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Abstract

Background—The structure-function relationship in the atrioventricular junction (AVJ) of
various animal species has been investigated in detail, however less is known about the human
AVJ. In this study, we performed high-resolution optical mapping of the human AVJ (n=6) to
define its pacemaker properties and response to autonomic stimulation.

Methods and Results—Isolated, coronary-perfused AVJ preparations from failing human
hearts (n=6, 5316 years) were optically mapped using the near-infrared, voltage-sensitive dye,
di-4-ANBDQBS, with isoproterenol (Iso, 1 uM) and acetylcholine (ACh, 1uM). An algorithm
detecting multiple components of optical action potentials was used to reconstruct multi-layered
intramural AVJ activation and to identify specialized slow and fast conduction pathways (SP and
FP). The anatomical origin and propagation of pacemaker activity was verified via histology.
Spontaneous AVJ rhythms of 29+11 bpm (n=6) originated in the nodal-His region (NH, n=3) and/
or the proximal His bundle (H, n=4). Iso accelerated the AVJ rhythm to 69+12 bpm (n=5); shifted
the leading pacemaker to the transitional cell (TC) regions near the FP and SP (n=4) and/or
coronary sinus (n=2); and triggered reentrant arrhythmias (n=2). ACh (n=4) decreased the AVJ
rhythm to 18+4 bpm; slowed FP/SP conduction leading to block between the AVJ and atrium; and
shifted the pacemaker to either the TC or TC/NH (bifocal activation).

Conclusions—We have demonstrated that the AVJ pacemaker in failing human hearts is located
in the NH or H-regions and can be modified with autonomic stimulation. Moreover, we found that
both the FP and SP are involved in anterograde and retrograde conduction.

Keywords
atrioventricular node; junctional rhythm; His bundle; optical mapping; heart failure

Introduction

The atrioventricular node (AVN), initially characterized by Sunao Tawara in 1906, describes
a compact spindle-shaped network of cells connected to the His bundle.! Subsequent
investigations have characterized two nodal extensions (rightward and leftward, RE and LE)
extending proximally from the AVN towards the coronary sinus (CS).2 3 Consequently, the
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term atrioventricular junction (AVJ) will be used in this study to describe all tissues
involved in atrial-His conduction.*

Functionally, the AVJ plays an important role in maintaining AV conduction, functioning as
a backup pacemaker in the setting of sinus node dysfunction, and protecting the ventricles
during atrial tachyarrhythmias.5>—8 Microelectrode recordings from the rabbit AVJ have
revealed several different cell types (transitional atrial-nodal [AN], compact nodal [N], and
lower nodal-His [NH] regions) based on action potential morphology, which are
functionally different from those recorded in typical atrial and His bundle cells.®: 10
Moreover, cells of the AN, NH, and His regions of the AVJ exhibit independent pacemaker
activity.11 Additionally, the leading pacemaker and conduction properties of the AVJ are
significantly modulated by the sympathetic and parasympathetic nervous systems.5: 11-13

Despite numerous detailed studies of the origin of excitation and conduction in the AVJ of
many animal species,11: 14. 15 only indirect measurements of the AVJ pacemaker have been
reported in humans® 16-18 due to the inability of endocardial electrode mapping to
determine the excitation origin and propagation of action potentials within the complex 3D
structure of the AVJ.15 19, 20 Scherlag et al,® concluded that “the nondescript, spurious
nature of A-V nodal recordings would severely limit if not totally exclude their usefulness in
differentiating the site of origin of junctional rhythms.”” Moreover, the cellular
electrophysiology of specific cell types in the AVJ region are likely driven by differential
gene expression patterns for connexins and ion channels and are therefore not
distinguishable by classical histological methods.20: 21 A recent study by Greener et al,22
however, has begun to unravel the complex, heterogeneous expression of genes in the AV
conduction axis.

Optical mapping has made significant contributions to our understanding of conduction and
pacemaker properties in the AVJ of various animal models.13: 14.23. 24 The more recent
development of novel near-infrared voltage-sensitive fluorescent dyes allow for greater
depth penetration and in-depth evaluation of the functional properties of complex structures,
including the human sinoatrial node.?% 26 In this study, we investigated pacemaker activity,
conduction, and autonomic modulation of the human AVJ using high-resolution optical
mapping with the voltage-sensitive dye, di-4-ANBDQBS with correlation of function to the
underlying anatomical structures as defined via histology.

The use of human hearts for research was approved by the Institutional Review Board at
Washington University in St. Louis.

In vitro optical mapping studies

Explanted failing human hearts (n=6, Figure 1A) were obtained at the time of cardiac
transplantation (Barnes-Jewish Hospital, St. Louis, MO) and immediately arrested by
cardioplegic solution (4°C), containing (in mM): 110 NaCl, 1.2 CaCl,, 16 KClI, 16 MgCl,,
10 NaHCOs. Table 1 shows the clinical data regarding each specimen.

The AVJ was dissected from the whole heart and the posterior and/or anterior septal arteries
were cannulated with 16-gauge catheters (Figure 1B). The final AVJ preparation included
tissue of the interatrial and interventricular septa (I1AS and 1VS), central fibrous body (CFB),
and coronary sinus (CS). The preparations were then positioned in a temperature-controlled
glass chamber with the right septal endocardium facing the optical apparatus and superfused
at 80 ml/min and coronary-perfused under a constant pressure of 55+5 mmHg with
oxygenated (95% O,, 5% CO,) modified Tyrode’s solution containing (in mM): 128.2
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NaCl, 1.3 CaCl,, 4.7 KCl, 1.05 MgCl,, 1.19 NaH,PO4, 25 NaHCO3, and 11 glucose.
Temperature and pH were maintained continuously at 36x0.5°C and 7.35+0.05,
respectively.

The excitation-contraction uncoupler blebbistatin?? (10-20 uM, Tocris Biosciences,
Ellisville, MO) and the voltage-sensitive dye, di-4-ANBDQBS2° (10-40 uM) were added to
the perfusate. Bipolar pacing and recording electrodes were placed at two locations on the
IAS. Optical mapping was performed at a rate of 1000 frames/sec with the MiCam Ultima-L
CMOS camera (SciMedia, Costa Mesa, CA) with an optical field of view (OFV) ranging
from 28x28 to 33x33 mm? (280-330 um/pixel).

Experimental protocol

After recording intrinsic AVJ rhythms under control conditions, the preparations were
perfused with 1 pM Iso for 30 min, followed by 1 uM ACh for an additional 30 minutes.
Our experimental protocol was limited to three hours based on our previous experience with
optical mapping of the human sinoatrial node.26

Optical mapping data analysis and interpretations

Histology

3D model

Statistics

Results

Optical recordings contained fluorescent signals from the myocardium up to a depth of 1-3
mm.23: 25,28, 29 A custom-designed Matlab program was used to analyze multicomponent
intramural optical action potentials (OAPS) as previously described.30 Activation times and
corresponding conduction velocities (CV) were defined in the nodal tissue and His bundle
using 50% of the OAP amplitude (AP50%),30: 31 while activation times of the atrial layer
were defined by the dV/dtmax OF the atrial upstroke component of the OAP.

After the optical mapping experiment, the AVJ preparations (n=5) were clearly marked with
pins and frozen at —80°C. The tissues were cryosectioned at 16 um and stained using
Masson Trichrome (IMEB, San Marcos, CA). Anatomic structures of the His bundle, AV
node, and nodal extensions were identified as described previously.3

The compartments of the AVJ were outlined in histological sections taken 250-500 pm
apart throughout the entire length of the AVJ as follows: IAS/TC, 1VS, connective tissue
(valves and CFB), conduction system (His bundle, AVN, nodal extensions), and vasculature.
The set of compartment outlines was then rendered to create a solid 3D volume in
Rhinoceros NURBS modeling software (Robert McNeel and Associates, UK).

Quantitative data are shown as mean+SD. The comparison of treatments was done using
mixed model in PROC MIXED procedure of SAS 9.1 (Cary, NC). Post-hoc tests with
Bonferroni adjustment were used to compare treatments.

Anatomic Investigation of the Human AVJ

In order to precisely correlate function, as observed via optical mapping, with the underlying
anatomical structures, five preparations were cryosectioned and histologically stained in
order to verify the anatomical origin of OAPs as shown in Figure 1C. Rendering a volume
based on individual anatomic structures into a 3D model, as shown in Figure 1D, allowed
functional observations to be directly correlated to their anatomical structures.
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Morphologically, we have divided the AVJ into the compact node (CN), two nodal
extensions - rightward and leftward (RE and LE), and the proximal part of the His

bundle.2 3 Individual histological sections, in addition to the 3D model, show that the entire
AVN is encapsulated in fibrotic tissue, arteries, and fat from atrial and ventricular
myocardial tissue layers except for the FP and SP areas, which morphologically represent
the RE and LE.

Optical Mapping Aspects of Human AVJ during Atrial Pacing

Functionally, the AVJ was identified based on multicomponent OAPSs corresponding to
asynchronous activation of the atrial layers, AV nodal extensions, CN, and the His bundle as
shown in Figure 2A during atrial pacing. In this example, OAP #5 is a purely atrial OAP,
which is morphologically similar to a microelectrode recording. On the other hand, OAPs
#1-4 contain at least two asynchronous components from AV nodal tissues, such as the
rapidly rising upstroke of the atrial myocardium (Atrial component) located above the node
and either the slowly rising upstroke of the AVN tissue (CN component) or rapidly rising
upstroke of the His bundle (His component). As we have demonstrated earlier using
simultaneous optical and microelectrode recordings,23 these multiple components represent
electrical activity in the near-surface atrial layer and the deeper structures of the AVN or His
bundle.

By analyzing the rapidly rising and slowly rising upstrokes separately, we were able to map
wavefront propagation through the various anatomical components separately as shown by
the activation maps in Figure 2B. In this particular example of atrial pacing, the activation
maps show that following an atrial stimulus, activation spread very quickly (CV up to 117
cm/sec) over the atrial tissue, entered both the FP and SP 35-40 ms after pacing, and then
very slowly spread over the AVN (CV=2-6 cm/sec), reaching the His bundle in 230 ms with
a final conduction velocity of up to 134 cm/sec.

Due to dissection of the distal His-Purkinje conduction system and/or diseased-associated
conduction abnormalities, we did not observe intact AV conduction in any preparation. We
did however, record transient conduction between the His bundle and IVS during Iso
perfusion as shown in Online Figure 1.

Optical Mapping of the Human AVJ during Intrinsic Rhythm in Control

In addition to being paced, all preparations had spontaneous AVJ rhythms, an example of
which is illustrated in Figure 3. The optical recordings with asynchronous components, as
shown in Figure 3A, show different morphologies during spontaneous intrinsic activity, as
compared to the OAPs recorded during atrial pacing in Figure 2A. In the example shown in
Figure 3, OAPs #1-4, recorded from the AV node and proximal His bundle, exhibit rapidly
rising upstrokes representative of the His bundle (His component), slowly rising upstrokes
of the nodal tissues (AVN component), and rapidly rising upstrokes of the atrial
myocardium (Atrial component). As shown in the activation maps in Figure 3B,
spontaneous activation originated in the proximal part of the His bundle and rapidly spread
along the bundle with retrograde CVs of up to 110 cm/sec. The retrograde excitation then
slowly spread through the AVN, was blocked in the FP (or LE), but succeeded in spreading
slowly and decrementally in the SP (or RE). Finally, excitation reached and activated the
atrial myocardium near the classical SP ablation area. Subsequently, atrial activation led to
anterograde re-excitation of the CN and His bundle via the FP.

During control junctional rhythms, the leading pacemaker was located in the proximal His
bundle, such as shown in Figure 3. The remaining four preparations had leading pacemakers
in the NH region as illustrated in Figure 4. In this second example of leading pacemaker

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fedorov et al.

Page 5

location, the recorded OAPs demonstrated variability in their sequence on a beat-to-beat
basis due to weak conduction between the AVN and atrial myocardium, which led to
complete exit block in 1 out of 8 beats (Figure 4Bc). This particular case of AVN exit block
resulted in a pause of atrial activation and consequently provoked excitation of a competing
intramural latent pacemaker in the TC region between the SP and CS (Figure 4Bd), which
led to anterograde AVN activation (Figures 4Be and 4Bf). The clear presence of at least two
conduction pathways (FP and SP) between the AVN and atrial myocardium were observed
in all 6 preparations during intrinsic rhythm. Transient exit block of the impulse traveling
from the AVN to the atrium, as is shown in Figure 4Bc, were observed in 3 of 6
preparations. In addition, intranodal longitudinal dissociation was observed in one
preparation as shown in Online Figure 2.

Effects of Acetylcholine and Isoproterenol on AVJ Automaticity and Conduction

After detecting the location of the leading pacemaker under control conditions, we perfused
the preparations with 1 uM Iso (n=5), followed by 1 uM ACh (n=4). Figure 5 shows a
representative example of OAPs and conduction patterns recorded during stable junctional
rhythm in control conditions (Figure 5A), after Iso (Figure 5B), and after ACh (Figure 5C).
Under control conditions, intrinsic excitation originated in the proximal part of the His
bundle, spread via the His bundle and compact AVN over 35 ms, slowly propagated through
the FP, and decrementally spread through the SP. At 80 ms atrial myocardium was activated
through the FP (atrial breakthrough) at the site indicated by a white ellipse in the atrial map
of Figure 5A. Application of 1uM Iso in this preparation resulted in rhythm acceleration to
81 BPM and anatomical shift of the AVJ leading pacemaker to the CN region as shown in
the corresponding AVN map of Figure 5B. Under these conditions, excitation reached atrial
myocardium simultaneously and rapidly (30 ms) through both the FP and SP located 14 mm
apart. Finally, application of 1 uM ACh resulted in complete depression of all pacemaker
activity in the AVJ for 2 minutes, followed by 3 minutes of gradual recovery of the intrinsic
activity with the leading pacemaker in the TC areas near SP and FP. As shown in Figure 5C,
atrial activation had two breakthroughs due to intramural conduction from the TC
pacemaker. This activation entered the AVN through both the FP and SP, however, the
excitation wave propagated faster through the FP thus exciting the CN first at 90 ms and
very quickly propagating through the His bundle, while the SP wave propagated more
slowly. Figures 5D and E show the anatomical locations of the leading pacemakers,
confirming our functional observations of the complex intramural conduction of this
preparation.

Additionally in this preparation, washout of ACh led to recovery of the proximal His
pacemaker (as in control, Figure 5A) and competition of two pacemakers was observed as
illustrated in Online Figure 3. We observed this pacemaker shift and subsequent competition
of multiple pacemakers during perfusion of Iso and during washout of ACh in all AVJs
studied. However, in contrast to some preparations, in which Iso (Online Figure 1) or ACh
(Figure 5B) induced an anatomic shift of the main pacemaker out of the AVN, the leading
pacemaker of AVJ #5 remained at the same location in the NH region during approximately
80% of recorded beats, while presenting dramatic rhythm changes from 76 BPM (Iso) to 18
BPM (ACh) (Online Figure 4).

Perfusion with Iso also induced nonsustained reentrant arrhythmias (2-5 beats) in 3 out of 5
preparations. Figure 6 shows an example of a nonsustained (4 beat) reentrant arrhythmia,
induced due to acceleration of AVN pacemaker activity and functional longitudinal
dissociation in AVJ #2 (see also Online Figure 2).

In summary, Figure 7A shows the sites of all pacemakers detected in all seven preparations
under all conditions. The sites were widely distributed, primarily within the AVJ, but
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occasionally were also found outside of the AVJ within the atrial myocardium. On average,
Iso significantly accelerated the AVJ rhythm from 29+11 up to 69+12 BPM (p<0.001) as
shown in Figure 7B, whereas ACh significantly decelerated AVJ rhythms to 18+4 BPM
(p<0.001).

Discussion

Structural and functional characteristics of the human AVJ

This study used optical mapping to show the location of the leading pacemaker and
conduction patterns within the AVJ during autonomic stimulation in isolated human
preparations for the first time. The human AVJ is a complex 3D structure that is
anatomically and functionally isolated from the atrial and ventricular myocardium except for
several conduction pathways as illustrated anatomically in Figure 1. Without autonomic
stimulation in these denervated AVJs, intrinsic excitation originated in NH or H regions,
then slowly propagated from the AVN via the FP and/or SP to the atrial myocardium. Thus,
atrial breakthrough sites (exit points from the conduction pathways) could be located 7 to 21
mm from the leading pacemaker site. Beta-adrenergic stimulation by Iso and cholinergic
stimulation by ACh produced pacemaker shifts within or outside of the AVN as summarized
in Figure 7. Our observations in this study support the clinical observation of the existence
of multiple pacemakers in the AVJ and their sensitivities to adrenergic and cholinergic
agents.> 8 18 Clinically, conduction in the AVJ is often thought of in terms of fast and slow
pathway conduction. Conduction velocity is a function of both the ionic currents that create
the action potential as well as the connexin proteins which compose the electrical synapses
(gap junctions) between myocytes. Our recent functional3! and anatomic? studies have
demonstrated that there are two anatomic compartments of the AVJ defined by the presence
or absence of Cx43. Based on the data of the current study and our prior results, we
conclude that fast pathway conduction involves a layer of transitional cells which
communicate with a Cx43-negative continuous structure composed of the leftward INE, CN,
and a Cx43-negative compartment of the His bundle. Anatomically, these structures that
participate in FP conduction are located along the superior border of the triangle of Koch.
Slow pathway conduction involves a layer of transitional cells that communicates with a
continuous Cx43 positive structure composed of the rightward INE, the lower nodal bundle
of the CN, and a Cx43 positive compartment of the His bundle. This conduction pathway is
located along the inferior border of the triangle of Koch, along the tricuspid annulus.
Similarly, a recent study by Greener et al carefully investigated mRNA levels throughout
the AVJ and found that the expression profile of tissues involved in fast pathway conduction
were more likely to support fast conduction with higher levels of Nay1.5, Cx40, and low
Cx43 whereas less Nay/1.5 was expressed in the rightward INE. In that study, similar
expression levels of Cx43 were found between the rightward INE and the CN, however that
study did not divide the lower nodal bundle from the CN itself. Therefore a growing body of
evidence from multiple modalities (MRNA and protein expression assays,
immunohistochemistry, optical mapping) supports the idea that the dual pathway physiology
well known to exist in the AVJ is a consequence of compartmentalized protein expression
patterns throughout the AVJ. These expression patterns result in longitudinal dissociation of
conduction within the AVJ with faster conduction in the superior aspect of the AVJ and
slower conduction in the inferior portion of the AVJ. These differential conduction
properties provide the fundamental substrate necessary for AVNRT.

Interestingly, we found previously that unlike the rabbit SAN pacemaker32 which shifts in
response to autonomic stimulation, the rabbit AVJ pacemaker remains stationary (most often
in the SP).13 Contrary to those results, this study showed that in the denervated human AVJ
rhythms originate in the NH/H region in the absence of autonomic tone or stimulation. This
is the first demonstration of the location of the junctional pacemaker by optical mapping in
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the human. Clinically the rate of the junctional pacemaker is thought to be slower further
down in the AVJ, i.e a high junctional pacemaker has a higher rate than a pacemaker located
in the His bundle. In this study, the average rate of denervated AVJ was 29+11 bpm (which
is slower than a typical junctional rhythm clinically) and originated in the NH-His region of
the AVJ. Therefore the slow rate of the AVJ pacemaker seen in this study is consistent with
its origin near the His bundle, and it is possible that a junctional rhythm at a higher rate may
be seen in future studies originating more proximally in the AVJ. As mentioned in the study
limitations, there are many factors that may have influenced the junctional rate in these
preparations including inotropic therapy, long term pacing, B-blocker therapy, and
denervation, so future studies in normal hearts will need to be pursued to investigate the
AVJ pacemaker under more normal circumstances.

Specific features of the optical mapping of the human AVJ

The present study extends our methodological approaches, introduced earlier in rabbit23
canine,39 and human3! studies, allowing for structure/function mapping of the SAN and
AVN in large mammalian species, possibly due to improvements in signal processing,
enhanced resolution of optical mapping afforded by the Ultima-L CMOS camera (SciMedia,
Costa Mesa, CA), and the development of novel near-infrared voltage-sensitive dyes, such
as di-4-ANBDQBS. Consequently, we were able to detect optical signals in all or most of
the deeper structures of the human AVJ and track conduction through it without “blind”
time windows. This is in contrast to our previous study of the human AVJ with di-4-
ANEPPS, which yielded optical signals only from sub-endocardial structures of the His
bundle regions, but failed to document electrical activity in the nodal extensions.3!

Thus, the combination of optical mapping and histology have allowed us to demonstrate His
bundle and AVN intramural activation patterns, track conduction pathways such as the FP
and SP, and pinpoint sites of atrial breakthroughs. As was shown in Figure 4,
multicomponent OAPs occurred not only in the structural AVJ region, but also in TC
regions near the nodal extensions due to the presence of multiple conduction and/or
intramural pacemaker tissue layers. Another important contribution of our study is that our
data provides fundamental data such as conduction velocities to guide the ongoing
development to mathematical models of AVJ conduction.

Study limitations

It goes without saying that explanted failing hearts are not physiologically normal. As
cardiac transplantation is a treatment of last resort, these hearts have been subjected to
multitudes of therapeutic interventions, including long term B-blocker therapy, ACE
inhibition, digoxin, long term pacing, LVAD (heart #3), and inotropic support for an
unknown duration (hearts # 4 and 6). The influence of these interventions on AV
conduction, response to isoproterenol and acetylcholine, and on pacemaking in the AV
junction is not known. Similarly 5 of 6 hearts in this study had an AICD (one with a BiV
AICD) and the effect of pacing from the AICD is not known. Our knowledge of the clinical
course of these patients prior to transplant is very limited, and therefore we do not know
their level of conduction system disease or how pacer-dependent they were prior to
transplant, and these factors could clearly influence the results of our study. It is also
possible that long-term B-blocker therapy and inotrope use may have altered the AVJ
response to autonomic agents in our study. To decipher the influence of these factors, future
studies will have to include normal AVJs that were rejected from transplant. Finally it is
important to note that the hearts in this in vitro study were denervated.

Experimentally, we cannot exclude the potential influence of ischemia and edema that may
develop in a mechanically silent preparation and consequently may affect AVJ pacemaker
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and conduction properties. To mitigate these effects, the duration of our optical mapping
experiments was limited to three hours.26 Finally, even new, long-wavelength infrared dyes
cannot guarantee complete penetration into the entire 3D structure of the AVJ. As with
signals generated by electrical potentials, interpretation of OAPSs require an understanding of
the multiple, distinct sources from various tissue layers that contribute to signal morphology.
Consequently, a complex signal characterization and correlation with appropriate anatomical
sources must be undertaken.2?

Conclusions

In conclusion, we found that, under control conditions, the leading pacemaker of the human
AVl is located in the NH and H regions. Its rhythm can be modulated by autonomic
stimulation, through the application of Iso and ACh, resulting in rhythms ranging from 13 to
81 BPM. We found that the main conduction delay occurs in the AVJ inputs, namely the SP
and FP, but not in the AVN itself whose conduction is modulated by autonomic stimulation.
In all hearts, both the FP and SP are involved in anterograde and retrograde conduction with
multiple connections existing between the FP, SP, and atrial myocardium, as evident from
multiple retrograde atrial exit sites in addition to observed reentrant activity. Consequently,
dual AVN physiology should be considered a normal finding in the human heart and
additional factors, such as distinct molecular expressions patterns, may be required for
clinical AV nodal reentrant tachycardia (AVNRT) to manifest. Finally, longitudinal
dissociation is evident between nodal extensions, which exhibit simultaneous multiple
pacemaker activity that could in part be responsible for AVNRT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Explanted heart #2 and anatomy of the experimental preparation. Panel A: A photograph of
explanted failing human heart #2 before dissection. The approximate borders of the AV
junction (AVJ) are shown by the dark blue line. Abbreviations: RV and LV: right and left
ventricles; MA and TA: mitral and tricuspid valve annulus; RAA and LAA: right and left
atrial appendages; IAS: interatrial septa, CS: coronary sinus. Panel B: A photograph of the
coronary-perfused human AVJ preparation with an optical field of view (OFV) which
included: compact node (CN), leftward (LE) and rightward extensions (RE), and the bundle
of His (His). Gray dotted lines show the location of histological sections illustrated in panel
C. Abbreviations: SP and FP: slow and fast pathways; IVS: intraventricular septa. Panel C:
Histology sections through the NH region (His), compact AV node (CN), and extensions
(RE and LE) from sites 1-3 in panel B. Panel D: 3D anatomical reconstruction of AVJ #2
from histological sections. Top - Cross-section in projection zx, which corresponds to
histology slide 1 in panel C. Middle and Bottom —endocardial projection (xy) of the AVJ
with and without the atrial myocardial layer displayed.
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A, Heart#6, Control atrial pacing 60 bpm
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Figure 2.

Optical mapping of AVJ #6 during atrial pacing. Panel A: OAPs and their derivatives
recorded from sites 1-5 in panels B and C, during atrial pacing at 60 bpm (CL=1000ms).
Red dots on OAP upstrokes correspond to dV/dt peaks. Panel B: Separated atrial, AV nodal,
and His bundle activation maps superimposed on the OFV (30x30 mm?). The black line
demarcates the TA.
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A, Heart#6, Control AVJ rhythm 14 bpm

Atrial His
OAPs '

1-His

2 - His-CN

5 - Atria

dv/dt

Units/ms
c8-@
| I

B, Activation maps, ms
His -CN =) Atrial

400

C, dv/dt max maps, units/ms
Atrium

Figure 3.

Optical mapping of AVJ #6 during intrinsic rhythm. Panel A: OAPs and their derivatives
recorded from sites 1-5 in panel B during spontaneous AVJ rhythm (12 bpm). Panel B:
Separated His-AVN, atrial, and His activation maps superimposed on the OFV (30x30
mm?).
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A Heart# 5, Control AVJ rhythm 21 bpm
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Figure 4.

Optical mapping of AVJ #5 during intrinsic rhythm under control conditions. Panel A:
OAPs from the NH region (CN-His), fast and slow conduction pathways (FP and SP), and
TC region near the CS recorded from sites #1-4 in panel B during intrinsic AVJ rhythm.
Panel B: Activation maps of the different tissue layers during: FP conduction between AV
node (a) and atria (b); exit block from the AV node (c); shift of the leading pacemaker to the
TC region (d) followed by activation of atrial and AVJ tissues (e and f); and during SP
conduction between AV node (f) and atria (h), and then AVJ again (i). The white arrows
indicate the wave propagation directions from the different tissue layers.
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Figure 5.

Optical mapping of AVJ #3 during autonomic stimulation. Panels A-C: OAPs and
activation maps of the different tissue layers during spontaneous AVJ rhythm in control (A),
after a 10 minute perfusion of Iso (B), and after a 10 minute perfusion with ACh (C). OAPs
were recorded from the NH region (1-His-CN, blue), compact node (2-CN, green) and
interatrial septum (3-Atria, red). The white ovals show atrial breakthrough sites as recorded
by optical mapping. Pink oval shows leading pacemaker site during ACh perfusion. Panel
D: A photograph of the AVJ preparation before histology dissection procedure. Colored
ovals show location of the leading pacemaker sites obtained from panels A-C. Panel C:
Histology sections through the NH region (His), compact AV node (CN), and leftward (LE)
and rightward extensions (RE), as indicated by the dotted gray line in panel D, show the
anatomical locations of the main AVJ pacemakers.
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A Heart #2, Isoproterenol- induced reentry

450

350

250

150

50

Wave3 Wave4d

180

140

100

Figure 6.

Reentrant activity induced by Isoproterenol. Panel A: OAPs from the CN region (CN-His),
fast and slow conduction pathways regions (FP and SP), and TC region near the CS
recorded from sites 1-4 as indicated on the activation maps in panel B during spontaneous
reentrant activity in the AVJ. The black dotted arrows show the propagation of reentrant
activity Panel B: Activation maps showing the complex reentrant circuits during reentrant
activity. The white arrows show the directions of conduction.
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Summary of anatomic locations of leading pacemaker sites in the human AVJ. Panel A:
Summary of pacemaker sites identified in all hearts (n=6) in control (blue), under 1 uM Iso
(green), and 1 uM ACh (red). Panel B: Individual for each heart and average (Avr) values
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