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Cyclic nucleotide-regulated cation channels are ion chan-
nels whose activation is regulated by the direct binding of
cAMP or ¢cGMP to the channel protein. Two structurally
related families of channels regulated by cyclic nucleotides
have been identified, the cyclic nucleotide-gated channels
and the hyperpolarization-activated cyclic nucleotide-gated
channels. Cyclic nucleotide-gated channels play a key role in
visual and olfactory transduction. Hyperpolarization-acti-
vated cyclic nucleotide-gated channels are present in the con-
duction system of the heart and are involved in the control of
cardiac automaticity. Moreover, these channels are widely
expressed in central and peripheral neurons, where they con-
trol a variety of fundamental processes.

Cyclic nucleotides exert their physiological effects by binding
to four major classes of cellular receptors: cAMP- and cGMP-
dependent protein kinases (1, 2), cGMP-regulated phosphodi-
esterases (3), cCAMP-binding guanine nucleotide exchange fac-
tors (4), and cyclic nucleotide-regulated cation channels. Cyclic
nucleotide-regulated cation channels are unique among these
receptors because their activation is directly coupled to the
influx of extracellular cations into the cytoplasm and to the
depolarization of the plasma membrane. Two families of chan-
nels regulated by cyclic nucleotides have been identified, the
CNG? and HCN channels (5-9). The two channel classes differ
from each other with regard to their mode of activation. CNG
channels are opened by direct binding of cAMP or cGMP. In
contrast, HCN channels are principally operated by voltage.
These channels open at hyperpolarized membrane potentials
and close upon depolarization. Apart from their voltage sensi-
tivity, HCN channels are also activated directly by cyclic nucle-
otides, which act by increasing the channel open probability.

General Features of Cyclic Nucleotide-regulated Cation
Channels

Structurally, CNG and HCN channels are members of the
superfamily of voltage-gated cation channels (10). Like other
subunits encoded by this large gene family, CNG and HCN
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channel subunits assemble into tetrameric complexes. The pro-
posed structure and the phylogenetic relationship between
mammalian CNG and HCN channel subunits are shown in Fig.
1 (see also Table 1). The transmembrane channel core consists
of six a-helical segments (S1-S6) and an ion-conducting pore
loop between S5 and S6. The N and C termini are localized in
the cytosol. CNG and HCN channels contain a positively
charged S4 helix carrying three to nine regularly spaced argi-
nine or lysine residues at every third position. In HCN channels,
as in most other members of the channel superfamily, the
S4 helix functions as a “voltage sensor,” conferring voltage-de-
pendent gating. However, inward movement of S4 charges
through the plane of the cell membrane leads to opening of
HCN channels, whereas it triggers the closure of depolariza-
tion-activated channels such as the Kv channels (11). The
molecular determinants underlying the different polarity of the
gating mechanism between HCN and depolarization-gated
channels remain to be determined. In CNG channels, which are
not gated by voltage, the specific role of S4 is unknown.

CNG and HCN channels reveal different ion selectivities.
CNG channels pass monovalent cations such as Na™ and K™
but do not discriminate between them. Ca®" is also permeable
but at the same time acts as a voltage-dependent blocker of
monovalent cation permeability (12). By providing an entry
pathway for Ca®", CNG channels control a variety of cellular
processes that are triggered by this cation. HCN channels con-
duct Na*™ and K with permeability ratios of ~1:4 and are
blocked by millimolar concentrations of Cs™ (13-15). Despite
this preference for K™ conductance, HCN channels carry an
inward Na* current under physiological conditions. HCN
channels can also conduct Ca®>" but not as well as CNG chan-
nels. At 2.5 mM external Ca>*, the fractional Ca>" current of
HCN2 and HCN4 is ~0.5%, whereas for native CNG channels,
it is in the range of 10—80% (16).

In the C terminus, CNG and HCN channels contain a CNBD
that has significant sequence similarity to the CNBDs of most
other types of cyclic nucleotide receptors. The crystal structure
of the CNBD has been determined for HCN2 (17), the HCN
channel from sea urchin (18), and a bacterial cyclic nucleotide-
regulated potassium channel (19). In CNG channels, the bind-
ing of cyclic nucleotides to the CNBD initiates a sequence of
allosteric transitions that lead to the opening of the ion-con-
ducting pore (7). In HCN channels, the binding of cyclic nucle-
otides is not required for activation. However, cyclic nucleo-
tides shift the voltage dependence of channel activation to more
positive membrane potentials and thereby facilitate voltage-de-
pendent channel activation (13-15). Despite the fact that the
CNBDs of HCN and CNG channels show significant sequence
homology, the two channel classes reveal different selectivities
for cyclic nucleotides. HCN channels display an ~10-fold
higher apparent affinity for cAMP than for cGMP, whereas
CNG channels select cGMP over cAMP (5, 7). Recently, amino
acid residues determining this difference have been identified
(18, 20).
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FIGURE 1. A, phylogenetic tree and structural model of mammalian cyclic nucleotide-regulated cation chan-
nels. The CNG channel family comprises six members, which are classified into A subunits (CNGA1-4) and B
subunits (CNGB1 and CNGB3). The HCN channel family comprises four members (HCN1-4). B, CNG and HCN
channel subunits share a common transmembrane topology, consisting of six a-helical segments (51-56) and
a pore loop (P). In the cytosolic C terminus, all subunits carry a CNBD that is functionally coupled to the

sory neurons has been unequivo-
cally demonstrated, the role of these
channels in other cell types remains
to be established. Based on the phy-
logenetic relationship, the six CNG
channels identified in mammals are
divided in two subfamilies, the A
subunits (CNGA1-4) and the B
subunits (CNGB1 and CNGB3)
(Fig. 1). CNG channel A subunits
(with the only exception of CNGA4)
form functional homomeric chan-
nels in various heterologous expres-
sion systems. In contrast, the B sub-
units do not give rise to functional
channels when expressed alone.
However, when coexpressed with
CNGA1-3, they confer novel prop-
erties (e.g single channel flickering,
increased sensitivity for cAMP and
L-cis-diltiazem) that are characteris-
tic of native CNG channels (5).
Recent genetic studies in mice indi-
cate that besides modulating intrin-
sic channel properties, the B sub-
units also play a key role in principal
channel formation and channel tar-

extracellular

intracellular

transmembrane channel core via the C-linker domain. The S4 segment contains a series of positively charged

residues and forms the voltage sensor in HCN channels. CNG channels are activated in vivo by binding of either
cAMP (cA) or cGMP (cG), depending on the channel type. HCN channels activate upon membrane hyperpolar-
ization. Binding of cAMP to the CNBD produces an allosteric conformational change that increases the open
probability of the channel pore. C, four subunits assemble to form functional CNG and HCN channels, respec-
tively. There is no evidence for the formation of mixed CNG-HCN channel tetramers.

TABLE 1
Molecular properties of cyclic nucleotide-regulated cation channels
aa, amino acids; pS, picosiemens; NE, not established.

Subunit Primary sequence Conductance Glycosylation
CNGA1 683 aa™” 25-30 pS¢ Yes (66)
CNGA2 664 aa” 35 pS¢ Yes (67)
CNGA3 631 aa“ 40 pS© NE
CNGA4 575 aa” No (67)
CNGBla 1339 aa? No (66)
CNGB1b 858 aa’ No (67)
CNGB3 694 aa” NE
HCN1 910 aa“” NE* Yes (68, 69)
HCN2 863 aa“ NE*¢ Yes (69)
HCN3 779 aa® NE*¢ Yes (70)
HCN4 1201 aa” NE° Yes (69)

“ This is the mouse isoform.

? The proximal N terminus of CNGAL1 is proteolytically cleaved in rod outer
segments (71).

¢ This was in calcium-free solution.

 This is the rat isoform.

¢ There is an ongoing controversy on the size of the single channel conductance of
HCN channels. Originally, single channel conductance was found to be very low,
being in the range of ~1 pS (72). This estimate is in good agreement with very
recent data (73). However, single channel conductances that are 10-30 times
higher have been reported by Michels et al. (74).

CNG Channels

CNG channels are expressed in retinal photoreceptors and
olfactory neurons and play a key role in visual and olfactory
signal transduction (5, 6, 8). CNG channels are also found at low
density in some other cell types and tissues such as brain, testis,
and kidney (5). Whereas the function of CNG channels in sen-
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geting in native sensory neurons
(21, 22). The subunit composition is
known for three native CNG chan-
nels: the rod and cone photorecep-
tor channels and the olfactory chan-
nel. The CNG channel of rod photoreceptors consists of the
CNGAL1 subunit and a long isoform of the CNGB1 subunit
(CNGBIa) (3:1 stoichiometry) (23—25). The cone photorecep-
tor channel consists of the CNGA3 and CNGB3 subunits (2:2
stoichiometry) (26). CNG channels control the membrane
potential and the calcium concentration of photoreceptors. In
the dark, both channels are maintained in the open state by a
high concentration of cGMP. The resulting influx of Na™* and
Ca®>* (“dark current”) depolarizes the photoreceptor and
promotes synaptic transmission. Light-induced hydrolysis of
cGMP leads to the closure of the CNG channel. As a result,
the photoreceptor hyperpolarizes and shuts off synaptic glu-
tamate release. Mutations in the CNGA1 (27) and CNGB1
(28) subunits have been identified in the genome of patients
suffering from retinitis pigmentosa. The functional loss of
either the CNGA3 (29, 30) or CNGB3 (31) subunit causes
total color blindness (achromatopsia) and degeneration of
cone photoreceptors.

The CNG channel expressed in cilia of OSNs consists of
three different subunits: CNGA2, CNGA4, and a short isoform
of the CNGB1 subunit (CNGB1b) (2:1:1 stoichiometry) (32).
The channel is activated in vivo by cAMP, which is synthesized
in response to the binding of odorants to their cognate recep-
tors. The olfactory CNG channel mainly conducts Ca®>" under
physiological ionic conditions (33). The increase in cellular
Ca®" activates a Ca®"-activated Cl channel, which further
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depolarizes the cell membrane. Ca*>* is not only a permeating
ion of the olfactory CNG channel but also an important mod-
ulator of this channel. By forming a complex with CaM, which
binds to the CNGB1b and CNGA4 subunits, Ca®" decreases
sensitivity of the CNG channel to cAMP (33). Fast Ca®*/CaM
desensitization of the CNG channel has been inferred to be the
dominant mechanism of OSN adaptation to repeated stimula-
tion and also to play a role in adaptation during sustained stim-
ulation (34-36). However, analysis of a genetic mouse model
lacking fast Ca*>*/CaM desensitization (CNGB14“*™ mice) has
challenged this hypothesis (37). CNGB1*“*™ mice showed
normal receptor current adaptation to repeated stimulation.
Rather, the mice displayed slower response termination and,
consequently, reduced ability to transmit olfactory information
to the olfactory bulb. They also displayed reduced response
decline during sustained odorant exposure. These results sug-
gest that Ca®"/CaM-mediated CNG channel fast desensitiza-
tion is less important in regulating the sensitivity to recurring
stimulation than previously thought and instead functions pri-
marily to terminate OSN responses.

HCN Channels

A cation current that is slowly activated by membrane hyper-
polarization (termed /,,, I, or 1) is found in a variety of excitable
cells, including neurons, cardiac pacemaker cells, and photore-
ceptors (38). The best established function of I is to control
heart rate and rhythm by acting as “pacemaker current” in the
SA node (39). I,, is activated during the membrane hyperpolar-
ization following the termination of an action potential and
provides an inward Na™ current that slowly depolarizes the
plasma membrane. Sympathetic stimulation of SA node cells
raises CAMP levels and increases ;, by a positive shift of the
current activation curve, thus accelerating diastolic depolariza-
tion and heart rate. Stimulation of muscarinic receptors slows
down heart rate by the opposite action. In neurons, I, fulfills
diverse functions, including generation of pacemaker poten-
tials, control of membrane potential, generation of rebound
depolarizations during light-induced hyperpolarizations of
photoreceptors, dendritic integration, and synaptic transmis-
sion (9, 40, 41).

HCN channels represent the molecular correlate of the I,
current (13-15). In mammals, the HCN channel family com-
prises four members (HCN1-4) that share ~60% sequence
identity with each other and ~25% sequence identity with CNG
channels. The highest degree of sequence homology between
HCN and CNG channels is found in the CNBD. When ex-
pressed in heterologous systems, all four HCN channels gener-
ate currents displaying the typical features of native I,: activa-
tion by membrane hyperpolarization, permeation of Na* and
K*, positive shift of the voltage dependence of channel activa-
tion by direct binding of cAMP, and channel blockade by extra-
cellular Cs™. HCN1-4 mainly differ from each other with
regard to their speed of activation and the extent by which they
are modulated by cAMP. HCN1 is the fastest channel, followed
by HCN2, HCN3, and HCN4. Unlike HCN2 and HCN4, whose
activation curves are shifted by about +15 mV by cAMP, HCN1
and HCN3 are only weakly affected by cAMP, if at all. Site-
directed mutagenesis experiments have provided initial insight
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into the complex mechanism underlying dual HCN channel
activation by voltage and cAMP. As in other voltage-gated cat-
ion channels, activation of HCN channels is initiated by the
movement of the positively charged S4 helix in the electric field
(11). The resulting conformational change in the channel pro-
tein is allosterically coupled by other channel domains to the
opening of the ion-conducting pore. Major determinants
affecting channel activation are the intracellular S4-S5 loop, the
S1 segment, and the extracellular S1-S2 loop (42—44). The
CNBD fulfills the role of an autoinhibitory channel domain. In
the absence of cAMP, the cytoplasmic C terminus inhibits
HCN channel gating by interacting with the channel core and
thereby shifting the activation curve to more hyperpolarizing
voltages (45). Binding of cAMP to the CNBD relieves this inhi-
bition. Differences in the magnitude of the response to cAMP
among the four HCN channel isoforms are largely due to dif-
ferences in the extent to which the CNBD inhibits basal gating.
It remains to be determined if the inhibitory effect of the CNBD
is conferred by a direct physical interaction with the channel
core domain or by some indirect pathway. There is initial evi-
dence that the so-called C-linker, a peptide of ~80 amino acids
that connects the last transmembrane helix (S6) to the CNBD,
plays an important role in this process. The C-linker was also
shown to play a key role in the gating of CNG channels, sug-
gesting that the functional role of this domain has been con-
served during channel evolution (7, 46, 47).

HCN channels are found in neurons and heart cells. In mouse
and rat brains, all four HCN channel isoforms have been
detected (48, 49). HCN2 is the most abundant channel and is
found almost ubiquitously in the brain. In contrast, HCN1,
HCNS3, and HCN4 are enriched in specific regions of the brain
such as the thalamus (HCN4), hippocampus (HCN1), and
olfactory bulb and hypothalamus (HCN3). HCN channels have
also been detected in the retina and some peripheral neurons
such as dorsal root ganglion neurons. In SA node cells, HCN4
represents the predominantly expressed HCN channel isoform.
In addition, minor amounts of HCN1 and HCN2 are also pres-
ent in these cells. Insights into the (patho)physiological rele-
vance of HCN channels have been gained from the analysis of
mouse lines lacking individual HCN channel isoforms. Disrup-
tion of HCN1 impairs motor learning but enhances spatial
learning and memory (50, 51). Deletion of HCN2 results in
absence epilepsy, ataxia, and sinus node dysfunction (52). Mice
lacking HCN4 die in utero because of the failure to generate
mature SA pacemaker cells (53). Interestingly, mice in which
HCN4 is deleted at the adult stage are viable but display cardiac
arrhythmia characterized by recurrent sinus pauses (54). The
key role of HCN4 in controlling heart rhythmicity is corrobo-
rated by genetic data from human patients. Mutations in the
human HCN4 gene leading to mutated or truncated channel
proteins have been found to be associated with sinus bradycar-
dia (55-58) and complex cardiac arrhythmia (56).

HCN Channels as Therapeutic Targets

Given the key role of HCN channels in cardiac pacemaking,
these channels are promising pharmacological targets for the
development of drugs used in the treatment of cardiac arrhyth-
mias and ischemic heart disease. HCN channels are not
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expressed in vascular and airway smooth muscles. As a conse-
quence, specific HCN channel blockers are expected to have no
side effect on the peripheral resistance. Notably, unlike the well
established B-adrenoreceptor blockers, HCN channel blockers
would not impair pulmonary function in patients with
asthma or obstructive pulmonary disease. Recently, ivabra-
dine (S16257, Procoralan) was approved as the first therapeutic
I, blocker (59). Ivabradine blocks cardiac I, at low micromolar
concentrations and is used in the treatment of stable angina
pectoris. Other known 1, blockers with blocking mechanisms
related to that of ivabradine are ZD7288, zatebradine, and cilo-
bradine (60). These blockers were not introduced into therapy
because they either lacked specificity or exerted unacceptable
side effects, in particular visual disturbances due to the inhibi-
tion of retinal /,,. Interestingly, the well known «,-adrenorecep-
tor agonist clonidine also effectively blocks HCN channels (61).
The block of cardiac /,, (mainly conferred by HCN4) contrib-
utes significantly to the bradycardic effect of clonidine. Modu-
lation of [, may also be a promising approach for treatment of
disease processes in the central and peripheral nervous systems.
For example, /,, is up-regulated in dorsal root ganglion neurons
in response to nerve injury, making HCN channels interesting
candidates for therapeutic modulation of inflammation and
neuropathic pain (62). Moreover, agents acting on HCN chan-
nels may be utilized in the treatment of epilepsies (63). Finally,
HCN1 and HCN2 channels are inhibited by clinically relevant
concentrations (=0.5 mm) of the inhalational anesthetics halo-
thane and isoflurane (64). Similarly, the intravenous anesthetic
propofol inhibits and slows the activation of native and
expressed HCN channels (65). Thus, modulation of I, may con-
tribute to clinical actions of anesthetic agents.
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