between septal
working myocardial cells.  Double-labeling of the
section shown in Fig. 1E with β-catenin, another ID
related protein, further confirmed this observation in
mouse heart (Fig. 1F).

In order to visualize the extensiveness of both

BB in the rat heart, transversal sections taken from
the midsection of P2 (about 5 mm below the bifurca-
tion) were analyzed.  Labeling with Cx40 antibodies
allowed to compose the extension of both BB as
shown in Fig. 2A (LBB) and 2C (RBB).  In general,
the LBB displayed a broad network of Cx40 positive
fibers covering an average width of 2.5 mm.  The typi-
cal example shown in Fig. 2A displays clear positive
Cx40 labeling in the LBB while the SWM is negative.
Fig. 2B highlights the area marked with an asterisk

Fig. 1. Immuno-labeling of the interventricular septum focused on the common bundle (CB) and the proximal bundle branches (BB)
in mouse (A-F) and rat (G-I).  Double labeling of the indicated area with antibodies raised against desmin and Cx40 (separately
depicted in A and B), of α-actinin and Cx40 (depicted in C and D), and of N-cadherin and β-catenin (depicted in E and F).
G-I: labeling of the CB-SWM transition in rat heart using antibodies against desmin (G), α-actinin (H) and N-cadherin (I).
Bar (indicated in A) = 100 µm in A, B, 150 µm in G, H, I and 50 µm in C, D, E, F.  SWM = septal working myocardium,
LBB = left bundle branch.
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Fig. 2. Composition of the course of the left bundle branch (LBB, A and B) and right bundle branch (RBB) in rat heart. Sections used
were sliced in a transversal direction and taken from a single plane section of the septum (middle of P2).  A: Composition of the
LBB on the left septal surface using immunolabeling against Cx40.  Labeling indicates that the LBB covers the septum for
about 2.5 mm in broadness.  B: Immuno-labeling against SCN5a (left upper panel) revealed a higher intensity of SCN5a in
the LBB when compared to the SWM.  Labeling against Cx40 (left and right lower panel) and Cx43 (right lower panel).  Arrows
in the lower right panel indicate colocalization of Cx40 and Cx43 in the LBB. Picro-sirius red staining (SR) shows connective
tissue within the LBB area (upper right panel).  The asterisk in A and those in all panel of B indicate identical locations.  C:
Composition of the much smaller right bundle branch using antibodies against Cx40 (left and mid-panel) and Cx43 (mid-panel).
SR staining of the area is shown in the most right panel.  Bars represent 100 µm.
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in Fig. 2A.  Counterstaining of Cx40 with Cx43 anti-
bodies revealed colocalization of Cx40 and Cx43 in
the LBB (indicated with arrows).  Sections serial to
this one were labeled for SCN5a, (the alpha subunit
of the cardiac sodium channel) or processed for Sirius
Red (SR) staining of collagen.  Besides the biomarkers
discussed in Fig. 1, also SCN5a displayed a differential
labeling intensity between the SWM and the LBB
since cardiomyocytes of the LBB displayed a stronger
intensity of labeling (left upper panel).  SR staining
revealed that although connective tissue (red color)
was present between the myocytes of the BB and in
between the BB and the SWM, the amount of connec-
tive tissue was not robust (right upper panel).

In contrast to the LBB, Cx40 labeling of the
RBB (Fig. 2C) was detected in a much smaller area
of the septal surface.  In general, broadness of the
RBB was restricted to approximately 1 mm while
labeling intensity and the amount of positive spots
were more restricted (left panel).  Similar as described
for the LBB, colocalization with Cx43 was found in
the Cx40 positive cells (mid panel, arrows) while the
degree of connective tissue was similar as in LBB
(right panel).

Expression Pattern of Gap Junctions and Presence of
Collagen

Cx43 is the exclusively observed connexin iso-
form in the SWM.  In the CB, labeling of Cx40 (Fig.
3A) and Cx45 (Fig. 3B) could be detected while Cx43
appeared absent in this area.  In contrast to the expres-
sion pattern previously described for mouse (23), Cx43
does not colocalize with Cx40 nor with Cx45 (Fig. 3A
and 3B) at the transition of the CB and the septal
working myocardium.  Here, a narrow immunonega-
tive space separates both regions.  In the very proximal
LBB (directly below the base in P1), colocalization of
Cx43 with Cx40 is already detectable just apical from
the bifurcation (Fig. 3D and 3E).  Sirius Red staining
of serial sections showed that the CB is isolated from
the basal part of the SWM by a continuous sheet of
connective tissue (arrows in Fig. 3C).  Additionally,
more connective tissue is found, surrounding the
myocytes of the proximal BB (Fig. 3F).  The area in
between the two asterisks indicated in Fig. 3D and
3E, is similar to the area indicated in Fig. 3F.

Cellular Organization of Gap Junction Expression
in the BB

Myocytes of the proximal BB differ in several
aspects from SWM myocytes.  As already displayed
in Fig. 1I and 1D labeling profiles in myocytes of the
BB are smaller than neighboring SWM cardiomyo-
cytes while expression levels of several proteins differ

between the two regions.  Next to that, myocytes of
the BB and those of the SWM express different
connexins.  Between ventricular and atrial cardiomyo-
cytes, gap junctions are fairly exclusively located at
the IDs forming the longitudinal cell borders (arrow
in Fig. 4A).  However, in rat BB, distribution of gap
junctions differs from SWM cells.  Although labeling
in cells of the BB was also found at the longitudinal
cell borders, profound diffuse labeling was detected
over the entire cell length as displayed for Cx43/
Cx40 in Fig. 4A and Cx43/Cx45 in Fig. 4B.  Those
double-labeling procedures also revealed that co-
expression of the three connexin isoforms is present
in the proximal BB.  Identical observations were ob-
tained from labeling on the RBB (data not shown).
The aberrant labeling pattern (when compared to
the SWM), appeared not to be restricted to the gap
junction proteins as labeling against the adherence
junction component N-cadherin (Fig. 4C), showed
a comparable pattern as described for the Cxs.  In
contrast to the mouse BB, which also can be charac-
terized by an aberrant distribution of gap junctions as
compared to SWM, no small step-like ID structures as
seen in mouse hearts (Fig. 4D and (23)), could be
identified.

Conduction of the Electrical Impulse

For mapping of electrical activity of the rat
septum, the electrode grid was positioned against the
septal surface just below the atrio-ventricular valves
(indicated in Fig. 5).  Since the grid did not cover the
septum completely, after the initial recordings, the
grid was repositioned towards the apex in order to
map electrical activity in this region too.

Representative electrograms are shown as re-
corded from each of the individual electrodes in the
grid.  BB activation maps were generated from the
low amplitude electrical signal (red arrows) repre-
senting BB activation which preceded the large de-
flection (blue arrows) of SWM depolarization that
was used to generate the septal activation maps.

Bundle branch recordings in rat revealed that
there were no significant differences in conduction
velocity (n = 3, P = 0.82) over the entire recorded dis-
tance (P1 and first half of P2).  The amount of elec-
trodes (interspaced by 300 µm) from which bundle
branch signals could be recorded was compatible to
broadness of both BB as deduced from immunohis-
tochemical reconstructions (see Fig. 2).  We were
however unable to map electrical activity of the BB in
the distal parts (apical part P2 and P3).  Conduction
velocity in the LBB was 52.5 ± 7.7 cm/s and in the
RBB was 54.5 ± 3.9 cm/s.  Rat septal activation maps
made during sinus rhythm revealed that earliest
activation (in red) was found in the midseptal region
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Fig. 4. Immuno-labeling of the interventricular septum focused on the very left proximal bundle branch (BB) in rat (A-C) and mouse
(D).  Double-labeling with antibodies against Cx40/Cx43 (A), Cx43/Cx45 (B), N-cadherin (C) and N-cadherin/Cx43 (D).  Bar
(indicated in A) = 50 µm in A, B, C, D.  SWM = septal working myocardium, LBB = left bundle branch.
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from which the activation spreads over the septum.
This pattern of activation was found both at the left
side and the right side.  On both sides, activation maps
generated from more than 10 subsequent beats dis-
played a high degree of similarity with identical spots
of earliest activation.

Discussion

This study shows that: [1] the pattern of ven-
tricular activation in rat heart aligns to that commonly
found in larger mammals rather than to the pattern
observed in mice.  [2] The different patterns of ven-
tricular activation in rats and mice can be explained
by differences in the morphological organization of
the conduction system.  [3] Expression and distribution
of various contractile and ID-associated proteins
including the gap junction proteins Cx40, Cx43 and
Cx45 differ between the bundle branches and working
myocardium.

For every heartbeat, once generated in the sinus-

node, a well controlled spatio-temporal propagation
throughout the heart is facilitated by a highly orches-
trated anatomical substrate.  At the ventricular level,
this anatomical organization can be separated in a
conduction system (common bundle, bundle branches
and Purkinje fibers) and the working myocardium.
Important determinants within this substrate are the
functional expression of gap junction channels (to
electrically connect adjacent cardiomyocytes), ion
channels (to regenerate the electrical signal once a
myocyte is activated through its depolarized neighbor)
and presence of electrically insulating connective
tissue.  Collagen forms the framework in which the
myocardial cells are embedded to give the heart its
rigid structure.  In large mammals a sheet of connec-
tive tissue encloses the BBs, which electrically isolates
the bundle from the SWM and as such prevents prema-
ture activation of the SWM.  Consequently the action
potential is propagated from the common bundle
through the BBs in order to activate the ventricles and
septum by the Purkinje system from left to right and

Fig. 5. Electrical activation mapping of the right and left rat septum.  A schematic representation indicates the positioning of the elec-
trode grid on the septum.  Traces are representative recordings, which can be made with each of the 247 electrodes in the grid.
From each signal the small bundle branch signal (red arrows) and the large septal deflection (blue arrows) were used to generate
activation maps as shown in the lower panels.  Red colors indicate earliest activation, blue colors latest activation.  Black lines
are isochrones at 1 ms intervals.
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from apex to base (3, 5).
In a previous study, we investigated the mor-

phological organization of the conduction system in
mouse heart in relation to the pattern of electrical
activation (23).  The conclusion from this study was
that the pattern of electrical activation in mouse heart
is strikingly different from that in large mammals and
that this was caused by delicate differences in morpho-
logical organization.  To reveal whether these differ-
ences were common in small hearts of evolutionary
related animals or restricted to mice only, the current
study was performed.

The most important finding in this study relates
to intrinsic differences in one of the determinants of
the anatomical substrate for impulse propagation:
the organization of connective tissue in the conduc-
tion system.  In between the CB and the basis of the
SWM a thin immuno-negative space could be detected
where no gap junctions were present since it repre-
sented an insulating sheet of connective tissue.  Also
surrounding the proximal BB, significant amounts of
connective tissue were detected that disabled a direct
electrical connection to the SWM.  This organization
is comparable to that in larger mammals where a sheet
of connective tissue electrically isolates the common
bundle from the SWM in order to prevent premature
activation of the SWM at the basis.  In contrast, in
mouse hearts Cx43 and Cx45 co-localize in the men-
tioned borderzone, which is facilitated by the fact that
the thin sheet of connective tissue appeared discon-
tinuous and penetrated by myocytes which physically
connected to each other (23).

Besides a difference in organization of connec-
tive tissue, though maybe less important, also the
expression of the gap junction protein Cx43 in the
BBs is subject to small differences between rats and
mice.  While in both species Cx40 and Cx45 are ex-
pressed in the complete conduction system, expression
of Cx43 in mouse BB does not colocalize with Cx40
and Cx45 until the level of P3, the very distal parts
of the BB and the Purkinje fibers.  In rats, Cx43 is
already co-expressed at the very basal parts of the
BB (just apical from the bifurcation).  This expression
of Cx43 in the proximal BB has previously been
shown for larger mammals as human and cow.  In
these species, the proximal BB is separated from the
septal working myocardium by an isolating sheet of
connective tissue (14), comparable to what we show
in this study on rats.  Activation maps of the septum
support the concept that the bundle is not connected
to the myocardium at this level.

In general, Cx43 (atria and ventricles) and Cx40
(atria) in working myocardial myocytes are pre-
dominantly expressed in IDs at the longitudinal cell
borders, where they colocalize with N-cadherin and
desmoplakin (2, 15).  This polarized distribution favors

longitudinal over transverse conduction and thus
gives rise to anisotropic conduction (19).  In the BB
however, expression of all three connexin isoforms
but also of the adherence junction protein N-cadherin
is different.  Besides that labeling was identified at
the longitudinal cell borders, profound diffuse labeling
covered the complete sarcolemma.  This labeling
pattern, together with the already mentioned sheet
of connective tissue surrounding the proximal conduc-
tive cells conforms to the distribution of Cx43 in the
BB of human and cow (14).  This implies also that the
expression pattern in rat BB differs from the peculiar
distribution of IDs in the BB of mouse heart (see
Fig. 4 and (23)).

In addition to the aberrant organization of IDs
in the BB, observations indicate that these myocytes
are phenotypically different from working myocardial
cells: [1] The diffuse labeling for Cx40, Cx43, Cx45
and N-cadherin in myocytes of the rat conduction
system, has been described before in other cardiomy-
ocyte phenotypes like neonatal and maturating
myocytes (2, 11), dedifferentiating adult myocytes in
culture (8), and in cardiomyopathic hearts (19).  [2]
Similar to embryonic stages of mouse heart (6), and
adult bovine heart (14), also in adult rats and mice
(see Fig. 1) differences exist between the expression
levels of desmin and α-actinin in the conduction
system and the SWM.  [3] The increased expression
level of the cardiac sodium channel (SCN5a) in the rat
BB as compared to the SWM has also been observed
in adult mouse heart (4, 16).  Whether the phenotypical
differences originate from differences in cellular
differentiation during cardiac development (13), or
from differences in the origin of the tissue (two
different germ layers) (7), is still unresolved.

Similar as in mice, the LBB in rats is rather
broad as it covers the majority of the left septal
surface.  On the right side however, the RBB covers
a much larger area than found in mice where the
RBB exists of only one or two tiny strands (Fig. 2 and
(23)).  In rat BB, conduction of the action potential is
(equally) rapid over the entire length measured which
fits with a homogeneous expression and distribution
of gap junction proteins.  In mice, despite slight in-
trinsic differences in expression/distribution of the
gap junctions, propagation in the proximal BB is
equally rapid as in rat, but reduced by half in the dis-
tal BB (23).  A complete comparison between the
velocities in rat and mouse BB is limited by the fact
that in the current study we were unable to record BB
signals in the very distal BB.  We have to speculate
to explain the underlying cause of this failure.  It
might be that in contrast to the mouse BB the distal
BB in rat penetrates into deeper layers of the septum
rather than run at the endocardial surface.  It might
well be that this aspect in combination with a high
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degree of BB-sprouting results in too small electrical
signals to be detected with our mapping electrode.

Electrical activation of the septal myocardium
revealed that earliest activation occurred midseptal
and latest activation at the basis (for both the left and
right side).  In mice, when measured at the right septal
surface, earliest activation was predominantly ob-
served at the basis and latest at the apex while at the
left side both premature and bundle branch activation
of the septum was detected (17, 23).  In the current
experiments, activation maps from more than ten
subsequent beats were highly similar with identical
sites (at the midseptum) of earliest activation.  Thus,
septal activation and morphology in rats conforms
more to that of larger mammals than to a closely
related family member as the mouse is.

Though the mouse is an indispensable model to
study the invalidation of individual genes, knowledge
that the conduction pathway in mouse heart is different
when compared to that found in larger hearts (including
rat heart) requires that extrapolation of studies on
impulse propagation using knockout or transgenic
mice should be made with caution.  With upcoming
new technologies that allow to equip complete hearts
with exogenous genes (viral delivery) or to specifically
silence genes (siRNA interference), the rat heart might
become a strong extra tool to study aspects involved
in patterns of electrical activation.
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