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Abstract: Hyperpolarization- and Cyclic Nucleotide-gated (HCN) channels are a family of six transmembrane domain,
single pore-loop, hyperpolarization activated, non-selective cation channels. The HCN family consists of four members
(HCN1-4). HCN channels represent the molecular correlates of I, (also known as ‘funny’ I and ‘queer’ 1), a hyperpolari-
zation-activated current best known for its role in controlling heart rate and in the regulation of neuronal resting mem-
brane potential and excitability. A significant body of molecular and pharmacological evidence is now emerging to sup-
port a role for these channels in the function of sensory neurons and pain sensation, particularly pain associated with nerve
or tissue injury. As such, HCN channels may represent valid targets for novel analgesic agents. This evidence will be re-
viewed in this article. We will then summarize our efforts to develop and validate methods for screening for novel HCN

channel blockers.

INTRODUCTION

Nociception, or the sensation of pain, is a function vital
to the survival of higher organisms. The normal physiologi-
cal function is to signal the brain that potential or actual
damage has occurred. Under pathological conditions, noci-
ceptive nerve fibers can become hyperexcitable or even
spontaneously active. Nerve injury often induces rhythmic or
bursting behavior in afferent fibers [1, 2]. This curious phe-
nomenon led some investigators to consider the role of
‘pacemaker’ channels in these neurons.

Pacemaking currents were first functionally described as
the “funny’ current I; in rabbit sinoatrial node [3] and the
‘queer’ current Iy in hippocampal pyramidal neurons [4].
These excitatory currents push a cell towards the threshold
of activation for action potentials. In cardiac tissue, adrener-
gic stimulation increases intracellular cAMP, upregulating I,
which leads to a higher heart rate.

The molecular basis for the pacemaker currents was iden-
tified when a novel family of ion channels with homology to
cyclic-nucleotide gated channels were cloned [5-7]. HCN
channels are a family of six transmembrane domain, single
pore-loop, hyperpolarization activated, non-selective cation
channels. The HCN family consists of four members
(HCN1-4). HCN channels represent the molecular correlates
of I and I, (now referred to collectively as I). A significant
body of molecular and pharmacological evidence is now
emerging to support a role for these channels in the function
of sensory neurons and pain sensation, particularly pain as-
sociated with nerve or tissue injury [8]. As such, HCN chan-
nels may represent valid targets for novel analgesic agents.
This evidence will be briefly reviewed in the following arti-
cle. We will then summarize our efforts to develop and vali-
date methods for screening for novel HCN channel blockers
that may be useful for the treatment of chronic pain.
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EXPRESSION AND FUNCTION OF HCN CHANNELS
IN SENSORY NERVES

The presence of I, has been demonstrated in a variety of
peripheral sensory nerve preparations, such as rat DRG [9-
18], mouse DRG [19-21], rat and rabbit nodose ganglia [22,
23] and guinea-pig myenteric neurons [24]. A consistent
finding in these studies, regardless of the species or prepara-
tion, is that I, appears more prominent in large diameter AR
neurons, compared to small or medium diameter cells [9, 10,
14,17, 18, 20, 22, 23, 25].

Under resting conditions, I, blockers, such as ZD-7288,
clonidine and zatebradine (UL-FS49), have little or no effect
on sensory nerves [10, 15, 18, 21, 26]. In keeping with a
rather limited role in healthy sensory neurons, the use of Iy
blocking drugs is typically not associated with sensory side-
effects such as dysesthesia and paresthesia [27]. In contrast,
several recent publications suggest that I, may be required to
support spontaneous sensory nerve activity and the devel-
opment and/or maintenance of allodynia that occurs as a
result of nerve and tissue injury. For example, ZD-7288 has
been shown to inhibit injury induced ectopic neuronal dis-
charges in isolated spinal nerves and in damaged nerves in
situ [16, 28, 29]. The same compound also exhibits anti-
allodynic effects in the spinal nerve ligation model (Chung
model) and in a model of partial sciatic nerve ligation
[Seltzer model; 16, 28, 30]. More recently, ZD-7288 has
been shown to inhibit spontaneous pain and tactile allodynia
resulting from acute insults such as a mild thermal burn and
skin incision [30, 31]. Just how block of I, can inhibit injury-
induced spontaneous pain and allodynia is not fully under-
stood. However, injured nerves are known to fire action po-
tentials at high frequencies (typically 10 — 100 Hz), and I,
may be required to prevent conduction failure at these high
frequencies [32]. Inhibition of spontaneous firing and allo-
dynia following nerve injury may therefore, be a function of
the ability of I, blockers to preferentially suppress high fre-
quency firing. Alternatively, the function of I, may become
dominant in the setting of tissue/nerve injury leading to the
emergence of Ip-driven pacemaker-like (ectopic) activity. An
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increase in the functional importance of I, may result from
changes in HCN expression relative to other ion channels
[13-16, 33-36]. Alternatively, the function of I, may become
dominant in the setting of tissue/nerve injury as a result of
local modulation by inflammatory mediators such as PGEZ2,
5-HT, and substance P [11, 37, 38].

THE MOLECULAR BASIS OF Iy IN SENSORY
NERVES

Molecular studies have examined the expression of
HCN1 - 4 in peripheral sensory neurons. Using in-situ hy-
bridization, Moosmang et al. found that the predominant
HCN sub-unit in mouse DRG cells was HCN1, followed by
HCNZ2, with the highest expression levels in large diameter
neurons [39]. HCN3 and HCN4 mRNA was undetectable.
Several groups have now confirmed and extended these ini-
tial observations, at both the mRNA and protein level in
various sensory nerve preparations [16, 17, 40]. In skin, Luo
and colleagues have demonstrated HCN1, HCN2 and HCN3-
like immunoreactivity in specialized mechanosensitive nerve
endings such as Meissner’s corpuscles and Merkel cells [31].
HCN1 and HCN2 have also been detected on the central
terminals of sensory nerves in the spinal dorsal horn [17, 41-
44].

As a complimentary approach to the identification of the
key isoforms responsible for I, in sensory neurons, several
groups have attempted to correlate the properties of Iy, in
sensory nerves with those of heterologously expressed re-
combinant HCN channels. The properties of HCN channels
have been reviewed in detail recently by Robinson and
Siegelbaum [45] and will not be covered in detail in the pre-
sent article. However, it is worth noting that the various
HCN channel sub-types differ significantly in their activa-
tion Kkinetics, with HCN1 exhibiting fastest activation, and
HCN4 the slowest activation [39, 46, 47]. The properties of
HCNZ2, HCN3 and heteromeric HCN complexes tend to ex-
hibit intermediate properties [48]. Activation rates of I in
large and medium diameter sensory neurons are fast and
comparable to activation rates measured for HCN1 and/or
HCNZ2. The available data on |}, activation rates in small di-
ameter sensory neurons is somewhat variable, possibly as a
result of the small current amplitude in these cells and asso-
ciated difficulties in obtaining accurate fits. However, on
average, activation appears slower in small compared to me-
dium and large cells [17, 18, 23].

HCN sub-types also differ in their sensitivity to CAMP.
Cyclic AMP increases HCN based currents by shifting the
voltage-dependence of activation in a depolarizing direction
(i.e. greater open probability at physiological potentials). In a
side-by-side comparison, Steiber et al. reported shifts of 6.2
mV, 28,5 mV, -29 mV and 23 mV for human HCN1,
HCNZ2, HCN3 and HCN4, respectively, on addition of 100
UM 8-Br-cAMP [47]. Most published studies indicate that
CcAMP has only modest effects on Iy, in sensory neurons, with
shifts between 0 — 10.7 mV depending on the sensory nerve
preparation [11, 37, 40, 49].

In summary, I, is a prominent current in many peripheral
sensory nerves, with highest current density typically found
in large diameter neurons. Recent data suggests that I, may
be necessary to support the high frequency firing typically
found in injured sensory nerves. As such, I, may represent a
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valid target for the treatment of spontaneous pain and allo-
dynia associated with nerve injury. The majority of available
electrophysiological and molecular evidence suggests that
fast activating, weakly cAMP sensitive HCN1-based chan-
nels may make a significant contribution to Iy, especially in
large diameter fibers. Therefore, we set out to identify
HCN1-selective pharmacological tools. In the remainder of
this article we describe the development and validation of
assays suitable for high throughput screening of novel HCN
blockers.

ASSAY PRINCIPLE

HCN channels are permeable to both sodium and potas-
sium, with a permeability ratio Pna/Px~0.25 and reversal
potential near —25 mV in physiological saline [7, 32]. They
are relatively impermeant to divalent cations, and show no
measurable inactivation. Under physiological conditions,
open HCN channels pass inward sodium and outward potas-
sium currents. However, if we replace extracellular sodium
with an impermeant cation, both sodium and potassium feel
a net outward driving force. The reversal potential of the
channel, as determined by the Goldman-Hodgkin-Katz
(GHK) equation, approaches that of potassium alone.

HEK cells have resting potentials at approximately -50
mV due to their endogenous potassium channels [50]. Het-
erologously-expressed HCN channels have activation volt-
ages in the range —80 to —90 mV, so a small (but non-zero)
fraction of channels is open. In the presence of extracellular
sodium, the resulting HCN current is too small to affect the
resting potential due to the endogenous potassium currents.
In the absence of extracellular sodium, these open channels
exert a hyperpolarizing influence on the cell, opening yet
more HCN channels, so that the resting potential is driven
towards Ex~-100 mV. If the HCN channels are inhibited, the
membrane potential will still be maintained near =50 mV by
the endogenous currents. This difference in resting potential
provides the basis for the assay. If extracellular sodium is re-
introduced, it will flow through open HCN channels, depo-
larizing the cell towards the normal HEK resting potential. If
the channels are inhibited, no change in membrane potential
will occur.

To discover novel pharmacological agents as inhibitors
of HCN channels, we developed a functional assay with the
intent to screen a large, diverse library of compounds. Sev-
eral techniques are available for testing the pharmacology of
ion channel targets, including electrophysiology, competitive
binding, and optical sensors. Although electrophysiology is
inherently the most accurate method, the throughput (tens to
hundreds of compounds per day) is far too low for modern
screening campaigns [51]. While meeting throughput re-
quirements, binding assays probe a single binding site and
may not detect novel modulators. They also require a fluo-
rescently or radioactively labeled high-affinity probe mole-
cule, which has not yet been discovered for HCN channels.

Optical assays are well-suited for massively-parallel high
throughput screening campaigns. Activity of HCN channels
is most conveniently measured using dyes sensitive to the
cell membrane potential. We chose to use a FRET-based
voltage-sensitive dye system in a Voltage-lon Probe Reader
(VIPR™  Aurora Biosciences Corp.) [52]. This platform
tends to give faster responses than other Nernstian redistribu-
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tion dyes (~1 s vs 1-5 min), and the ratiometric nature of the
response tends to reduce sensitivity to artifacts. Detailed
methods are described in Appendix 1.

PROOF OF PRINCIPLE

We first checked the basic performance of the assay by
comparing the responses of HEK cells stably expressing hu-
man HCN1 with untransfected HEK cells in the presence
and absence of an HCN channel antagonist (5 mM cesium).
Fig. (1) shows the time course of the normalized fluores-
cence ratio. The cells started the assays in zero-sodium
buffer, then the sodium concentration in the well was
brought to 65 mM at t = 12 sec. Untransfected cells had vir-
tually no response, indicating that this drastic change in
buffer had minimal effects on the membrane potential dyes
and on endogenous processes in the cell. HEK-HCN1 cells
responded with a rapid increase in fluorescence ratio, fol-
lowed by a slow decline, consistent with a net depolarizing
change in membrane potential. In the presence of a blocking
concentration of cesium, the fluorescence ratio had a much
smaller increase that subsequently declined below the start-
ing value. Interestingly, the transient response in the cesium-
blocked HEK-HCN1 cell response was noticeably larger
than for the untransfected cells. We did not further investi-
gate this phenomenon.

response

Fig. (1). Time course of the response of HEK-HCNL1 cells in the
sodium add-back assay. The two populations of solid lines are
twelve individual wells each of negative (no antagonists; upper set
of curves) and positive (5 mM cesium; lower set of curves) control
wells. The responses of untransfected HEK cells under the same
assay conditions are also shown (dashed lines). The dotted vertical
lines indicate the measurement windows used for subsequent calcu-
lations.

To further demonstrate that these responses were medi-
ated by HCN, we determined the ability of known antago-
nists to block the response in the VIPR assay. Fig. (2A)
shows the response as a function of concentration of zate-
bradine, ivabradine, alinidine, and ZD-7288. In these assays,
responses were normalized to negative (no added com-
pounds) and positive (5 mM cesium chloride) controls. At
sufficiently high concentration, each compound fully
blocked the response. Generally, most compounds have very
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steep dose-response curves with Hill slopes substantially
larger than one (see Discussion).
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Fig. (2). Pharmacology of known HCN antagonists. (A) Represen-
tative concentration-response curves for zatebradine (O), ivabrad-
ine (O), ZD-7288 (A), and verapamil (V) as measured using the
VIPR sodium add-back assay. (B) Comparison of plCsy values
measured at —=100 mV using electrophysiology on HEK-HCNL cells
to pICs, from the VIPR assay. Data points are the average and stan-
dard deviations of N=3-8 cells for electrophysiology, and 4-80 full
dose-responses for the VIPR assay. The dashed line is a linear fit to
the data.

We also measured the potency of the compounds to block
the HCN current using whole-cell patch clamp electrophysi-
ology. Many HCN antagonists demonstrate use- and/or volt-
age-dependent behavior, so to match the VIPR assay as
closely as possible, we determined the steady-state block at —
100 mV. Fig. (2B) compares the potency of several antago-
nists as measured using VIPR and electrophysiology. The
dashed line is a linear fit to the data with the slope fixed at
one; the correlation for this fit is r=0.95.

Assay Optimization

With a firm theoretical basis for the assay, a substantial
dynamic range, and the proper pharmacology, we proceeded
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to optimize the assay. In a large screening campaign, it is
critical to know how tightly each aspect of the process must
be controlled. The goal of this process was to maximize the
stability of the response with respect to all of the variables
that have an effect. This includes dye concentrations, ion
concentrations in the starting and final buffers, cell density,
culture time, time in low-sodium buffer, etc. Stability is as-
sessed by the screening window z’ [53] and the measured
potency of standard compounds. With so many interdepend-
ent variables, it would be impossible to test every combina-
tion. Therefore, we checked each parameter separately and
searched for regions with minimal variance. This exercise
also served to find the limits of tolerance and mode of failure
for each parameter.

Dye Concentration

We stained cells in a 96-well plate with orthogonal gradi-
ents of each dye, and then performed the sodium add-back
assay. The plate was seeded at 50K cells/well 24 h prior to
the assay, at which time the cells were nearly confluent. Fig.
(3A) shows a contour plot of the response as both dye con-
centrations were varied. A large plateau with responses in
the range 1.4-1.5 covered most of the space, suggesting that
the assay was very stable to even large changes in dye con-
centrations.

Another factor to consider is the brightness of the signal;
higher fluorescence intensity protects against contamination
by dust, variations in background fluorescence, fluorescent
test compounds, etc. Fig. (3B) and (3C) show contour plots
of the donor (blue) and acceptor (red) signals normalized to
the background fluorescences of an empty plate. As ex-
pected, the blue signal (Fig. 3B) increased monotonically as
the CC2-DMPE concentration increased. This trend reversed
above 16 uM CC2-DMPE, possibly due to the solubility of
this dye. Consistent with FRET, the blue signal decreased
substantially as the acceptor concentration increased. The red
signal, shown in Fig. (3C), was proportional to the concen-
tration of both dyes, again consistent with substantial FRET
from the donor.

Based upon this set of data, and the desire to limit costs
by minimizing reagent use, we chose to proceed with 3 uM
DiSBAC,(3) and 6 pM CC2-DMPE for the assay. This was
well within the plateau region for the magnitude of the re-
sponse, and gave signal/background values near 2 for both
donor and acceptor.

Cell Density

Some cell-based assays are dependent upon cell density
or the degree of confluence at the time of the assay. We
tested for such an effect by seeding different densities of
cells into entire columns 96- and 384-well plates, and cul-
tured them for 24 h prior to the assay. At the time of the as-
say, the cells were nearly confluent when plated at 50K/well
in the 96-well plate and 25K/well in the 384-well plate. We
used 5 mM cesium chloride in half of the wells as a positive
control.

Fig. (4) summarizes the responses of these cells in the
sodium add-back assay. The control responses were rela-
tively uniform above 30K/well for the 96-well plate, and
above 15K/well for the 384-well plate. Above these densi-
ties, the screening windows z’ averaged 0.85 for the 384-

Combinatorial Chemistry & High Throughput Screening, 2009, Vol. 12, No.1 67

well plate and 0.66 for the 96-well plate. We also observed
that the fluorescence intensity reached plateaus at conflu-
ence. Thus, for the assay, we chose to use 50K/well for 96-
well plates, and 25K/well for 384-well plates.
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Fig. (3). Dye optimization for the sodium-addback assay for HEK-
HCNL. Data are represented as contour plots. (A) Normalized fluo-
rescence ratio change. (B) Blue (440 nm) signal/background. (C)
Red (580 nm) signal/background.
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Fig. (4). Optimization of the assay for cell density. The response for
negative (M) and positive (O) control wells as functions of the cell
density, plated 24 h prior to the experiment. Data are the mean and
standard deviation for all wells on the plates (half with 5 mM Cs®,
half without). (A) 96-well plate. (B) 384-well plate.

Time in Culture

Numerous processes occur after seeding the cells that
have the potential to affect the assay, including attachment,
cell growth, protein synthesis and degradation, exhaustion of
nutrients in the medium, etc. To explore this issue, we meas-
ured the response at multiple time points between seeding
cells into 384-well plates and performing the sodium add-
back assay. No test compounds or positive controls were
used in this experiment. We noted that when initially seeded,
cells were roughly 50% confluent, reaching confluence at
around 24 h. The cell doubling time under normal conditions
was approximately 1 day.

Fig. (5) shows the average and standard deviation of all
wells in the plate at each time point. In all measurements, the
standard deviation is relatively small. The response has a
small increase between 14 and 24 h post-seeding, possibly
reflecting the sub-confluent density during this period (Fig.
4B). The response remained at approximately 1.5 for 24-54
h, and then slowly declined. After 48 h, the culture medium
was acidic and the cells were overgrown. Thus, the assay had
a very stable response in the range of 24-48 h after seeding
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the cells. This would potentially simplify the scheduling and
cell culture requirements during an extended screening cam-

paign.
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Fig. (5). Response of HEK-HCN1 cells to the sodium addback
assay as a function of time in culture. Cells were plated into 384-
wells plates at 25K cells/well. Data are the mean and standard de-
viation of all 384 wells on each plate.

Tolerance to Sodium

The assay requires the cells to start in a low extracellular
sodium buffer, to hyperpolarize the resting potential of the
cell. Although the rinse steps in the assay should reduce the
extracellular sodium to below 0.1 mM, the reagents used in
the assay did not have strict quality control for the presence
of sodium. To explore this issue, we measured the response
as functions of the initial and final sodium concentrations by
mixing the sodium-free and sodium buffers.

To vary the initial sodium concentration, we added vary-
ing amounts of sodium to the cell plates before running the
assay. In this experiment, the sodium addback was still a 2:1
dilution of the 130 mM NaCl buffer, so the final sodium
concentration varied slightly (from 65 to 67 mM). Fig. (6A)
summarizes the results. There is a surprisingly small de-
pendence of the response to modest changes in the sodium
concentration, with a slight trend towards a smaller response
at higher starting sodium concentration.

When we altered the sodium concentration in the add-
back buffer, there was a more pronounced trend towards
smaller responses with lower sodium concentration (Fig.
6B). Still, there was very little sensitivity to sodium concen-
tration in the upper end of the range (50-65 mM NacCl). In
this experiment, the cells began the assay in nominally zero
extracellular sodium.

To understand this phenomenon, we estimated the HCN
reversal potential as a function of sodium concentration us-
ing the GHK [55] equation. We assumed that the maximal
response corresponded to the maximal membrane potential
change predicted by the GHK equation, and that the negative
control response corresponded to no change in membrane
potential. The correspondence between the assay response
and the on the membrane potential on the right axis was not
directly calibrated, and is shown only to illustrate the ex-
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pected trends. The curves in Fig. (6) are the resulting predic-
tions for the membrane potential changes under these assay
conditions, and they confirm the weak dependence of the
response on the sodium concentration. Thus, the assay is
relatively insensitive to sodium contamination in the initial
buffer, and to variability in the final sodium concentration.
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Fig. (6). Dependence of the response upon sodium concentration.
Data points are the mean and standard deviation for the dye re-
sponse for the negative (M) and positive (O) control wells (left
axis). Solid lines are calculated from the Goldman-Hodgkin-Katz
equation (right axis). (A) Variable sodium in the starting solution.
(B) Variable sodium seen by the cells after the addback.

Time in Sodium-Free

Low extracellular sodium presumably has many deleteri-
ous effects, such as shutting down or reversing membrane
transporters. To determine how long the cells can withstand
low extracellular sodium, we varied the incubation times
before running the assay. Fig. (7) shows the results of one
such experiment. While the negative control response is very
stable for 5 h, the response of the positive control (5 mM
Cs") begins to increase after 2.5 h. At 5 h, the positive con-
trol response is nearly indistinguishable from the negative
control, showing a substantial depolarization. This indicated
that we needed to carefully monitor the timing for plate
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processing, so that cell plates were used within 2.5 h of the
first wash with zero-sodium buffer.
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Fig. (7). Incubation in low sodium gradually erodes the difference
between negative (H) and positive (O) controls.

DMSO Tolerance

DMSO is commonly used as a solvent for test com-
pounds, and has been known to generate artifacts in cellular
assays. The dose-response curve in Fig. (8) indicates that the
assay is very tolerant to DMSO all the way up to 3%. These
DMSO concentrations exceed those typically used in high
throughput screening assays (generally 0.5-1%).
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Fig. (8). Response in the presence of DMSO. Data points are the
mean and standard deviations of 12 replicate wells.

SUMMARY

The non-selective cation channel HCN1 is a novel mo-
lecular target for the relief of pain, and has a relatively unex-
plored pharmacology. Here, we presented a summary of the
development of a high throughput-compatible functional
assay designed to detect antagonists of HCN1. This assay
exploited the biophysical properties of the channel to set the
membrane potential of stably transfected cells. Changing the
ionic conditions during the assay caused changes in mem-
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brane potential mediated by the activity of the channel, de-
tected using voltage-sensitive fluorescent dyes.

In the absence of extracellular sodium, intracellular po-
tassium exits the cell through open HCN channels and hy-
perpolarizes the membrane. If HCN is absent or pharmaco-
logically blocked, hyperpolarization does not occur. While
monitoring the membrane potential, we added sodium-
containing saline. Cells with active HCN depolarize; only
transient artifacts were seen when the channels were
blocked. Conceivably, this assay principle could be used in
several similar formats. Although we used a VIPR and rati-
ometric membrane potential dyes, several other voltage dyes
and plate readers could be used instead. In fact, because the
membrane potentials are sustained rather than transient, pre-
and post- addback reads should suffice. Lastly, rather than
adding sodium during the assay, one could determine the
membrane potential in a zero-sodium saline before and after
adding the test compound. Simply blocking the channel
would cause the cell to depolarize.

The assay accurately reproduced the known pharmacol-
ogy of the channel, as compared to measurements made us-
ing whole-cell electrophysiology. Several of the compounds
tested, including ZD-7288, zatebradine, and alinidine, have
complex state- and voltage-dependent activities. The electro-
physiology data shown in Fig. (2B) was performed at steady-
state at a holding potential of =100 mV to most closely
match the expected conditions in the optical assay. However,
the membrane potential is not clamped in the VIPR assay,
and the actual potency of such compounds may be complex.
The lack of voltage control in the VIPR assay may contribute
to the steep dose-response curves we often see (Fig. 2A).

The assay presented here is a valuable new tool in the
exploration of the pharmacology of the HCN channel family.
The novel antagonists discovered may provide tools to fur-
ther elucidate the biological functioning of the various HCN
subtypes, and may form the basis for an entirely new class of
analgesics.

MATERIALS AND METHODS

Reagents. DIiSBAC,(3), CC2-DMPE, and VABSC-1
were obtained from Invitrogen. Cell culture reagents were
from Gibco. Pluronic F-127, assay buffer ingredients, and
gramicidin were from Sigma.

The assay buffers were as follows (quantities in mM).
Sodium-free buffer: 130 N-methyl-D-glucamine (NMDG), 2
KCI, 1 MgCl,, 2 CaCl,, 10 HEPES, 5 dextrose. Sodium
buffer: 130 NaCl, 2 KCI, 2 CaCl,, 1 MgCl,, 10 HEPES, 5
dextrose. High-potassium buffer; 134 KCI, 2 CaCl,, 1
MgCl,, 10 HEPES, 5 dextrose. The buffers were adjusted to
300 mOs with water or the predominant salt, and pH 7.4
using HCI or the hydroxide of the predominant cation.

Dye stock solutions were 10 mM in dry dimethyl sulfox-
ide (DMSO). CC2-DMPE was diluted to 2X final concentra-
tion by adding the appropriate volume of stock solution plus
an equal volume of 10% Pluronic F127 in DMSO into a
plastic 50 mL centrifuge tube. Sodium-free buffer was added
to the dye while vortexing. DiISBAC,(3) was diluted to 2X
final concentration by adding the appropriate volume of
stock solution into a plastic 50 mL centrifuge tube. Sodium-
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free buffer was added to the dye while vortexing, and then
VABSC-1 was added to reach a concentration of 2 mM. The
final concentrations seen by cells were 6 uM CC2-DMPE
and 3 uM DiSBAC2(3) unless otherwise noted.

Plasmid constructs and cell lines. Human HCN1 cDNA
(accession number AF064876) was generated by PCR ampli-
fication from human spinal cord cDNA, and cloned into the
pCDNAS3.1 Zeo expression vector (Invitrogen) [16]. HEK-
293 cells were transfected with this plasmid via lipofection,
and a single-cell zeocin-resistant clone marker was isolated.
Full-length transcription of HCN1 was verified by rtPCR,
and functional expression was verified by whole-cell elec-
trophysiology.

Cell culture. The cell lines were maintained in DMEM
supplemented with 10% fetal bovine serum and the appro-
priate selection antibiotic in tissue culture flasks at 37°C in a
5% CO,-95% air humidified atmosphere. Freshly dissoci-
ated HEK-293 cells were plated at 25,000 cells/well in 50
uL/well of growth medium in 384-well poly-lysine coated
plates (Becton-Dickinson BioCoat). For some experiments,
96-well plates were used (50,000 cells in 100 pL/well). No
differences were seen in the results obtained from the two
different types of plate.

Optical assays. Growth medium was replaced with so-
dium-free buffer using a Biotek ELx405 plate washer. The
washer performed 3 cycles, aspirating the well to 25 pL then
adding 75 pL of buffer for 384-well plates. A final aspiration
left 25 pL of the new buffer. This process reduced the start-
ing buffer by a factor of 64. The 2X CC2-DMPE solution
was then added using a MultiDrop, then the cells were incu-
bated for 30 min at room temperature in the dark. A second
wash with sodium-free buffer removed the coumarin. Next,
test compounds were added at 2X final concentration from
100X stock solutions in DMSO to a 96-well intermediate
plate containing 2X DiSBAC,(3) solution. The DiS-
BAC,(3)/VABSC-1/test compound solutions were added to
the cell plate following a second rinse with the plate washer.
The cells were then incubated again for 30 min at room tem-
perature in the dark. DiISBAC,(3) and VABSC remained in
the wells during the assays.

Test compound concentrations are reported as the con-
centration seen by the cells at the beginning of the assay. No
compounds were included in the add-back buffer, so the
concentration dropped by a factor of two during the assay.

The optical filters were 4008 nm for excitation, and
460+15 nm (donor) and 580+30 nm (acceptor) for emission.
Unless otherwise specified, donor and acceptor emission
intensities were recorded at 1 Hz. Background signals were
obtained using multiwell plates containing the assay buffer
only. Fluorescence emissions were recorded for 10 s to es-
tablish a baseline fluorescence ratio. Then, a volume of
stimulus buffer equal to the volume already in the well (100
uL for 96-well plates, 50 uL for 384 well plates) was added.

Data analysis. Primary analysis was performed using
VIPRData 2.0 from Aurora Discovery. The normalized fluo-
rescence ratio @(t) is defined as the background-subtracted
donor/acceptor ratios normalized to unity at the start of an
assay’:
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where D(t) and A(t) are the donor and acceptor emission in-
tensities at time t, and Doy and Aq are the background intensi-
ties. Changes in @(t) are linearly related to changes in the
cell membrane potential V, [54]. A positive change in mem-
brane potential pulls oxonol away from the outer leaflet of
the membrane, leading to an increase in donor signal and a

decrease in acceptor signal. Therefore, positive @(t) indi-
cates a depolarization of the membrane potential.

Equation 1

The ‘screening window’ z’ [53] was used to describe the
quality of the assay:

z'=1-3 M ,
IN-P|

Equation 2

where N+6N and P+6P are the means and standard devia-
tions of the responses of the negative and positive controls.
This parameter has a theoretical maximum of one when there
is no scatter in the control responses, and falls to zero when
the difference between the control populations is three stan-
dard deviations. We require z’>0.5 for quality control.

Linear and non-linear fitting were performed using Ori-
gin 7 (Originlab, Northampton, MA).

High throughput screen. Compounds were screened for
antagonist activity at 10 pM. Test compounds were stored at
400 mM in 30% DMSO/10 mM HEPES/water in 96-well
plates. A 20:1 dilution into intermediate 96-well plates con-
taining the 2X oxonol solution were performed using a
RapidPlate (Caliper Life Sciences, Hopkinton, MA). The
contents of four such intermediate plates were added to a
384-well plate containing HEK-HCNL1 cells stained with
CC2-DMPE for a further 2:1 dilution. Cell plates were pre-
pared in groups of 6. For quality control, one column of each
384-well plate contained a serial dilution of ZD-7288, and
another column contained 8 wells each of positive and nega-
tive controls (30 uM ZD-7288). Acceptance criteria were
2’>0.5 for the control wells, and 6.4<plCsq<7.2 for the ZD-
7288 dose-response. Data were normalized to the positive
and negative controls on each plate.

Estimation of reversal potentials. The reversal potential
for current through the HCN1 channel was estimated using
the Goldman-Hodgkin-Katz (GHK) equation [55]:

v, = RTIn10 [ Ru[Nal, +B[K],
°T F Pua[Nal + P[K], )

Equation 3

We assumed RTIN10/F=59 mV, Pn./Px=0.25 [7], intra-
cellular sodium [Na];=10 mM, and intracellular potassium
[K]i=120 mM.

Electrophysiology. Cells were plated on glass coverslips
(12 mm round) in growth medium 24-48 h prior to testing.
The intracellular solution contained (concentrations in mM):
120 KCI, 10 NaCl, 2 Mg-ATP, 0.5 CaCl,, 2 MgCl,, 10
HEPES, 5 EGTA free acid, 100 uM cAMP, pH 7.4 with
KOH, 290 mOs and was either made fresh or kept frozen
until use to avoid degradation of ATP. Recording electrodes
had resistances of 2-3 MQ. The ground electrode was a chlo-
rinated silver wire in intracellular solution, separated from
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the cell bath with a 3M KCI agar bridge, to null the junction
potentials. Antagonism was determined by serial additions of
increasing concentrations of test compound, while measuring
the current at a membrane potential of —100 mV.
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