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1. THE PACEMAKER CURRENT AS A TARGET FOR THERAPY

From even the most basic physiological observations, it is obvious that parts of the
heart can generate their own intrinsic contractile rhythm. With the development of
techniques to record electrical activity from tissues, it became clear that contraction of
the heart is triggered by an action potential and that most areas of the heart can, under
some circumstances, generate rhythmic action potentials, although it is cells in the
sinoatrial node (SAN) that have the highest intrinsic frequency, and hence it is these
cells that normally provide the drive for the rest of the heart. Even a single, isolated
SAN cell will generate rhythmic action potentials separated by a period of slow dias-
tolic depolarization. It is the diastolic depolarization that repeatedly drives the mem-
brane potential towards threshold for action potential firing. The mechanism underlying
this diastolic depolarization has been a subject of much puzzlement. By the 1970s, it
was clear that to provide a slow depolarization, there must be a slow increase in net
inward current, although it was not clear whether this came about as a consequence of
the slow inactivation of an outward current (presumed to be a carried by potassium) or
the slow activation of an inward current (/). Using the intracellular recording and volt-
age clamp techniques available at the time, it was difficult to resolve the different com-
ponents of the current flowing during the diastolic depolarization (2—4). With the advent
of patch-clamp techniques, coupled with techniques for preparation of isolated cells
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from various parts of the heart, resolution of individual currents became possible. The
mechanism of the diastolic depolarization was greatly clarified by the discovery in
pacemaker cells of an inward current that was activated by hyperpolarization (5-8).
The current was shown to activate relatively slowly on hyperpolarization and to have
low selectivity among cations. These properties are just what one would expect for a
pacemaking current

Around the same time as it was discovered in cardiac myocytes, a similar current
was identified in photoreceptors (9). Subsequently, similar currents were discovered
in other tissues, particularly in parts of the central nervous system (CNS). The cur-
rent in cardiac tissue was christened I(f) (f for funny, because of its funny properties)
and in most other tissues it was called I(h) (h, because of the activation on hyperpolar-
ization). The terms are often used interchangeably.

I(f) or I(h) has been implicated in cardiac (/0) and neuronal (//—13) rhythmogenesis,
sensory adaptation (/4,15), shaping of synaptic potentials (/6), and control of synaptic
transmitter release (17,18).

2. THE CHARACTERISTICS OF I(F)

As noted above, the critical and unusual feature of I(f) is its voltage dependence. I(f)
is activated by hyperpolarizations with a threshold of approx —40 to —50 mV in the
SAN. Figure 1 shows a typical activation curve, which depicts the relative fraction of
channels open at steady state as a function of membrane voltage. This relation indi-
cates that the current is activated at voltages near the range of the diastolic depolariza-
tion in SAN cells. The fully activated current/voltage (I-V) relation reverses near +10
to +20 mV in physiological solutions as a consequence of the channel having a mixed
permeability to Na* and K*. The activation by hyperpolarization and permeability to
Na* and K* are critical properties with respect to the role of I(f) in the generation of
diastolic depolarization and hence of spontaneous activity. Hence, membrane poten-
tials around the maximum diastolic potential in SAN cells activate the current, which,
because it is a nonspecific cation current, produces an inward, depolarizing current at
these potentials. To a large extent, it is this slow activation of I(f) that tends to drive the
slow diastolic depolarization until the membrane potential reaches threshold for the
triggering of a new action potential.

However, when it was first described, there was initially some skepticism regarding
the role of I(f) in pacemaking and, indeed, there is still some degree of controversy as
to just how important I(f) is to pacemaking (/9,20). Although I(f) seems to be a good
candidate for the role of a pacemaker current, the real situation is somewhat more
complex. An important caveat is that, rather than being driven by one current, the pace-
making activity of SAN cells is a product of the interplay of many currents (27). This
assertion is reinforced by the observation that pacemaking continues (albeit at a slowed
rate) when I(f) is blocked (22) and from the observation that the smo mutant of zebra
fish (which has a mutation in pacemaking channels carrying the fast kinetic component
of the current which renders them nonfunctional) still has an operational pacemaker,
albeit once again at a greatly slowed rate (23). Hence, it seems that the autorhythmicity
of SAN cells is driven and stabilized by an interplay of several currents, none of which
is crucial, but all of which influence rhythm. This situation provides redundancy and
pleiotropism in the regulation of rhythm (27). Nevertheless, it is certainly true that one
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Fig. 1. The biophysical properties of I(f). (A) Spontaneous activity of a single SAN cell.
Note that the maximum diastolic potential is about —65 mV. (B) I(f) current induced in a
single SAN cell by a hyperpolarising pulse to the voltages indicated from a holding potential
of -35 mV. (C) Voltage dependence of activation of I(f), (Y,,) and fully activated I/V relation-
ship. Reprinted from DiFrancesco, D. (1995), The onset and autonomic regulation of cardiac
pacemaker activity: relevance of the f current. Cardiovasc. Res. 29, 4493-4556, with permis-
sion from Elsevier Science.

of the major influences on auto rhythmicity is I(f) and, hence, it is sensible to use I(f) as
a target in attempts to modulate rhythmicity.

If I(f) is indeed responsible for driving the diastolic depolarization, one would imag-
ine that it should be modulated by sympathetic and parasympathetic stimulation in a
way consistent with their chronotropic effects. I(f) is indeed modulated by adrenergic
agonists in a way consistent with an increase in heart rate (24).

In 1986, DiFrancesco (25) showed that I(f) was carried by channels having a single
channel conductance of about 1 pS, and that modulation of I(f) by adrenaline at the
single channel level consists of an increase in the open probability without a change in
single channel conductance. This effect of adrenaline is mediated via the G-protein/
adenyl cyclase/cAMP pathway. Using patch clamp techniques, it has been shown that
I(f) channels are modulated by a direct effect of intracellular cAMP at the intracellular
side of the channel, independent of any phosphorylation effects (26). The effect of
cAMP consists of a facilitation of the opening of single I(f) channels in response to
hyperpolarization. Measurement of the voltage dependence of the channel open prob-
ability shows that cAMP shifts the probability curve to more positive voltages without
modifying its shape (27).

Interestingly, the modulation itself seems to be subject to other influences, notably
the action of phosphorylation. Hence, the phosphatase inhibitor calyculin A increases
I(f) and potentates the beta-adrenergic mediated response (28), suggesting that there is
a so-called tonic level of phosphorylation of the channels that regulates their activity
(29). The channels carrying I(f) have also been reported to be modulated by various
hormones and growth factors. Epidermal growth factor increases maximal I(f) conduc-
tance, apparently acting through tyrosine kinase (30). Vasoactive intestinal peptide
produces a slight shift in the voltage dependence of activation of I(f) (28), an effect that
may be related to the role of vasoactive intestinal peptide as a cotransmitter with ace-
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tylcholine released from vagal nerve endings. The thyroid hormone T3 increases the
current density of I(f) in rabbit SAN cells without changing the voltage dependence, an
effect that may underlie the sinus tachycardia commonly seen in hyperthyroidism (37).
Similar results have been reported with parathyroid hormones (32). In addition, I(f) is
modulated by muscarinic agonists in a way consistent with the decrease in heart rate
seen with these agents (33).

3. VARIABILITY OF CHARACTERISTICS
OF I(F) IN DIFFERENT TISSUES

Reflecting this wide range of tissues in which it is found and the differing physi-
ological functions with which it is therefore involved, the properties of I(f) (or I[h])
differ significantly in their voltage dependence, activation kinetics, and sensitivity to
cAMP in different tissues (/2,34). This heterogeneity of properties of I(f) is found not
only between tissues but also within organs or tissue types themselves. Hence, bio-
physical studies have demonstrated that I(f) has a dramatically different voltage depen-
dence of activation in different cardiac regions, with the threshold for activation being
—50 mV in SA node, -85 mV in Purkinje myocytes, and —120 mV in adult ventricular
myocytes (35). This difference in the voltage-dependent properties of I(f) is highly
correlated with the intrinsic pacemaker activity of these tissues; the I(f) current having
the most positive activation is found in the tissue with the highest pacing rate (in SA
node), whereas the current having the most negative activation is found in tissue that
normally exhibits no diastolic depolarization at all (ventricular myocytes). Although
some of these differences in current properties may be the result of post-translational
modification of the channels or functional modulation by phosphorylation, the most likely
explanation is that I(f) currents are carried by different isoforms of the channel in differ-
ent tissues. Current density is also an important factor, presumably controlled by the
level of gene expression; as well as different voltage dependence, I(f) in ventricular cells
is present at a very low current density (Fig. 2). With the recent cloning of the channels
responsible for I(f), the factors controlling the level of gene expression, and which isoform
of the channel is expressed, have become amenable to investigation.

4. MOLECULAR BIOLOGY OF I(F) AND I(H)

Although the properties of I(f) and the single channels underlying the current have
been investigated for nearly three decades, particularly because of its importance to
cardiac pacemaking (/0), cloning of the gene coding for I(f) was only achieved nearly
three decades after the original description of I(f), and even then the clone was discov-
ered serendipitously. While searching for proteins interacting with the SH3 binding
domain of neural Src, Santoro et al. (36) identified a putative member of a new family
of channels cloned from mouse brain. Using BLAST searches of expressed sequence
tag databases, along with reverse-transcription polymerase chain reaction and screen-
ing of cDNA libraries, four isoforms of the channel were subsequently cloned in mam-
mals (37—40). Functional expression of these channels resulted in currents with the
hallmarks of the cardiac I(f) or its neuronal equivalent I(h). Although the properties of
different isoforms differ quantitatively, all isoforms except one yield currents that are
activated by hyperpolarization, are permeable to both K* and Na*, are blocked by
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Fig. 2. The relative magnitudes of I(f) in rabbit ventricle and SAN cells. I(f) was evoked
by hyperpolarizing voltage steps to the voltages indicated from a holding potential of —35
mV in either a single rabbit SAN cell (A) or ventricle cell (B). Note the different current
scales. Reprinted from Shi, W., Wymore, R., Yu, H., Wu, J., Wymore, R. T., Pan, Z.,
Robinsin, R., Dixon, J. E., McKinnon, D., and Cohen, I. S. (1999), Distribution and preva-
lence of hyperpolarization-activated cation channel (HCN) mRNA expression in cardiac tis-
sues. Circ. Res. 85, el—e6, with permission from Lippincott, Williams & Wilkins Publishers.

cesium (Cs*) in a voltage-dependent way, and are modulated by a direct action of cAMP
on the cytoplasmic side of the channel (38,39,41).

Because of the serendipitous nature of their discovery, the early nomenclature of the
gene and its isoforms for pacemaker channels is somewhat inconsistent. Some
investigators referred to the isoforms as HACI or HAC2, denoting hyperpolarizing acti-
vated channel. However, because of the direct action of cAMP and gating by
hyperpolarization, the nomenclature suggested by Clapham (42) and Biel et al. (43) has
been generally adopted; that is, of referring to the clones as HCN (hyperpolarization-
activated, cyclic nucleotide-gated) channels. Compared with the previous nomenclature,
HCNI corresponds to HAC2 (mBCNG-1); HCN2 corresponds to HACI (mBCNG-2);
and HCN3 corresponds to HAC3 (mnBCHG-4).

Cloning of the gene for HCN channels and the consequent ability to perform site-
directed mutagenesis and functional studies of channels expressed in heterologous sys-
tems has enabled rapid progress in defining the structure and function of the channel
protein. The gene transcripts code for a protein of between 800 and 1200 amino acids,
with the different protein isoforms having an overall sequence identity of 60%. They
are members of the voltage-gated cation-channel superfamily, members of which are
characterized by six membrane-spanning segments (S1-S6), including a voltage-sens-
ing S4 segment, and an ion-conducting pore between S5 and S6. It seems safe to
assume, by analogy with the voltage-gated family of potassium channels, that func-
tional HCN channels are formed as tetramers of subunits, with each of the four sub-
units contributing to the pore region. In a structure analogous to the S4 voltage-sensing
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region of voltage-gated K* channels, the S4 region of HCN channels has two regions
each containing five positively charged amino acids (10 positive charges compared
with 5-7 in potassium channels). This raises some intriguing questions because the two
families of channels are gated in opposite ways, the Kv family of potassium channels
being opened by depolarization and HCN channels by hyperpolarization. This conun-
drum of the biophysics of gating of HCN channels has yet to be resolved (44).

The pore region of HCN channels is also related to that of K* channels, having a
signature GYG triplet (45). However, the aspartate that follows the GYG signature
sequence in most K* channels is replaced in HCN channels by arginine, alanine, or
glutamine. This presumably underlies the high relative permeability to Na* of HCN
channels compared to classic K* channels (46); values of Py,/Pk for cloned HCN chan-
nels are between 0.25 to 0.41 (37,38,41).

In the carboxy terminus, HCN channels contain a sequence with a high degree of
homology to the cyclic-nucleotide-binding proteins, such as cyclic nucleotide gated
(CNG) channels of photoreceptors and olfactory neurons (47), cAMP-dependent pro-
tein kinases, and the catabolic-activator protein of Escherichia coli. The mechanism of
modulation of the channel by cAMP is thought to consist of a COOH-terminus medi-
ated inhibition of opening, which is partially relieved by cAMP binding, as revealed by
site directed mutagenesis of the COOH linker in HCNI and HCN?2 isoforms (48).

When expressed in heterologous systems, three of the four HCN genes have been
shown to generate hyperpolarization-activated currents with distinct biophysical prop-
erties. HCN1 channels activate most quickly and require the least amount of hyperpo-
larization to open, with a half-maximal voltage, V,,,, of about =73 mV (40). HCN2
channels activate more slowly, require stronger hyperpolarizations (V,, of =92 mV),
but are strongly modulated by cAMP (38,49,50). HCN4 may activate at even more
negative potentials and with the slowest kinetics (37,49,51), although V,,, values
reported in the literature are variable. To date, HCN3 channels have not been found to
form functional homomultimers. It is possible that this is caused by the lack of a sub-
unit necessary for full functionality because HCN channels have been shown to be
modulated by co-expression of a MinK-related peptide (52).

The existence of different isoforms of the HCN channel provides a convincing
molecular basis for the heterogeneity in I(f) among different cells, with SAN cells
expressing one isoform and ventricular cells another, consistent with the macroscopic
properties of I(f), and hence meeting the physiological requirements of the cell. How-
ever, more complicated scenarios are possible. A given cell, for example, could express
a mixture of HCN channel isoforms with different properties, a supposition reinforced
by the finding that the I(f) current displays fast and slow components in heart (24,53)
and in neurons (54). Consistent with idea of several different components of I(f) being
present simultaneously, a recent zebra fish mutant that displays a slow heart rate was
found to be deficient in the fast kinetic component of I(f), whereas the slow component
was unchanged (23). As a further intriguing possibility because functional HCN channels
are likely tetrameric assemblies of subunits, hybrid channels, or heterotetrameric assem-
blies of subunits, may also be synthesized in some cells. Although most investigations
have been performed to date on homomeric channels, there is evidence that channels can
be formed as heteromeric assemblies, which display properties intermediate between the
two isoforms (55). This additional complexity may be important in the fine control of
pacemaking and may underlie the heterogeneity of cardiac tissue (56).
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5. DISTRIBUTION OF HCN CHANNELS

As a logical development of earlier studies demonstrating the presence and proper-
ties of I(f) in a variety of tissues, efforts have now been directed to studies defining the
relative expression levels of the different isoforms of the HCN gene.

The relative expression levels of the different isoforms varies considerably through-
out the heart, consistent with the different properties of I(f) and the different intrinsic
pacemaker activity of the tissues. Hence, in SAN, the dominant isoform of the channel
appears to be HCN4, with lesser amounts of HCNI, whereas in Purkinje fibers, there
are equal amounts of HCNI and HCN4 with a smaller amount of HCN2. In ventricle,
the dominant isoform appears to be primarily HCN2 (57). It should be noted that het-
erogeneity of cellular properties in the heart is found not only at the “gross” level (i.e.,
between SAN, atria, and ventricles), but that this heterogeneity can be traced down
almost to a single cell level. For instance, the SAN shows a gradation of properties
throughout its structure, in terms of the electrophysiology of the tissue and the ion
channels expressed (58,59). It may be that this phenotypic heterogeneity is a reflection
of the different mix of HCN4 and HCN1 expressed in these cells, giving central pace-
maker cells a higher intrinsic rate than peripheral cells.

As well as a high level of expression in heart, HCN isoforms are also expressed in
various parts of the CNS, where HCNI-4 show distinct but overlapping patterns of
mRNA expression (14,39,50,60,61). HCN1 is expressed selectively in specific brain
regions, including the hippocampus, layer 5 cells of the neocortex, and Purkinje cells
of the cerebellum. HCN2 is widely expressed throughout brain, including neocortex,
hippocampus, and thalamus. Finally, HCN4 is expressed in a restricted manner in sub-
cortical and lower brain regions.

HCN expression can also be found in the periphery, notably in smooth muscle
(62). Indeed, it seems likely that HCN channels are expressed in any tissue that dis-
plays intrinsic rhythmic activity. Note also that HCN may be involved in some unex-
pected functions, for example, sour taste perception (63). Importantly, in the context
of side effects of specific bradycardic agents, HCNI channels are highly expressed in
the retina (60).

6. RELEVANCE OF I(F) TO CLINICAL CONDITIONS

An increased heart rate increases myocardial oxygen demand and decreases time for
myocardial relaxation and diastolic ventricular filling. Because of the increased trans-
mural pressure on the coronary perfusion vessels during systole, perfusion is greatly
limited, or prevented entirely, during much of the cardiac cycle and perfusion occurs
mostly during diastole. Hence, for example, in the presence of a compromised coro-
nary flow because of coronary artery stenosis, a decrease in diastolic perfusion time
secondary to an increase in heart rate may further reduce overall coronary perfusion, to
the point where the myocardium can become ischemic. Generally, the subendocardium
is most vulnerable to ischemia, and tachycardia has indeed been shown to exacerbate
this vulnerability (64,65). Under these circumstances, drugs that block sinus tachycar-
dia, reduce heart rate at rest, or both could be expected to increase the diastolic coro-
nary perfusion time and hence improve overall perfusion and function of the ischemic
subendocardium (66,67). This, at least partly, is the rationale behind the use of beta-
blocking agents and the rate-lowering Ca>* channel-blocking agents, such as diltiazem
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and verapamil. However, interpretation of the action of these agents, particularly the
calcium channel blockers, is complicated by their tendency to reduce blood pressure
and myocardial contractility, both of which reduce myocardial oxygen demand and,
indirectly, affect coronary perfusion. One would nevertheless predict that a pure
bradycardic agent without these attendant pressor effects should be beneficial in
improving coronary perfusion and resistance of the myocardium to ischemia. This pre-
diction is born out in practice: slowing heart rate with ZD 7288 in dogs reduces the
severity of myocardial ischemia produced by left anterior descending coronary artery
(LAD) occlusion (68), with similar results having been shown in pigs (69). Because
I(f) is the primary determinant of heart rate, I(f) blockers therefore have a promising
role as anti-ischemic agents.

In addition, blockers of I(f) may be useful in contexts other than when the myocar-
dium is vulnerable to ischemia. I(f) appears to be upregulated in the ventricle during
cardiac failure, leading to enhanced autorhythmicity (70); however, note the results
from a previous study (77). It seems possible that this enhanced autorhythmicity may
be responsible for the greater propensity to arrhythmia in cardiac failure, and hence
blockers of I(f) may also be useful as antiarrhythmic agents in this situation. This would
constitute an action separate from their bradycardic effects, although the bradycardic
effect would still be present, and perhaps provide an additional benefit.

7. TYPES OF DRUGS UNDER CURRENT DEVELOPMENT

One of the earliest blockers of I(f) described was Cs* (72), which is moderately
specific for I(f), although it does block other ionic currents in addition, especially at
higher doses (73). Difficulties with using Cs* in physiological solutions and its lack of
specificity sparked the search for organic blockers of I(f) in the hope of generating a
more specific and more potent compounds. The following two broad lineages of com-
pounds have emerged from these efforts:

1. A series of compounds related to phentolamine and clonidine, the prototype being alinidine
(N-allyl-clonidine), with the latest compound being ZD-7288 (74).

2. A series of compounds based on modifications of verapamil, the prototype being falipamil (or
AQ-A 39), from which zatebradine (75) and ivabradine (S-16257-2) have been developed.

7.1. Alinidine and Congeners

Alinidine (or ST567) was shown to be bradycardic as long as 20 yr ago in dogs (76)
and in humans (77). Although it blocks I(f), alinidine is not very specific in its action,
also blocking the slow inward current and outward currents in rabbit SAN cells (78).
There also have been suggestions that alinidine can block anion channels (79), an action
that may underlie its sometimes reported negative inotropic effect (80). In addition,
alinidine displays a variety of pharmacological properties, for example, it antagonizes
cromakalim and hence inhibits K,tp channel opening (87). It has been shown that
alinidine exhibits rate-independent cardioprotective effects, perhaps as a consequence
of adenosine antagonist properties (82,83). Alinidine has also been shown to be
antimuscarinic—in paced left rat atria, alinidine acted as competitive antagonist against
oxotremorine with a pA, of 5.82, and in guinea pig papillary muscle it antagonized
carbachol with a pA, value of 5.58 (84). Early reports that alinidine slows conduction
through the atrioventricular (AV) node (76) have not been confirmed in later studies
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(85). Although alinidine has been shown to prolong the effective refractory period in
the AV node of dogs subject to coronary artery occlusion (86,87), an effect on refrac-
tory period was not noted in humans at a dose of 40 mg (88).

Despite the potential difficulties with nonspecific actions, alinidine has been
shown to have very few acute side effects in humans (89,90). Note, however, that the
latter study (albeit with a limited numbers of subjects) reported that alinidine did not
appear to enhance myocardial salvage or preservation of left ventricular function or
to reduce the incidence of major arrhythmias in the early phase of myocardial infarc-
tion. Nevertheless, interest in alinidine congeners continues with a number of com-
pounds still under investigation (9/). Many of these exhibit most of the nonspecific
effects of alinidine and so are unlikely to be any more useful than alinidine as
bradycardic agents. However, one compound, ZD7288, has been developed that
shows some promise as a therapeutic agent.

7.1.1. ZD 7288

ZD 7288 (Fig.3A) has been shown to be bradycardic in rabbits and guinea pig (92)
and to block I(f) in dissociated guinea pig SAN cells (93). The block is not use depen-
dent (in contrast to that produced by zatebradine) and has been suggested to be caused
by an action of the very hydrophobic ZD 7288 molecule at an intracellular site on the
HCN channel (94). In sheep Purkinje fibers, the blocking of 1(f) by ZD 7288 appears to
show so-called reverse use-dependence, and it has been suggested that this may limit
its efficacy under physiological conditions (95). ZD 7288 is more selective than
alinidine or UL-FS 49, producing less prolongation of the action potential in SAN cells
at bradycardic concentrations (96).

As noted previously, HCN channels are widely expressed in CNS and some periph-
eral tissues, and one could expect that blockers of HCN channels will have effects in
these tissues as well as in the heart. In this context, most interest in ZD 7288 at present
seems to be centered on its actions in neurons (97,98). ZD 7288 inhibits I(h) in rod
photoreceptors (99), a finding that has relevance to one of the side effects of HCN
channel blockers, which is that they produce visual disturbances.

As well as side effects produced by blockade of HCN channels in extracardiac tis-
sues, which will be a common effect to all specific bradycardic agents, a difficulty with
the clinical use of ZD 7288 may arise as a consequence of its kinetics; in in vitro
preparations, the action appears to be essentially irreversible (95).

7.2. Falipamil (AQ-A 39) and Congeners

An alternative development track for blockers of I(f) has been made through modi-
fications to the benzenacetonitrile Ca?* channel antagonist verapamil. Structural modi-
fication by replacement of the lipophilic alpha-isopropylacetonitrile moiety by various
heterocyclic ring systems has led to a new range of molecules with specific bradycardic
activity, the prototype being falipamil (AQ-A 39). Falipamil has been shown to be
bradycardic in many isolated tissue preparations, including guinea pig (/00); rabbit
(101); dog (102); anesthetized cats, dogs (103), and pigs (/04); and in humans (7/05).

Despite the production of similar effects on heart rate, AQ-A 39 differs from
alinidine and mixidine in that it does not depress cardiac contractility in anesthetized
dogs with spontaneous heart rates (/06). A similar observation has been made in anes-
thetized pigs, at least for arterial plasma concentrations lower than 1500 ng/mL (104).
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Fig. 3. Depicts the chemical structures of several novel I(f) blockers in development. (A) shows
ZD 7288 (4-[N-ethyl-N-phenylamino]-1,2-dimethyl-6-[methylamino] pyridinium chloride),
(B) shows Zatebradine (UL-FS 49 or 1,3,4,5-tetrahydro-7,8-dimethoxy-3-[3-][2-(3,4-dimeth-
oxyphenyl)-ethyl) methylimino]propyl]-2H-3-benzazepin-2-on-hydrochloride), and (C) shows
(£) S 15544 (the racemic parent of Ivabradine; () S 15544 or 7,8-dimethoxy3-[3-][(4,5-
dimethoxybenzocyclobutan-1-yl) methyl] methyl-amino] propyl}1,3,4,5-tetrahydro-2H-3-
benzazepin-2-one). Note that ivabradine has a chiral carbon center.

Consistent with these bradycardic actions, falipamil shows protective effects against
ischemia in anesthetized dogs subjected to 15 min of coronary artery occlusion, fol-
lowed by 3 h of reperfusion. In this study, both AQ-AH 208 and AQ-A 39 (falipamil)
produced similar decreases in heart rate (24%) and increases in the endocardial/epicar-
dial distribution of collateral blood flow. During occlusion and throughout reperfusion,
both compounds also produced a significant improvement in the percentage of shorten-
ing of the ventricle in the ischemic-reperfused region (/07). A similar result has been
reported in humans; in a randomized, controlled study 10 male patients with
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angiographically confirmed ischemic heart disease received AQ-A 39 (falipamil) in a
single intravenous dose (2 mg/kg). After submaximal exercise, heart rate during pla-
cebo was 129 = 3, and during AQ-A 39, it was 113 = 3 beats min~!. AQ-A 39 did not
affect systolic arterial pressure and improved exercise tolerance (108).

Some problems in the clinical use of falipamil may arise because of its pharmacoki-
netic properties, such as its terminal half-life (t;,). In human plasma, the t;,, was deter-
mined to be 1.8 = 0.6 h (109). In addition, falipamil has been reported to have
anticholinergic effects in isolated SAN preparations in addition to its rate-dependent
block of I(f) (/10). In intact animals, this anticholinergic effect can be manifest in
vagolytic effects, and these can result in a paradoxical increase in heart rate in some
circumstances (/11).

As further development has proceeded, falipamil has been submitted to further opti-
mization mainly by manipulation of the phthalmidine moiety, resulting in a second
generation of specific bradycardic agents with increased potency and selectively and a
prolonged duration of action, represented by the benzazepinone-derivative UL-FS 49
(zatebradine; ref. 112).

7.2.1. Zatebradine (UL-FS 49)

Zatebradine (Fig. 3B) blocks sinus tachycardia; it has been shown to markedly
attenuate exercise-induced heart rate both in animal models (//3—116) and in humans
(117-120) at concentrations that do not affect the inotropic or lusitropic state or vascu-
lar tone. Zatebradine exhibits a less anticholinergic effect than falipamil (/27). In rab-
bit SAN cells (75) and sheep Purkinje fibers (/22), the bradycardic effect of
zatebradine has been attributed to a use-dependent inhibition of I(f), caused by inter-
action with the open state of the channel that reduces open probability (/23). This is in
contrast to the mode of action of ZD 7288 (and other alinidine-related compounds)
that interact with the HCN channel in a way that reduces the single-channel conduc-
tance and that do not show the same use dependence. At concentrations that block I(f),
zatebradine has minimal effects on the L-type Ca?* current (ICa) or the delayed recti-
fier K* current (IKr) in rabbit sinoatrial cells (75), although in spontaneously beating
rabbit SAN cells zatebradine prolonged the duration of the action potential, suggest-
ing a K* channel block (75,124). More recent electrophysiological studies demon-
strate that zatebradine also prolongs action potential duration in guinea pig papillary
muscles and rabbit Purkinje fibers (/25,126), an effect that was more prominent in
Purkinje fibers than in papillary muscles. Consistent with its bradycardic effects,
zatebradine has been shown to confer protection against exercise-induced regional
contractile dysfunction in dogs (66,67,127) and in anesthetized pigs (69).

In 1999, zatebradine was in Phase III clinical trials. However, the Zatebradine Study
Group, from a randomized double-blind, placebo-controlled, multicenter study in pa-
tients with chronic stable angina pectoris taking extended-release nifedipine, concluded
that zatebradine seemed to provide no additional antianginal benefit. This group raised
questions regarding the benefit of heart rate reduction alone as an antianginal approach
to patients with chronic stable angina (/28). This conclusion was later reinforced by
Glasser et al. (129), who noted that “despite significant reductions in resting and exer-
cise heart rate, there were no clinically significant effects on myocardial ischemia,
suggesting that the anti-ischemic effect of heart rate reduction should be re-evaluated.”

These studies raise some questions about the likely usefulness of specific
bradycardic agents in cardiac disease, although it may be that their conclusions can
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only be interpreted as being relevant to zatebradine. In addition to these doubts about
efficacy, the class III actions of zatebradine (/30) have spurred efforts to improve the
specificity of its I(f)-blocking actions. This has resulted in development of the com-
pound ivabradine.

7.2.2. Ivabradine (5-16257-2)

Ivabradine is the (+)-enantiomer of the racemic compound S15544 (note that
zatebradine is nonchiral). It is similarly bradycardic as zatebradine in isolated tissues
(125), by the same mechanism, that is, a block of I(f) (/31). The major improvement
of ivabradine over zatebradine is that it produces much less prolongation of the action
potential in the bradycardic concentration range (/25). Because the prototype com-
pound for ivabradine, S15544, is a racemate, it is possible to compare the isomers
and to “dissect out” the action potential prolonging action (see Fig. 3B for chemical
structure). Most of the action potential prolonging effect resides in the (-)-enanti-
omer (S16260), with the (+)-enantiomer (S16257, ivabradine) having a much smaller
effect (132).

Ivabradine is bradycardic and alters neither myocardial contractility nor coronary
vasomotion at rest and during exercise in normal dogs (/33). It has been shown to be
effective against exercise-induced myocardial ischemia in dogs (/34). In humans, iv
ivabradine in the first Phase I study was shown to produce a decrease of maximal heart
rate during exercise (/35). In later Phase I trials, pharmacokinetic studies have been
conducted in humans (/36). Ivabradine is currently in later stage clinical trials. It
remains to be seen whether it will prove to be a more effective anti-ischemic agent than
zatebradine, thus proving the concept that pure bradycardic agents can be useful as
therapeutic agents for angina and other conditions producing myocardial ischemia.

8. CONCLUSIONS

There are a range of side effects typical for specific bradycardic agents, such as
effects on the lungs. Animal studies show that relatively high iv doses of zatebradine
contract guinea pig airways by a histamine-like mechanism, and zatebradine can reduce
FEV1 in humans (/37). Besides these generalized extraneous effects of specific
bradycardic agents and the usual problems of pharmacokinetics and metabolism that
must be overcome, a range of side effects is possible that are related to the fundamental
pharmacodynamics of these agents. Because HCN channels are found in a variety of
extracardiac tissues, notably the CNS, it may be unavoidable that these agents will
produce CNS actions and these may limit their usefulness as antianginal agents. Indeed,
one of the common side effects already documented for these agents is a disturbance of
vision, a consequence of the presence of HCN channels in the photoreceptors. How-
ever, this problem of a diffuse target for therapeutic intervention has not inhibited the
development of other drugs, such as class I or class III antiarrhythmic agents. The
target for these agents, sodium channels, or potassium channels, respectively, are wide-
spread in extracardiac tissues, but this does not necessarily impede the clinical use of
these agents. There is no reason to suppose that the presence of HCN channels in
extracardiac tissues will be more of an impediment to the usefulness of specific
bradycardic agents, although side effects may inevitably occur. In fact, the situation
with specific bradycardic agents may offer more scope for drug development than has
currently been exploited. Because HCN channels exist in at least four isoforms, one
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can speculate that it may be possible to develop blockers specific for a given isoform,
in the same way that blockers of specific voltage-dependent potassium channels have
been developed. If this can be done, tissue-specific blockers of HCN channels would
enable the development of agents that specifically target the SAN or CNS to tailor their
therapeutic actions.
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