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I; modulation in Clinical Perspective
M.R. Rosen
Pharmacology, Columbia University, New York, NY, USA

Normal cardiac impulse initiation occurs in the sinus node, in
which gradual depolarization during phase 4 of the transmem-
brane potential results in attainment of threshold and initiation
of action potentials that propagate to the rest of the heart. A cur-
rent referred to as I; initiates phase 4 depolarization. This cur-
rent activates on hyperpolarization following termination of a
preceding action potential. Although I initiates phase 4 depo-
larization, it is not the only current contributing to this: inward
currents carried by Ca also play a role as does the Na/Ca
exchanger. Counteracting these depolarizing influences are
hyperpolarizing, outward currents carried by K. It is generally
accepted that any net increase in inward current or decrease in
outward current will increase phase 4 depolarization and car-
diac rate.

A key property of the pacemaker current is its modulation by
autonomic influences. Catecholamines increase sinus rate by
pathways initiated via their binding to beta-1 adrenergic recep-
tors. This binding activates a G-protein coupled pathway in which
adenylyl cyclase metabolizes ATP to cyclic AMP and P. The cyclic
AMP binds to specific sites near the carboxy terminus of the
channel, resulting in increased channel activation and an
increased pacemaker potential. The effect of catecholamines to
activate the channel is counteracted by muscarinic agonists, such
as acetylcholine. The pathway here, too, is mediated via a G pro-
tein, with the net result being a braking of catecholamine-induced
actions to accelerate rate.

The property of the channel to be activated on hyperpolariza-
tion and to bind cyclic AMP has led to the nomenclature: hyper-
polarization-activated, cyclic nucleotide-gated (or HCN) chan-
nel. There are four HCN channel isoforms; three, HCN1, HCN2
and HCN4 are in heart. HCN3 is in neural tissues. HCN4 and
HCNI1 contribute to impulse initiation in the sinus node.

It has long been appreciated that in a variety of settings it
might be desirable to either slow or speed heart rate. Major
areas in which slowing of heart rate is often desirable include
ischemic heart disease and a variety of post-surgical settings.
A primary means for slowing rate has been beta-adrenergic
blockade: yet this carries a potential for deleterious effects such
as a loss of inotropy. For this reason, agents that act primarily
on the HCN channel as a target to reduce I; and slow rate on
that basis have been viewed as desirable. In contrast to many
other pharmacological agents, ivabradine has high selectivity
and specificity for its target, the HCN channel. Importantly,
in blocking the HCN channels that carry I, ivabradine sup-
presses but does not stop the sinus node pacemaker’s rate of
firing. This reflects the contribution of the other ion chan-
nels mentioned above to the pacemaker potential, and also

provides an important safety factor for ivabradine. Ivabra-
dine’s clinical success to date provides an example of how
highly targeted therapy can result in a risk/benefit advantage
over other effective therapies.

Another area of interest with regard to modulating I is in set-
tings in which one might want to increase heart rate. The clas-
sic example here is the bradycardias that accompany sinoatrial
node dysfunction or high degree atrioventricular block. Whereas
the standard therapy over the past 60 years has become electronic
pacemakers, over the last 5-10 years interest in biological pace-
making as an adjunct or alternative has increased. Although a
variety of approaches were tried initially, current attempts focus
largely on the use of viral and/or stem cell-based gene and cell
therapies to deliver I; current. The obstacles relating to the use
of viral vectors or stem cells in humans constitute formidable
challenges, yet preclinical research has proceeded briskly. This
has demonstrated that the biological pacemaker is not only capa-
ble of providing baseline pacemaker function, but is autonom-
ically responsive and can interact well with electronic pacemak-
ers in a tandem mode of therapy.
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Pacemaker channels play a major role in the generation of sinoa-
trial rhythmic activity. However, their expression is not confined
to specialized myocardial cells, such as primary and subsidiary
pacemakers. Electrophysiological and molecular data collected
over the last ten years (Cerbai & Mugelli, 2006), demonstrated
that f-channels are present also in non-pacemaker cardiomy-
ocytes. These channels are highly expressed in fetal and neona-
tal cardiomyocytes (Cerbai et al, 1999) and even in embryonic
stem (ES) cells and ES-derived cardiomyocytes (Sartiani et al,
2007). In the adult heart, I; current densities and/or mRNA lev-
els of its molecular correlate (i.e. hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels) are increased during
the development of cardiac hypertrophy and failure in human
and rat cardiomyocytes. Figure 1 plots the ratio between current
density measured in ventricular cardiomyocytes from rat or
human diseased hearts, and respective controls, bars represent-
ing confidence intervals (95%). In panel A, points represent the
relative increase of I in rats with mild or severe left ventricular
hypertrophy caused by aortic banding (Mild-LVH) or long-last-
ing pressure overload (Severe-LVH); in rats with overt heart fail-
ure, resulting from uncompensated hypertrophy due to pres-
sure-overload (PO-HF) or following a myocardial infarction due
to coronary ligation (PMI-HF; performed under ketamine and
chlorpromazine (150 and 15 mg/kg, respectively) anaesthesia),
and the relative increase of current density in patients undergo-
ing cardiac transplantation for terminal dilated (DCM) or
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A Tale of Two Arrhythmias
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I will give a brief overview of the history of two arrhythmias in
which the atrioventricular (AV) node is involved.

1. Atrioventricular reentrant tachycardia.

After describing circulating excitation in ring-like preparations
of hearts of a variety of species, G.R.Mines (1) wrote in 1913: “I
venture to suggest that a circulating excitation of this type may
be responsible for some cases of paroxysmal tachycardia as
observed clinically”. One year later, he repeated this suggestion
after reading Stanley Kent’s description of a connection between
the right atrium and the right ventricle (2): “ Supposing that for
some reason an impulse from the auricle reached the main A-V
bundle but failed to reach this “right lateral” connection, it is
possible then that the ventricle would excite the ventricular end
of this right lateral connection, not finding it refractory as it nor-
mally would at such a time. The wave spreading up to the auri-
cle might be expected to circulate around the path indicated “(3)
This was written 16 years before Wolff, Parkinson and White
described the clinical syndrome that now bears their name (4),
18 years before Holzmann and Scherf (5) ascribed the abnormal
ECG in these patients to pre-excitation of the ventricles via an
accessory AV bundle, 19 years before Wolferth and Wood (6)
published the first diagrams showing the pathway for ortho-
dromic and antidromic reentry, and 53 years before the first stud-
ies in patients employing intraoperative mapping and pro-
grammed stimulation during cardiac catheterization proved
Mines, predictions to be correct (7). It is remarkable that none
of these studies quoted Mines.

The era of surgical ablation of the accessory pathway started in
1967, and was initially hampered by not realizing the correct
anatomy of the accessory pathway, which was quite different from
what Kent had described (2). In 1944 Ohnell showed that the
accessory bundle did not penetrate the fibrous annulus, but
coursed in the epicardial fat surrounding the coronary arteries.
After Sealy and colleagues in 1976 developed a “fish hook” to
scrape through the epicardial fat, surgical treatment became suc-
cessful. It also paved the way for the hugely successful catheter
ablation.

2. Atrioventricular nodal reentrant tachycardia.

Mines (1) also was the first to describe AV nodal reentry, which
he called a reciprocating rhythm. He postulated that the differ-
ent fibres in the AV node “ are ordinarily in physiologic conti-
nuity, yet it is conceivable that exceptionally, as after too rapid
stimulation, different parts of the bundle should lose their inti-
mate connection... A slight difference in the rate of recovery of
two divisions of the A-V connection might determine that an
extrasystole of the ventricle, provoked by a stimulus applied to
the ventricle shortly after activity of the A-V connection, should
spread up to the auricle by that part of the A-V connection hav-
ing the quicker recovery process and not by the other part. In
such a case, when the auricle became excited by this impulse, the
other portion of the A-V connection would be ready to take up
transmission again back to the ventricle. ...the condition once
established would tend to continue, unless upset by the inter-
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polation of a premature systole” (1). It took more than half a
century before upsetting AV nodal reentry by “premature sys-
toles’ was accomplished in patients and in isolated rabbit heart
preparations. Both papers did quote Mines.

Although all authors working on AV nodal reentry agree that
that the lower level of the junction of antegrade and retrograde
pathways is above the level of the His bundle, controversy has
existed regarding the question whether or not the atrium forms
part of the reentrant circuit. The fact that it is possible, both by
surgery and catheter ablation, to abolish AV nodal reentry by
destroying tissue far away from the compact AV node whilst pre-
serving AV conduction seems clear evidence that the atrium must
be involved. However, in the canine heart the reentrant circuit
during atrial and ventricular echo beats is confined to to the com-
pact node and regions immediately adjacent to it, and atrial tis-
sue is not involved. To quote Zipes, who borrowed the words that
Churchill used to characterize Russia : “The AV node is a riddle
wrapped in a mystery inside an enigma”.
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Moderate hypothermia facilitates termination of spiral
wave reentry in the ventricle
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Moderate hypothermia (33°C) has been shown to improve
defibrillation success by DC shocks compared with normoth-
ermia (37°C) and severe hypothermia (30°C) in cardiac arrest
due to ventricular fibrillation/tachycardia (VF/VT), but the
mechanisms are unknown. We hypothesized that moderate
hypothermia may prevent spiral wave functional reentry, and



