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Abstract£ºCardiac pacemaking is controlled by an inward
current called I f£¬which is activated by membrane hyperpo-
larization of pacemaker cells in the sinoatrial node. Recent-
ly£¬a family of hyperpolarization-activated and cyclic nu-
cleotide-gated cation£¨HCN£©channels comprising at least four
members£¨HCN1 - HCN4£©has been cloned. Two of these
channels£¬HCN2 and HCN4£¬are expressed in the heart .
When expressed in heterologous cells£¬HCN2 and HCN4 re-
veal general features of native I f . In the present review we
describe the molecular diversity and functional expression of
the HCN channels and discuss structural determinants of the
channels.
Key words£ºheart£»ion channels£»hyperpolarization-activat-
ed current£»pacemaker current£»hyperpolarization-activated
and cyclic nucleotide-gated cation channels

CLC number£ºR966
Document code£ºA
Article ID£º1000-3002£¨2001£©02-0081-07

1 Introduction

The spontaneous and rhythmic activity of the
heart is a prerequisite for life. Cardiac pacemaker
activity is controlled by a mixed Na+ / K+ inward
current£¬named If£¨f for¡°funny¡±£©£¬which is activated
during the diastolic depolarization phase of the action
potential. This depolarizing current serves to drive
the cell membrane potential back towards the thresh-
old of its action potential£¬thereby maintaining rhyth-
mic activity. If Was first identified in sinoatrial
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node cells of the heart in the late seventies and
early eighties of the 20th Century£Û1£¬2£Ý. A similar
current was also found in cardiac Purkinje
fibers£Û3£Ý£¬as well as in atrial£Û4£¬5£Ýand ventricular
muscle£Û6£Ý. Likewise£¬ I f was discovered in neu-
rons£Û7 - 10£Ýwhere they were designated as Ih£¨h for
hyperpolarization-activated£»used in this review£©
or Iq£¨q for¡°queer¡±£©.

The functional properties of Ih channels£Û11£¬12£Ý

are £º① activation by hyperpolarizing potential
more negative than - 50 to - 70 mV£»②perme-
ation of Na+ and K+ £»③ upregulation by cyclic
AMP£»④inhibition by Cs+ .

Although pacemaker currents were identified
some twenty years ago the molecular structure of
these channels was elucidated only recently£Û13 - 17£Ý.
There are at least four genes encoding Ih channels.
Expression of the respective cDNAs induces the for-
mation of currents that reveal all common properties
of native cardiac and neuronal pacemaker channels.
The aim of this review is to summarize the recent
data on the molecular structure£¬tissue distribution£¬
functional expression£¬ and relationship between
structure and functional properties of hyperpolariza-
tion-activated and cyclic nucleotide-gated cation
£¨HCN£©channels.

2 Molecular structure and tissue distribution

A family of four Ih channel genes£¬designated
as HCN1 - HCN4 for HCN channels£Û18£¬19£Ý has
been isolated from mouse£¬rabbit and human
cDNA libraries£¨Tab 1£©. HCN channels belong to
the superfamily of voltage-gated cation channels .
Within the family the channels reveal the highest
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Tab 1. Classification and tissue distribution of hyperpolarization-activated and cyclic nucleotide-gated cation
£¨HCN£©channels

Nomenclature

New Old
Amino acid*

Tissue distribution**

Brain Heart Other
Reference No.

HCN1 HAC2 / BCNG-1 910 + + + - - 13£¬15£¬16£¬20

HCN2 HAC1 / BCNG-2 863 + + + + + + - 13£¬15£¬16£¬20

HCN3 HAC3 / BCNG-4 779 + + - - 13£¬15£¬16£¬20

HCN4 HAC4 / BCNG-3 1203 + + + + testis 14£¬16£¬22£¬23

spHCN SPIH 767 sperm 17
*HCN1 - 3 from murine brain£»HCN4 from human heart .**Expression levels were classified as£º+ £¬low£»+ + £¬moderate£»+ + + £¬

strong£»- £¬no significant expression.

degree of sequence homology£¨about 25%£©to the
eag K+ channel and the cyclic nucleotide-gated

£¨CNG£©channelα-subunits£¨Fig 1B£©. Like volt-
age-activated K+ channels the HCN channels con-
tain six transmembrane segments£¨S1 - S6£©£¬a
pore region between S5 and S6£¬and cytosolic N-
and C-termini . In addition£¬HCN channels con-
tain a cyclic nucleotide binding domain£¨CNBD£©
in the cytosolic C-terminus£¨Fig 1A£©. Like other
members of the superfamily£¬HCN channels are
also to form tetrameric complexes. The four mam-
malian HCN subunits£¨HCN1 - HCN4£©are close-
ly related to each other revealing overall sequence
identities of 50% - 60% . The homology is high-
est in the central core region£¨S1 through the
CNBD£©with a sequence identity of 80% - 90%
at the amino acid level£¨Fig 1B£©. In contrast£¬the
cytoplasmic N- and C-termini are not conserved
between HCN1 - HCN4.

Tab 1 summarizes the classification and tis-
sue distribution of HCN channels . The first HCN
protein£¬HCN2£¨old nomenclature£ºHAC1£©was
cloned from mouse brain£Û13£Ý. HCN2 is abundantly
expressed throughout the brain£Û20£¬21£Ý. HCN2
is also present in the heart£Û13£¬16£Ý. By using re-
verse transcription-polymerase chain reaction anal-
ysis the mRNA of HCN2 was detected in atrial and
ventricular myocytes of human heart£Û14£Ý. Besides
HCN2£¬HCN4 is the second channel that is ex-
pressed in both heart and brain. Within the heart
HCN4 is highly enriched in sinoatrial pacemaker
cells£Û22£¬Moosmang unpublished£Ý but is also present£¬

Fig 1. A£ºStructural model of HCN channels. The six
membrane segments£¨S1 - S6£©are indicated. The plus symbols rep-
resent the positive charged residues which are spaced regularly in the
voltage-sensing S4 segment. As indicated by the arrow Na+ and K+

ions flux through the pore region. CNBD£ºcyclic nucleotide-binding
domain. B£ºPhylogenetic tree of HCN channel family£¬
eag £¨ ether-(-g)g) £©potassium channel and CNG3

£¨cyclic nucleotide-gated£©channel . The tree was calculated
by comparison of the corresponding regions from segment S1 through
the end of the CNBD. SpHCN was cloned in sea urchin testis£Û17£Ý.

though at much lower density£¬in atrial and ven-
tricular myocytes£Û14£Ý. In brain HCN4 is most
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abundant in neurons of the thalamus and olfactory
bulb£Û20£¬21£¬23£Ý. In contrast to HCN2 and HCN4£¬
expression of HCN1 and HCN3 channel seems to
be restricted to central and peripheral neurons.

3 Functional expression

Each member of the HCN channel family
generates functional homomeric channels when
heterologously expressed in HEK293 cells or
Xenopus oocytes. HCN channels are activated by
hyperpolarizing the plasma membrane to potentials
more negative than - 60 mV. The inward Ih turns
on with a typical delay and slowly relaxes to a
steady state value£¬resulting in a characteristic
sigmoidal shape of the current waveform£¨Fig 2£©.
The membrane potential for a half-maximum acti-
vation£¨ V0 .5£©in HCN1 - HCN4 is about - 100
mV with a range from - 95 to - 110 mV£¨Tab
2£©. This value is consistant with the V0 .5 of na-
tive Ih channels . In sinoatrial nodal cells the
V0.5 was - 75 mV£Û24£Ý. More negative values were
obtained in Purkinje fibers£¨ - 108 mV£©and in
ventricular myocytes£¨ - 135 mV£©£Û6£Ý. In thalamic
neurons V0 .5 value was - 78 mV£Û25£Ý. Under
physiological conditions the reversal potentials of
HCN1£¬HCN2 and HCN4 currents are in the
range between - 22 mV and - 30 mV indicating
that the channels pass both Na+ and
K+£Û14£¬16£¬22£¬23£Ý. The ratio of permeabilities to
sodium and potassium£¨PNa / PK£©is about 0 . 25
being in good agreement with the ion selectivity of
native Ih channels£Û11£¬12£Ý.

The frequency of the heart beat is modulated
by neurotransmitters through regulating the intra-
cellular levels of cyclic nucleotides. DiFrancesco
and Tortora£Û26£Ý described a direct modulation of
cardiac Ih channel by cAMP. The HCN2 and
HCN4 channels are also clearly upregulated by
cAMP and cGMP£Û13£¬14£¬22£¬23£Ý. Cyclic AMP does
not increase of the maximal open probability of Ih
but shifts the activation curves of the channels to-
wards more depolarizing potentials indicating that
the upregulation by cAMP is due to an effect on
the voltage-dependence of channel activation. The

Fig 2 . A£ºRepresentative whole-cell current traces
recorded in a HEK 293 cell transfected with hHCN4.
The cell was voltage-clamped from a holding potential of - 40 mV
to various hyperpolarizing potentials with increments of 10 mV£¨see
voltage protocol on top£©followed by a step to - 140 mV. Tail cur-
rents measured immediately after the voltage step to - 140 mV£¨in-
dicated by the arrow£©were plotted as a function of the preceding
potentials. The inset shows the activation curve and the measure-
ment of the potential of half-maximum activation£¨ V0.5 £©. B£º
HCN1 - HCN4 channels differ from each other in
their respective activation kinetics . For clarity£¬current
amplitudes of HCN2 - HCN4 were normalized to that of HCN1.
Composition of intracellular solution£¨mmol¡¤L- 1£©£ºKCl 130£¬NaCl
10£¬MgCl2 0.5£¬EGTA 1£¬HEPES 5£¬pH 7.4 with KOH. Compo-
sition of extracellular solution£¨mmol¡¤L- 1£©£ºNaCl 110£¬KCl 30£¬
CaCl2 1 .8£¬MgCl2 0.5£¬HEPES 5£¬pH 7.4 with NaOH.

effect of cAMP is not restricted to the modulationof
voltage-dependence of activation£¬and cAMP also
accelerates the activation kinetics£Û13£¬14£Ý. Cyclic
GMP modulates both voltage-dependence and acti-
vation kinetics in a similar fashion as cAMP. How-
ever£¬the apparent affinity of the channel is about
10 fold higher for cAMP£¨Ka = 0.5µmol¡¤L

- 1£©
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Tab 2. Functional properties of HCN channels£Û13£¬14£¬17£Ý

Channel
V0.5

/ mV
PNa / PK

Activation constant at - 140 mV / ms

τ1 τ2

Shift by cAMP
/ mV

Ka for cAMP
/ mmol¡¤L- 1 Cs+ -sensitive

HCN1 - 94 0.25 30 171 + 1.8 n. d yes

HCN2 - 103 0.24 241 + 13 0.5 yes

HCN3 - 96* n. d n. d n. d n. d n. d

HCN4 - 109 0.22 660 + 15 2.3* yes

spHCN - 26.1 - - - 24.7 0.74 yes
*Unpublished data from the author's laboratory. - £¬not given£»n. d£¬not determined.

than for cGMP£¨Ka = 6µmol¡¤L
- 1£©.

The basic electrophysiological properties are
similar for all four HCN channels . The major dif-
ference between HCN channels refers to the speed
of activation and the extent of modulation by
cAMP. HCN1 reveals the fastest activation kinet-
ics£¬whereas HCN4 activates with the slowest ki-
netics of all four HCN channels£¨Tab 2£©. On the
other hand£¬HCN4 is very sensitive to cAMP£¬
whereas HCN1 is almost insensitive to cAMP. The
shifts of the activation curve by saturating cAMP
are 17 to 23 mV£¬ 12 mV and 2 mV for
HCN4£Û14£¬22£Ý£¬HCN2£Û13£Ý and HCN1£Û16£Ý£¬respec-
tively .

Like native Ih the expressed HCN channels
are blocked by low-millimolar concentrations of
extracellular Cs + but are insensitive to Ba2 + and
tetraethylammonium. There are some blockers of
native Ih such as ZD 7288£¬alinidine£¬and ivabra-
dine£¨S16257£©£Û27£Ý. It will be interesting to investi-
gate whether or not these compounds also block
the cloned channels .

4 Structural determinants of channel func-
tion

4.1 Activation by hyperpolarization
HCN channels differ from other members of

the superfamily of voltage-gated cation channels in
that they are activated upon membrane hyperpolar-
ization instead of depolarization. Having in mind
that all channels of the family share the same
transmembrane topology£¬ the question arises
which structural elements determine the unique

gating mode of HCN channels .
The activation of the voltage-gated cation

channels such as Na + £¬K+ £¬or Ca2 + channels is
controlled by a voltage-dependent translocation of
the positively charged S4 helix£¨the voltage sen-
sor£©which is coupled by unknown conformational
steps to the opening of the ion-conducting
pore£Û28 - 30£Ý. The S4 helix contains a series of reg-
ularly-spaced lysines or arginines separated from
each other by two neutral amino acids. Suprising-
ly£¬HCN channels though activated by hyperpolar-
ization also contain such a positively charged S4
sequence£Û13£¬15£Ý. Even more surprisingly£¬the S4
of HCN channels contains a higher number of pos-
itive charges£¨ ten£©than depolarization-activated
channels£¨five to eight£©. Why are HCN channels
activated by hyperpolarization even though their
S4 segments are also positively charged£¿Recent
results from site-directed mutagenesis of K+ chan-
nels£Û31 - 33£Ýand HCN channels£Û34£Ýsuggest the fol-
lowing scheme to explain the different gating mode
of depolarization- and hyperpolarization-actived
cation channels£Û34£¬35£Ý.

In simple models of channel activation a
channel protein can exist in three sequential states
representing closed£¬ open or inactivated state

£¨closed"open" inactivated£©. At resting poten-
tial£¬depolarization-activated channels are in the
closed state . Membrane depolarization drives the
channels to the open state and later to the inacti-
vated one. Activation of HCN channels by hyper-
polarization could be explained by a profound shift
of all three states to more hyperpolarizing volt-
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ages . Thus£¬at resting potential most HCN chan-
nels will be in the inactivated state . Hyperpolar-
ization opens the channels by driving the channels
from the inactivated state to the open one. Thus£¬
according to this model activation would be equiv-
alent to the removal of inactivation.
4.2 Pore properties

The structural determinants of ion selectivity
have been determined for Na + £¬Ca2 + and K+

channels. The Na+ selectivity filter in sodium
channels is formed by four amino acid residues
DEKA£¨aspartate-glutamate-lysine-alanine£©in the
inner pore of domains Ⅰ -Ⅳ . Sodium channels
can be rendered selective for Ca2 + if these
residues£¨DEKA£©are mutated to EEEE£¨gluta-
mate-glutamate-glutamate-glutamate£©that are re-
sponsible for the Ca2 + selectivity of Ca2 + chan-
nels£Û36£Ý. Three amino acids£¬ glycine-tyrosine-
glycine£¨GYG£©£¬in the center of the pore loop
form the electivity filter of almost all K+ chan-
nels£Û37£¬38£Ý. Notably£¬the GYG motif is also pre-
sent in HCN channels although these channels
pass both K+ and Na+ . In K+ -selective channels
the narrowest part of the pore is formed by the
carbonyl backbones of the GYG motif which are
constrained in an optimal geometry so that only a
dehydrated K+ fits with proper coordination. In
HCN channels the carbonyl backbone may have
lost some of its structural rigidity£¬thus allowing
both K+ and Na+ to pass the pore .
4.3 Modulation by cyclic nucleotide

Cyclic AMP activates native I f and expressed
HCN channels by directly binding to the C-termi-
nal CNBD of the channel proteins. The CNBD of
HCN channels reveals a striking sequence similar-
ity to that of other cyclic nucleotide-binding pro-
teins such as the catabolite activator protein
£¨CAP£©of E . coli£¬cAMP- and cGMP-dependent
protein kinase£¨PKA and PKG£©£¬and CNG chan-
nels£Û19£Ý. The CNBD contains threeαhelices and
eightβstrands£Û39£Ý. The amino acids which inter-
act with the cAMP molecule are well conserved in
HCN channels . Nevertheless£¬the HCN1 channel

£¨ + 2 mV shift£©is less modulated by cAMP as
other members of the HCN channel family£¨shift

of up to + 23 mV with HCN4£©. The molecular
determinants of cyclic nucleotide efficacy have not
been determined so far . However it is tempting to
speculated£¬that like in CNG channels£¬the se-
quence that connects the S6 segment with the
CNBD£¨the C-linker£©is involved in coupling the
ligand binding to the channel opening and thus
may constitute a crucial determinant of cAMP-de-
pendent channel modulation£Û40£¬41£Ý.

5 Conclusion

The cardiac pacemaker channel controls the
rhythmic activity of heart . Two HCN channels

£¨HCN2 and HCN4£©are expressed in the heart .
The identification of the structure of pacemaker
channels enables us to characterize the molecular
basis of channel regulation under physiological
and pathological conditions. Furthermore£¬ the
molecular identification of HCN channel proteins
will provide a new tool for the discovery of phar-
macological agents that can be used for the thera-
py of cardiac diseases.
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