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"Pacemaker” f-channels mediating the hyperpolarization-activated
nonselective cation current /s are directly regulated by cAMP.
Accordingly, the activity of f-channels increases when cellular
cAMP levels are elevated (e.g., during sympathetic stimulation) and
decreases when they are reduced (e.g., during vagal stimulation).
Although these biophysical properties seem to make f-channels
ideal molecular targets for heart rate regulation by the autonomic
nervous system, the exact contribution of the major /+-mediating
cardiac isoforms HCN2 and HCN4 to sinoatrial node (SAN) function
remains highly controversial. To directly investigate the role of
cAMP-dependent regulation of hyperpolarization activated cyclic
nucleotide activated (HCN) channels in SAN activity, we generated
mice with heart-specific and inducible expression of a human HCN4
mutation (573X) that abolishes the cAMP-dependent regulation of
HCN channels. We found that hHCN4-573X expression causes
elimination of the cAMP sensitivity of /s and decreases the maxi-
mum firing rates of SAN pacemaker cells. In conscious mice,
hHCN4-573X expression leads to a marked reduction in heart rate
at rest and during exercise. Despite the complete loss of cAMP
sensitivity of I, the relative extent of SAN cell frequency and heart
rate regulation are preserved. Our data demonstrate that cCAMP-
mediated regulation of /s determines basal and maximal heart rates
but does not play an indispensable role in heart rate adaptation
during physical activity. Our data also reveal the pathophysiologic
mechanism of hHCN4-573X-linked SAN dysfunction in humans.

bradycardia | hyperpolarization cyclic nucleotide-gated ion channels |
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eart automaticity is a fundamental physiological function in

higher organisms. The dominant pacemaker of mammalian
hearts is the sinoatrial node (SAN). Dysfunction or failure of SAN
activity in humans may lead to an abnormally low heart rate, causing
such symptoms as palpitations, fatigue, and syncope, which even-
tually require implantation of a pacemaker device (1). Elevated
resting heart rate, in contrast, is associated with increased cardio-
vascular mortality and morbidity (2, 3). Despite the importance of
cardiac pacemaking as a physiological process, the complex mech-
anisms underlying SAN automaticity and heart rate regulation
remain incompletely understood. SAN activity is controlled by the
autonomic nervous system; cholinergic and B-adrenergic stimula-
tion either slows or accelerates spontaneous SAN activity. Several
ionic currents contribute to cardiac automaticity (4—6). Some of
these currents are targets of regulation by the autonomic nervous
system, but their physiological importance is a matter of debate (4,
5). “Pacemaker” f-channels mediating the hyperpolarization-
activated nonselective cation current Iy, in particular, are directly
regulated by cAMP (7). These channels are homotetrameric or
heterotetrameric complexes of hyperpolarization-activated cyclic
nucleotide-gated (HCN) subunits (8). cAMP binds to the cyclic
nucleotide-binding domain (CNBD) and elicits a positive shift in
the voltage dependence of activation. Accordingly, the activity of
f-channels increases when cellular cAMP levels are elevated (e.g.,
during sympathetic stimulation) and decreases when they are
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reduced (e.g., during vagal stimulation) (8). Although these bio-
physical properties seem to make f-channels ideal molecular targets
for heart rate regulation, the contribution of the major /-mediating
cardiac isoforms HCN2 and HCN4 to SAN function remains highly
controversial. Although human genetic (9-12) and pharmacologic
(5, 13, 14) studies suggest a significant role for HCN4 subunits in
SAN pacemaking in humans and rodents, recent data from trans-
genic mouse models have challenged this view (15, 16). Targeted
deletion of HCN4 in adult mice was found to cause heart rate—
dependent sinus pauses but to have no effect on either basal or
maximal heart rate or heart rate regulation (16). Surprisingly similar
observations were made in adult heterozygous knock-in mice
expressing a cAMP binding—deficient HCN4 subunit (15). Further-
more, targeted deletion of HCN2 caused sinus dysrhythmia, but did
not alter heart rates (17).

Our study was designed to investigate the role of cAMP-
dependent modulation of HCN channels in heart rate regulation.
Furthermore, we aimed to elucidate the pathophysiologic mecha-
nisms underlying dysfunction or failure of SAN activity associated
with a HCN4 mutation (573X) that abolishes cAMP sensitivity of
HCN4 channels (12). Toward this end, we generated transgenic
mice with heart-specific and inducible expression of hHCN4-573X
and determined the role of cAMP-mediated regulation of HCN
channel activity in SAN function.

Results

Generation of Conditional hHCN4-573X Transgenic Mice. We gener-
ated transgenic mice with alpha-myosin heavy-chain (a«MHC)
promoter and Tet-Off system—controlled cardiac-specific expres-
sion (18, 19) of an engineered HCN4 subunit carrying a human
mutation that we had previously identified in a patient with SAN
dysfunction (hHHCN4-573X; Fig. 14) (12). The mutation results in
deletion of the CNBD from HCN4 subunits and causes cCAMP
insensitivity of heterologously coexpressed wild-type HCN4 sub-
units in a dominant-negative manner (12). The extent of «MHC
promoter—driven transgene expression in the murine SAN region
was assessed by crossbreeding «eMHC-tTA promoter mice (18) with
mice expressing EGFP under control of a bidirectional tetracycline-
response element (20). Examination of EGFP autofluorescence in
excised atria from double-transgenic animals revealed strong sig-
nals in central and peripheral SAN areas (Fig. 1B) and acutely
isolated SAN pacemaker cells (data not shown), indicating that
aMHC-tTA promoter mice are well suited to direct transgene
expression to the SAN.
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Fig. 1. Generation and characterization of transgenic mice. (A) Schematic illustration of the Tet-Off system. (B) Fluorescence microscopic images (EGFP
autofluorescence) of the SAN region of an «MHC-tTA-driven EGFP indicator line (20). (C) Northern blot detection of hHHCN4-573X-specific RNA in total cardiac
RNA samples from offspring of 2 independent founder lines (A and F) revealing 2 different expression levels. Total RNA isolated from a wild-type mouse heart
was used as a negative control (“—"). In vitro-synthesized hHCN4 cRNA (100 pg) was added to the control RNA as a positive control ("'+"). (D) Western blot
detection of transgenic hHCN4-573X proteins in total heart tissue lysates from double-transgenic (mutant) offspring of both founder lines and from a
nontransgenic control mouse ("’—"). Total lysates of human embryonic kidney (HEK-293) cells transiently transfected with hHCN4-573X were used as a positive
control (12). (E) Region-specific Western blot analysis of proteins isolated from the right atrium (RA), left atrium (LA), right ventricle (RV), and left ventricle (LV).
hHCN4-573X protein was detectable in atrial tissue lysates from both founder lines, whereas ventricular transgene expression was detected only in line F. (F)
DOX-dependent regulation of hRHCN4-573X expression and comparison with endogenous mHCN4 protein levels analyzed by Western blot. Total heart lysates
were obtained from mutants on DOX (’D"') and from DOX-water (’“DW'’) animals. Abbreviations: tTA, Tet-Off system transactivator; Tre, tetracycline-responsive
element; CT, crista terminalis, SVC, superior vena cava.

We analyzed the levels of «MHC promoter—driven expression
of hHCN4-573X mRNA and protein in the hearts of double-
transgenic mice from 2 independent founder lines (A and F).
Animals of both lines expressed detectable levels of transgene-
specific mRNA (Fig. 1C) or protein (Fig. 1D) in heart tissue,
although to different extents. The expression of hHCN4-573X
was higher in line F mice than in line A mice. In both founder
lines, hHCN4-573X immunoreactivity was high in the atria and
almost absent in ventricles (Fig. 1E). In both lines, the use of the
Tet-Off system was functional, as indicated by efficient suppres-

sion of transgene expression by the addition of doxycycline
(DOX) to the drinking water (Fig. 1F). After DOX withdrawal,
transgene expression was restored after 4 weeks in the line F
mice and after 6 weeks in the line A mice. Compared with
endogenous mHCN4 protein levels, hHCN4-573X expression
was lower in the line A mice and almost identical in the line F
mice (Fig. 1F).

Double-transgenic mutants (without DOX treatment) from both
founder lines were born at Mendelian ratios and were viable.
Echocardiography showed normal ventricular size and function in
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Fig. 2. B-adrenergic regulation of /¢ in control and mutant SAN cells. Black indicates recording under control conditions with normal Tyrode’s solution (Tyr);
red indicates data obtained after ISO stimulation. (A and B) Examples of representative voltage-clamp recordings of hyperpolarization-induced currents from
acutely isolated control (A) or mutant (B; founder line A) SAN pacemaker cells (protocol shown below traces). (Cand D) Sample traces of control (C) and mutant
I+ (D) in the absence or presence of 100 nM ISO. (E and F) Current density-voltage relationships at baseline revealing comparable /s densities in control (black
squares) and mutant cells (black circles). Stimulation with 100 nM ISO increased /¢ density in control cells (E, red squares), but not in mutant cells (F, red circles).
(@) I activation curves in control (black squares) and mutant cells (black circles) (26). It in mutant cells activated at more negative voltages than in control cells.
In control cells, application of ISO caused a significant shift in the /s activation curve to more positive voltages (red squares). In contrast, no significant
I1SO-dependent shift was observed in mutant cells (red circles). (H) Analysis of p-adrenergic regulation of I, L in control and mutant cells. The bar graph shows
current-time integrals of /ca .. Ica,L Obtained from the same set of experiments shown in (C-F). Ic,,L was activated by depolarizing voltage steps from a holding
potential of =60 mV to —35 mV. At this test voltage, /ca,L is generated predominantly by Ca,1.3 channels (29). Ica,. was recorded in normal Tyrode's solution (Tyr)
at 35 °C with and without 100.nM.ISO. [ca.iin.control (n = 5; filled bars) and mutant SAN cells (n = 5; open bars) was similarly stimulated by application of ISO.
Ica,. Waveform was integrated over a time interval of 60 ms starting from the current onset (30). *P < .05.
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Table 1. Properties of Is in SAN cells of control and mutant mice

Controls Mutants P P
Parameter (A) n (B) n A versus B C versus D
Cell capacitance, pF 24 + 2 17 30+ 2 28 .0692
Is current density, pA/pF —-14.0 = 1.8 6 —12.00 = 0.14 14 .6579
(@) V112 activation, baseline, mV —-101 £3 6 —121 £3 10 .0053 .0312 (A) .6221 (B)
Slope factor, baseline 15.8 + 1.7 6 13.0 + 1.9 10 .3463 .4095 (A) .0752 (B)
Tact Daseline, ms 428 = 65 7 1195 = 169 7 .0019 .0234 (A) .1040 (B)
(D) V1,2 activation, 1SO, mV -92 +2 7 —123 £ 4 6 <.0001
Slope factor, 1ISO 17.7 £ 1.4 7 19.3 = 3.0 6 .6165
Tact ISO, ms 371 £ 66 7 1780 = 413 7 .0103

Values are given * SEM. Differences in parameters between groups were tested using an unpaired Student t test. Current density values were measured at
atest potential of —140 mV. Activation time constants were measured at the corresponding /¢ half-activation voltage (V;,,) in each mouse strain (=100 in control
cellsand —120 mV in mutant cells). Note that 1SO (100 nM) did not elicit a positive shift in the V;,; or accelerate the /s activation kinetics in mutant SAN cells (line A).

the line F mutants [supporting information (SI) Fig. S1A-E], which
had detectable levels of hHCN4-573X in their ventricles (Fig. 1E).
The left ventricular mass to body weight and atrial mass to body
weight ratios were normal as well (Fig. S1 F and G).

hHCN4-573X Expression Eliminates cAMP Sensitivity of I and Affects
SAN Pacemaker Cell Activity. To characterize the consequences of
hHCN4-573X expression on the properties of SAN pacemaker
cells, we obtained perforated patch-clamp recordings from acutely
isolated SAN cells (line A, without DOX treatment). Compared
with controls, It recorded from mutant cells exhibited similar
current densities but slower activation kinetics (Fig. 24 and B). In
addition, /; was insensitive to B-adrenergic stimulation with isopro-
terenol (ISO) across the entire voltage range tested (Fig. 2C-G;
Table 1). The It half-activation voltage (V'z) recorded from mutant
SAN cells was about 20 mV more negative than that of control SAN
cells and did not respond to ISO stimulation (Fig. 2G; Table 1),
resulting in an r activation range beyond physiologically relevant
diastolic membrane potentials, that is, negative to that spanning the
diastolic depolarization (5). In contrast, the ISO response of the
L-type Ca?* current (Ic,1) was unaffected in mutant and control
SAN cells (Fig. 2H).

The loss of ISO regulation of It was associated with profound
changes in SAN cell automaticity. All SAN cells from control mice
displayed regular and sustained pacemaker activity under basal
conditions (no ISO stimulation, n = 15; Fig. 34 and B) and
accelerated pacing rates after application of 2 nM and 100 nM ISO
(n = 12; Fig. 34-C). In contrast, only 2 of 18 mutant SAN cells
tested displayed regular pacemaker activity under basal conditions;
11 cells were arrhythmic and alternated between action potentials
and subthreshold membrane potential oscillations, and 5 cells were
quiescent (Fig. 34, B, and D). Application of ISO onto mutant SAN
cells (n = 10) induced a dose-dependent acceleration of pacemak-
ing similar to that observed in control cells (Fig. 3C). ISO appli-
cation also resulted in restoration of regular pacemaker activity in
arrhythmic mutant cells (Fig. 3B) and resumption of pacemaker
activity in 3 of the 5 quiescent cells, thereby reducing the percentage
of quiescent cells in the overall cell population (Fig. 3D). But even
at a saturating concentration of ISO, the pacing rate of mutant SAN
cells was significantly slower than that of controls (Fig. 3C; Table
S1). Analysis of action potential properties in mutant SAN cells
revealed a compound effect of hHCN-573X expression that in-
cluded a strong reduction in the slope of diastolic depolarization, a
more positive maximum diastolic potential, and prolonged action
potential duration (Table 2). Analysis of ISO-induced diastolic
currents in SAN cells from control and mutant mice in the presence
of the selective Irinhibitor ivabradine (IVA) revealed no significant
differences (Fig. S2); however, under basal conditions, a small shift
in total membrane current in the inward direction during the action
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potential (membrane potential between 0 and —20 mV) was seen
(Fig. S2).
Taken together, our data indicate that an hHCN4-573X-linked
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Fig.3. Pacemaker activity in SAN cells of control and mutant mice. (A) Fast and
regular firing was observed in SAN cells of control mice (Top), whereas most
mutant (founder line A) SAN cells showed only intermittent action potential
firing, alternating with oscillations in membrane voltage (Bottom). Activation of
the B-adrenergic receptor by a submaximal dose of ISO (2 nM) restored regular
firing in mutant cells, although at a slower rate than in control cells. (B) Fast-time
scale recording of pacemaker activity of a control cell (Left) and a mutant cell
(Right). Control cells showed a regular firing rate in Tyrode’s solution (Tyr; black
line) and accelerated firing in ISO (gray line). In most mutant cells, ISO application
restored regular firing activity, but the maximum rate was still slower than that
in control cells. (C) Pacemaker activity in mutant cells (n = 10; open bars) was
increased by stimulation with 2 nM or 100 nM ISO, but the cell firing rate at each
dose tested did not reach that of control cells (n = 12; filled bars). Note that the
firing rate of mutant cells was reduced at baseline (Tyr) and at each ISO concen-
tration tested (Table S1). (D) The percentage of quiescent pacemaker cells de-
creased in a dose-dependent manner on superfusion with 2 nM or 100 nM I1SO.
***xp < 001.)
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Table 2. Pacemaker activity and action potential properties in SAN cells of control and mutant mice

Controls Mutants

Action potential parameter SAN cells n SAN cells n P

Rate, bpm 247 * 16 15 165 = 32 10 .0209
Action potential amplitude, mV 814 15 83 +3 10 .8228
Minimum diastolic potential, mV —58 = 1 15 -51=*2 10 .0036
Action potential duration, ms 1125 15 150 = 15 10 .0139
Action potential threshold, mV —45 *+ 2 15 —-35*9 10 .1821
Slope of the diastolic depolarization, V/S 0.084 = 0.014 15 0.019 + 0.007 10 .0014

This table shows basal cellular pacemaker activity in the absence of ISO stimulation. Thus SAN cell firing rates differ from those shown
in Fig. 3C. Cells from mutant animals that were completely quiescent (n = 5) and cells in which the slope of diastolic depolarization was
too low to allow accurate measurement (n = 3) were excluded from this analysis. Differences in parameters between groups were tested

using an unpaired Student t test. Values are given as mean = SEM.

loss of cAMP sensitivity of f-channels causes impaired basal cellular
automaticity and a reduction in the maximum firing rate of SAN
pacemaker cells, but no elimination of B-adrenergic regulation of
cellular automaticity.

Reduced Basal and Exercise-Induced Heart Rates in hHCN4-573X-
Expressing Mice. To investigate how the cellular changes in isolated
SAN pacemaker cells influence the heart rates of intact animals, we
used ECG telemetry in conscious mice. First, we tested whether
pharmacologic blockade of I; differently affected the heart rate of
mutants (line A, no DOX treatment) and controls using IVA (21).
IVA inhibits f-channels by entering the intracellular side of the
channel pore in a manner independent of cAMP binding to the
CNBD (8). In the presence of IVA, blocking of Iy was comparable
in the control and mutant SAN cells (Fig. 44). The use of
experimental doses of IVA in in vivo pilot experiments showed that
IVA-induced heart rate reduction in the control mice was maximal
at doses ranging from 3 to 6 mg/kg of body weight (data not shown).
Intraperitoneal administration of 3 or 6 mg/kg IVA caused a
significant decrease in heart rate in the controls (Fig, 4B). In striking
contrast, IVA had no effect on heart rate in the mutants (Fig.
4C), demonstrating that the contribution of /; to SAN function
was specifically and completely eliminated by the hHCN4-573X
transgene.

To avoid possible confounding effects of hHCN4-573X expres-
sion during development, additional mice were raised on DOX,
implanted with the telemetry device, and then switched to water
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Fig. 4. The selective /s inhibitor IVA reduced the heart rate in control mice,

butnotin mutant mice. (A) Application of 3or 10 uM IVA onto acutely isolated
control (filled bars) or mutant (open bars) SAN cells revealed similar I¢inhibi-
tion atamembrane potential of —105mV. (Band C) Mean heartrate in control
mice (B; n = 3) and mutant mice (C; n = 4). Each animal received an i.p.
injection of physiological saline (0.9% NacCl), followed by IVA at a dose of 3
ma/kg (3 IVA) or 6 mg/kg (6 IVA) at 72-h intervals, to allow washout of the
drug. The heart rate was measured for 3 h before injection of either NaCl or
IVA and then for 3 h after injection. Note the reduced basal heart rate in the
mutant mice. The aforementioned periods for heart rate averaging were
selected because IVA reached its maximum effect 2 h after injection of 3 mg/kg
and.1hafterinjection.of 6 mg/kg(datanotshown).Data were compared using
ANOVA and the Newman-Keuls posthoc test. *P < .05.
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(DW mutants), to induce transgene expression (Fig. 54). The
activity-dependent heart rate was identical in the DW mutants and
control mice (Fig. 5B). On DOX withdrawal, DW mutants, unlike
controls, exhibited significantly lower heart rates at all activity levels
(Fig. 5C). Surprisingly, the relative activity-induced increase in
heart rate (i.e., the difference between maximum and minimum
heart rates) was unchanged in these mice (Fig. SB-E). These
findings reveal the contribution of effectors of autonomic nervous
system modulation of heart rate other than I, such as Ixach, Ica,
I, and ryanodine receptor-mediated Ca?" release (5, 6). In line
with this conclusion, the differences between mutants and controls
were abolished by the pharmacologic blockade of autonomic
nervous system-mediated heart rate regulation using atropine and
propranolol (Fig. 5D). In addition, 24-hour heart rate histograms
showed that the relative extent of SAN regulation was comparable
in the control mice and DW mutants, although a marked left shift
in the SAN frequency range was seen in DW mutants (Fig. 5F and
G). This difference disappeared after the application of atropine
and propranolol (Fig. 5SF and G). No conduction abnormalities or
SAN dysrhythmias were observed in the DW mutants on suppres-
sion of transgene expression by DOX administration, after DOX
withdrawal (Figs. 5H and S3), or during pharmacologic autonomic
nervous system-mediated blockade (data not shown).

Discussion

SAN automaticity is generated through a complex interplay of
membrane ion channels, spontaneous intracellular Ca?* release,
and transporters (4, 5). The relative contribution of these effectors
to autonomic nervous system—mediated regulation of heart rate is
amatter of debate (4, 5, 22). In particular, the role of HCN channels
as the dominant mechanism in heart rate regulation has repeatedly
been called into question (4, 23). Human genetic studies have
suggested that HCN4 channels are important components of the
SAN pacemaker machinery (9-12). A contribution of /; to heart
rate determination is further supported by the observation of a
heart rate—lowering effect in both humans and rodents when I; is
specifically blocked with IVA (13, 14, 24). Surprisingly, however,
studies of knockout (16, 17) and knock-in (15) mouse models of
HCN genes have not demonstrated abnormal heart rates at rest or
during B-adrenergic stimulation in adult animals.

Our study focused on the functional role of autonomic nervous
system-mediated modulation of HCN channel activity via intra-
cellular cAMP levels and its relevance to heart rate regulation. We
generated transgenic mice with heart-specific and inducible expres-
sion of dominant-negative cAMP binding—deficient HCN4 sub-
units. In contrast to Harzheim et al. (15), who generated a similar
cAMP-insensitive HCN4 subunit by mutating the cAMP-binding
site of the CNBD (R669Q), we introduced a natural HCN4
mutation (573X) that we had identified previously (12). Among the
HCN4 mutations identified to date, this mutation is unique, be-
cause the reported clinical symptoms include not only resting

Alig et al.
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Fig. 5. Activity-dependent regulation of heart rate in control and mutant mice. (A) Experimental protocol. Mice were raised on DOX and implanted with
telemetric devices. ECG recordings were obtained from the same animals raised on DOX (B), after withdrawal of DOX (water) (C), and during atropine and
propranolol (A/P) administration (D). (B) Heart rate increased depending on the level of spontaneous home cage activity of control animals (filled bars; n = 4)
and mutant animals on DOX (open bars; n = 6). (C) When hHCN4-573X expression was induced by DOX withdrawal (“‘on water"’), the control mice exhibited
the same activity-dependent heart rate as those raised on DOX. The mutant mice on water had a significantly lower heart rate at all activity levels. (D) Heart rates
of controls and mutants during autonomic nervous system blockade with A/P. (E) Range of heart rate regulation calculated from the differences between
maximum and minimum heart rates in (B-D). (F and G) Histogram of normalized average heart rates recorded during a 24-h period from control (F) and mutant
(G; line A) mice on DOX (black), on water (red), and during autonomic nervous system blockade with A/P (blue). (H) Sample ECG raw traces (epochs of 2 s) from
control and mutant animals on DOX or water at low and high physical activity levels showing reduced heart rate in mutants, but no signs of SAN dysfunction,
conductance abnormalities, or ventricular arrhythmias. For quantification of PQ and QT interval durations, see Fig. S3. (Scale bars: 0.2 mV.) ***P < .001.

bradycardia (the key finding in most other patients with HCN4
mutations), but also reduced maximum heart rate during exercise
(12). hHCN4-573X confers cCAMP insensitivity to coexpressed
wild-type HCN subunits in a dominant-negative manner (12),
comparable to the dominant effect of combined deletion of the
C-linker (linking transmembrane domain S6 with the CNBD) and
the CNBD in HCN2 channels (25). In contrast, the effect of R669Q
in HCN4 (15) likely is comparable to the effect of the corresponding
cAMP-binding site mutation R591E in HCN2, which does not
completely eliminate the cAMP sensitivity of channels containing
wild-type and RS91E HCN2 subunits in a 1:1 stoichiometry (25).

Unlike Harzheim et al. (15), who generated HCN4R6%9C knock-in
mice constitutively expressing this cAMP binding—deficient HCN4
subunit throughout prenatal and postnatal life and in all HCN4-
expressing tissues, we used the Tet-Off system to induce selective
hHCN4-573X transgene expression in the hearts of adult animals.
This was particularly important, because the embryonic lethality of
homozygous HCN4R669OR669Q mjce restricted the in vivo study by
Harzheim et al. to heterozygous animals (15). One advantage of our
approach is that transgene expression by DOX withdrawal is not
induced before adulthood, preventing possible adaptive changes
during development. Another advantage is that each animal may
serve as its own control, because it can be recorded both without
transgene _expression while receiving DOX _and with transgene
expression after DOX withdrawal.

Alig et al.

The presence of the hHCN4-573X transgene in isolated mutant
SAN pacemaker cells rendered I; completely insensitive to B-ad-
renergic stimulation, thereby causing a shift in both baseline and
ISO-stimulated voltage dependencies by about —20 mV, resulting
in a current activation threshold negative to the maximum diastolic
potential. Interestingly, a previous study of cAMP-dependent reg-
ulation of native SAN f-channels predicted a —20-mV shift in the
I; activation curve from a switch from a saturating intracellular
cAMP concentration to a cAMP-depleted intracellular environ-
ment (26). In line with this assumption, /; in hHCN4-573X~-
expressing pacemaker cells activated in a negative voltage range,
even at maximal ISO-mediated stimulation of the B-adrenergic
receptor, as if no cAMP was present in the cell. Thus, in mutant
cells, It was “frozen” in an activation range negative to that of the
diastolic depolarization. Functionally, this negative shift corre-
sponds to an almost complete loss of /¢ activity at physiological SAN
membrane voltages. The absence of a heart rate—lowering effect of
IVA in the double-transgenic mutants is consistent with this
conclusion. At the cellular level, spontaneous and regular firing of
isolated SAN pacemaker cells was impaired. Some cells even failed
to generate action potentials, instead exhibiting subthreshold mem-
brane potential oscillations. Although Iy amplitudes were not in-
creased by B-adrenergic stimulation, ISO application resulted in
both a dose-dependent decrease in quiescent cells and a dose-
dependent increase in spontaneous beating rates (although the
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latter never reached control levels). The extent of the ISO-induced
increase in firing rates observed in spontaneously active SAN cells
was comparable in the mutants and controls, however. The marked
reduction in spontaneous SAN cell firing rates associated with
hHCN4-573X expression was mirrored in the telemetrically mea-
sured heart rates of intact conscious mutant mice. These animals
had reduced basal heart rates at rest that increased with activity, but
not to the levels seen in the same mice during DOX treatment or
in control mice. Consistent with the cellular phenotype, the overall
range of SAN frequency regulation (i.e., the difference between
maximum and resting heart rates) was unchanged.

No SAN dysrhythmia [as present in HCN2~/~ mice (17)] or SAN
pauses [as present in adult HCN4~/~ mice (16) or HCN4*+/R669Q
mice (15)] were observed in hHCN4-573X—expressing DW mu-
tants. A likely explanation for this finding is that even in the absence
of ISO, a few SAN cells beat regularly. This small pool of cells might
be sufficient to maintain a regular sinus rhythm in the intact
organism. Furthermore, in isolated mutant cells, ISO stimulation
resulted in elevated spontaneous activity and a reduced number of
silent cells. Because the adrenergic drive on SAN cells is signifi-
cantly higher in an intact organism than in the culture dish, other
cAMP-driven signaling pathways may compensate for the absence
of Iy and thus contribute to the prevention of SAN failure. We found
no evidence of any difference in ISO-induced diastolic currents in
the presence of IVA between mutants and controls, so the exact
mechanisms of this effect remain elusive.

Our data provide evidence that /; plays a significant role in setting
baseline and maximum SAN firing rates in adult mice by generating
a voltage-dependent depolarizing “offset” current that is reflected
in the slope of diastolic depolarization. These results explain the
clinical phenotype of a patient with the same HCN4 mutation that
includes resting bradycardia and a reduced heart rate response to
exercise (figure 1 in ref. 12). They also provide a biological rationale
for the clinical efficacy of pharmacologic Iy blockade. The preserved
relative extent of SAN frequency regulation against the background
of “frozen” I} activity also unambiguously demonstrates that Iyis not
a prerequisite for heart rate regulation in adult mice. This finding
may have therapeutic relevance, because the range of heart rate
regulation in patients treated with IVA for heart rate reduction
remains largely unchanged (27). In addition, our data demonstrate
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that pacemaker mechanisms other than /; contribute significantly to
the positive chronotropic effect of B-adrenergic stimulation by
targeting effector molecules via protein kinase A or Ca’?* and
calmodulin-dependent protein kinase II (CaMKII)-dependent
pathways, such as Ica 1, Is, Incx, and ryanodine receptor—-mediated
Ca?" release (4, 5, 28).

In summary, our results demonstrate that cAMP-mediated mod-
ulation of It determines basal and maximal heart rates, but not the
relative extent of SAN frequency regulation. Furthermore, our
study reveals the pathophysiologic mechanism of hHCN4-573X—
linked SAN dysfunction, paving the way for the generation of future
mouse models for human diseases associated with impaired cardiac
automaticity.

Materials and Methods

Generation of Transgenic Mice and Care and Use of Animals. See S| Materials and
Methods.

Northern and Western Blot Analyses. RNA or proteins were isolated and analyzed
using standard methods, as described in detail in S| Materials and Methods.

Electrophysiologic Recording of Pacemaker Activity and I in SAN Cells. The
pacemaker activity of acutely isolated SAN cells was recorded at 35 °C under
perforated-patch conditions; for details, see S| Materials and Methods.

ECG Telemetry and Analysis. For details, see S| Materials and Methods.

Statistics. Unless stated otherwise, data are expressed as mean = SEM and were
analyzed by ANOVA and Tukey's HSD posthoc test (Statistica; Statsoft).
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