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HCN channels are hyperpolarization activated cation-selective channels opened at hyperpolarized voltages more negative than about -50 mV. They are
members of the cyclic nucleotide-gated (CNG) ion channel family. Cyclic AMP and cyclic GMP bind directly to the cyclic nucleotide binding domain
(CNBD) and shift the channels voltage activation curves to more positive values, enhancing channel activity. They differ from CNG channels which are
not gated by voltage. HCN channels are largely responsible for the pacemaker currents found in neurons, photoreceptors and cardiac cells in the
sinoatrial (SA) node [1-5]. Historically, in native tissue these channels have been called |, I and I,,. The HCN channels consist of six transmembrane
domains and they form tetramers, HCN1 and HCN4 have been shown to form heteromers [6].

Physiologically, sympathetic stimulation of SA node cells raises cCAMP levels and increases HCN currents, this leads to depolarization between
heartbeats and an increase in the heart rate during the fight-or-flight response. Parasympathic release of acetylcholine binding to muscarinic
acetylcholine receptors reduces the heart rate by hyperpolarizing pacemaker cells. HCN channels in neurons generate pacemaker potentials, are
responsible for setting the resting potential, control synaptic transmission and plasticity, and electrically integrate dendritic activity [3,5].

There are four mammalian members of the HCN channel family (HCN1-HCN4) with approximately 60% sequence identity shared [7-10]. As with other
voltage gated channels, the S4 segment of the channels largely contains the voltage sensor [47]. HCN channels when expressed in heterological
systems generate currents typical of native |, -like currents. They are activated by membrane hyperpolarization, are cation selective with a Py,/Px
permeability ratio of ~0.2, they respond to cyclic nucleotide binding with a rightward shift in voltage-dependence, and are blocked by external Cs*.

The voltage-activation of HCN2 and HCN4 are shifted by cyclic nucleotides, whereas HCN1 and HCN3 are only weakly affected [3,5]. HCN1 through
HCN4 channels differ in their speed of activation with HCN1 being the fastest channel, followed by HCN2, HCN3, and HCN4. In mammalian cardiac SA
node, HCN4 makes up 70% and HCN1 30% of the total I, current [12-14]. HCN2 is the most abundant neuronal HCN channel, expressed widely in the
brain while HCNL1 is more localized in the hippocampus and HCN4 in the thalamus, HCN3 in the olfactory bulb and some hypothalamic nuclei [15].
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HCN Channelopathies and Drugs Discovert

The HCN4 gene has been linked to sinus node dysfunction with over 20 mutations causing channelopathies including atrial fibrillation, AV block, QT BACK

prolongation, tachycardia-bradycardia syndrome sinus bradycardia [16]. HCN1 and HCN2 have been associated with human epilepsy in diverse ways
including gain and loss of channel function [17]

Due to the involvement of cardiac HCN channels in pace making, these channels are promising therapeutic drug targets for the treatment of cardiac
arrhythmias and ischemic heart disease. Blockers of I, and HCN channels include ZD7288 which exhibits voltage-dependence of blockade [18]. Use-
dependent blockers include ivabradine, zatebradine, and cilobradine [19-21]. lvabradine is FDA approved for angina pectoris to lower the heart rate.
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HCN1 Raw Data Curreawtsl CurrenVoltage (1/V) Relationskipannels:(Left)fRaw HCN1 currents elicited by the voltage protocol shown below
the currents. Red dotted line indicates zeroRighe)@u(rentoltage (I/V) relationship. Maximum negative current amplitudes were measured
and normalized to the maximum current amplitude chtHlima¥.atlean data from 10 cells is plotted (MarDiarpptData
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HCN1 Voltage Dependence of Activation and Time Coobfstigation:Left: Theinstantaneous current on stepping bagkry from
various test potentials was measured for each cell and normalized to the instantaneous current obtaineldi@ntlv aTre melae tata
from 11 cells is shown that could be described by a Boltzmann equation giving an-86tBadied/ \évidod slope of #(B6 mVRight:
Time Constants of Activation. On stepping to various hyperpolarizing voltages from a h8@imypdEenNtiairehts activated following
an exponential time course after an initial delay. hHHCN1 time constants obtained by exponential fits degregseqgboldh Zmsteasin
(solid circles) and at a given voltage were &oless4han hHCN2 time constants (open(®lesiesl Patch Clamp Data).
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HCN1 Reversal PotenM#asurementsThereversal potential was calculated eithertiextavrial solutions (solid circles in A) orédmtgrial solutions (open

circles in A) by using the voltage protocols in B and C. The data is the mean of 3 and 4 cells respectitieite@lnyemntsypenecdarizing voltage prior to
stepping to various voltages negative and positive to the reversal potential i.e. where the instantaneousecuowmestdsgelks(tkd dotted lines in B and C). In
B, in low external K+ conditions, the mveesgeaear40 mV whereas in high K+ external conditions in C, the current ré@damgdaearal Patch Clamp Data)
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HCN1 Pharmacolagieft The instantaneous current on stepping back-® ertkiefncAMPopen squares)-60 mMVAAMPLOOs Msolid squares) from various test

potentials was measured for each cell and normalized to the instantaneous current obtained-ivMthra\piegANse oo-120 mVCAMPLOOs M The control data (no

cAMPis from Figure 2 and the mean data in the pregeviéls @fom 3 cells. The data, in the preseAd¢Rifould be described by a Boltzmann equation giving an estimated

VY2 0t84.3+ 2.2mV and a slope of£0112mV. (Manual Patch Clamp Dadla)je Effect of ZD7288 on HCN1 currents. The effect of a 10 min incubation of various concentrations
of ZD7288 was assessed on the amplitude ofumrEDL Eactkata point represents the mea8l aélZ lonWorkBIT Data)Right:Effect of Cs+ on hHCN1 currents. The

effect of a 10 min incubation of various concentrations of Cs+ was assessed on the angpirtedésofbdtfité point represents the mea8 aélZlonWorkBIT Data)
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Effect oiGenisteiron hHCN1 and hHC®drrents The voltage protocol used in the upper panel, to evoke hHCN1 currents, involved stepping from the holding

potential 880 mV tel40 mV then stepping baeiOtanV for 1 s prior to returning to the holding potential. Puldesiveesr\app s. Peak currents at the end

of thel40 mV step were measured before, during andesafigeri8eiand plotted versus pulse number where the prggsemsteios depicted by the red

bar. The inset shows current traces recorded before (A) during (B)gamistdtappligation. The voltage protocol used to evoke hHCNZ2 currents in the lower
panel was similar although the durations of the pulses were longer and peak currentlldsmaysesteddbbdOmV (Manual Patch Clamp Data).
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HCNZ2 Voltage Dependence of Activation and Time Coobfstigation:Left: The instantaneous current on stepping-38aktofrom

various test potentials was measured for each cell and normalized to the instantaneous current obtaineldi@ntlv aTre melae tata

from 7 cells is shown that could be described by a Boltzmann equation giving an-é8in@ate@nv: afd a slope o804 mVRight

Time Constants of Activation. On stepping to various hyperpolarizing voltages from a h8@imy/pd@eNtiairehts activated following an

exponential time course after an initial delay. hHCN2 time constants obtained by exponential fits decrégpedpsidrizistepsitgplid

circles) and at a given voltage were afmugtedter than hHCN1 time constants (op¢riManlesl Patch Clamp Data)

Trusted Products to eg{pedite Your Discovery & Development i Advance Confidently



<& eurofins

H C N 2 DiscoverX

BACK

Reversal Potential Measuremenke reversal potential was calculated either in low K+ external solutions (solid circles in A) or high Kepexternlssolutions
in A) by using the voltage protocols in B and C. The data is the mean of 3 and 4 cells respectively. Cunsents/pemgotariziatptioltage prior to stepping

to various voltages negative and positive to the reversal potential i.e. where the instantaneous currentsstdsgel(ted dettedumes in B and C). In B, in
low external K+ conditions, the current clearly red@rs®g athereas in high K+ external conditions in C, the meascai3wy/ (Manual Patch Clamp Data)
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