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Abstract
Aims—In the type 3 long QT syndrome (LQT3), shortening of the QT interval by overdrive pacing
is used to prevent life-threatening arrhythmias. However, it is unclear whether accelerated heart rate
induced by β-adrenergic agents produces similar effects on the late sodium current (INa) to those by
overdrive pacing therapy. We analyzed the β-adrenergic-like effects of protein kinase A and fluoride
on INa in R1623Q mutant channels.

Main methods—cDNA encoding either wild-type (WT) or R1623Q mutant of hNav1.5 was stably
transfected into HEK293 cells. INa was recorded using a whole-cell patch-clamp technique at 23 °
C.

Key findings—In R1623Q channels, 2 mM pCPT-AMP and 120 mM fluoride significantly delayed
macroscopic current decay and increased relative amplitude of the late INa in a time-dependent
manner. Modulations of peak INa gating kinetics (activation, inactivation, recovery from inactivation)
by fluoride were similar in WT and R1623Q channels. The effects of fluoride were almost completely
abolished by concomitant dialysis with a protein kinase inhibitor. We also compared the effect of
pacing with that of β-adrenergic stimulation by analyzing the frequency-dependence of the late
INa. Fluoride augmented frequency-dependent reduction of the late INa, which was due to preferential
delay of recovery of late INa. However, the increase in late INa by fluoride at steady-state was more
potent than the frequency-dependent reduction of late INa.

Significance—Different basic mechanisms participate in the QT interval shortening by pacing and
β-adrenergic stimulation in the LQT3.
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Introduction
Congenital long QT syndrome (LQTS) is a hereditary cardiac disorder characterized by
prolonged ventricular repolarization, which causes syncope and sudden cardiac death due to
life-threatening ventricular tachyarrhythmias. Type 3 of the long QT syndrome (LQT3) is
caused by mutations in SCN5A, the gene that encodes the α-subunit of the human voltage-
dependent cardiac Na+ channel (hNav1.5) (Jiang et al., 1994; George et al., 1995; Wang et al.,
1995). Previous functional studies of SCN5A mutants indicated that most LQT3 mutations
cause increased late sodium current (INa) that results in action potential prolongation and QT
lengthening on the surface ECG.

Genotype–phenotype relationships are important for the diagnosis and therapeutic strategy in
the LQTS. Ventricular tachyarrhythmias and sudden cardiac death in patients with LQT3 tend
to occur during sleep or at rest when the heart rate is slow (Schwartz et al., 1995, 2001).
Enhanced shortening of the QT interval by rapid pacing was observed in an experimental model
of LQT3 (Priori et al., 1996; Shimizu and Antzelevitch, 1997; Fabritz et al., 2003). The
biophysical properties related to this important clinical finding have been reported in particular
LQT3 mutations (Clancy and Rudy, 1999; Veldkamp et al., 2000, 2003; Rivolta et al., 2001;
Clancy et al., 2002; Nagatomo et al., 2002; Oginosawa et al., 2005). However, it is not clear
at this stage whether the increase of heart rate by β-adrenergic agents has effects on the late
INa similar to those of overdrive pacing.

Cardiac voltage-dependent Na+ channels are modulated by activation of β-adrenergic receptors
acting through both direct and indirect pathways (Schubert et al., 1989; Matsuda et al., 1992).
The cAMP-dependent protein kinase (protein kinase A, PKA), which is activated by β-
adrenergic agents, is one of the major signaling pathways that regulate cardiac Na+ channel
function. In the LQT3 mutant channels, PKA stimulation has little or no effect on the late
INa in Y1795C and Y1795H channels but enhances the late INa in ΔKPQ and D1790G channels
(Chandra et al., 1999; Tateyama et al., 2003b). Thus, the effects of cAMP on the late INa in
LQT3 mutant channels are variable.

A missense mutation of SCN5A (R1623Q), in which a charged arginine residue is substituted
for a neutral glutamine at an external position of S4 segment of domain IV (DIV-S4), has been
identified in a Japanese girl (Miura et al., 2003). The patient has been also reported to develop
recurrent ventricular tachycardia and cardiac arrest during sleep and at rest, and cardiac pacing
combined with sodium channel blocker effectively prevented the cardiac events (Miura et al.,
2003).

In the present study, we investigated the effects of cAMP and a nonspecific phosphatase
inhibitor fluoride, which mimics the effects of β-adrenergic agents (Chandra et al., 1999;
Tateyama et al., 2003b), on the late INa in the R1623Q mutant channels. The late INa was
preferentially enhanced compared with peak INa by continuous application of pCPT-AMP or
fluoride. Although frequency-dependent reduction for the late INa was augmented by fluoride,
the overall amplitude of the late INa was increased by fluoride.

Materials and methods
Clones and construction of R1623Q mutation

Amino acid substitution of glutamine for arginine-1623 (R1623Q) of human cardiac Na+

channel α-subunit (hNav1.5) was performed by an overlap extension polymerase chain reaction
(PCR). The 459-bp cDNA of hNav1.5 was amplified using oligonucleotide primers
hNav1.5-4418F (5′-TCAACCAACAGAAGAAAAAGT-3′) and R1623Q-R (5′-
GGATGACTT-GGAA-GAGCGTCGG-3′). Similarly, the 165-bp cDNA of hNav1.5 was
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amplified using oligonucleotide primers R1623Q-F (5′-CTCTTCCAAGT-
CATCCGCCTG-3′) and hNav1.5-5006R (5′-GCCAAAGATGGAGTAGATGA-3′).
Subsequently, the two PCR products were purified and combined in a second round of PCR
with the primer pair hH-4418-F and hNav1.5-5006R. A 608-bp PCR product was digested with
BamHI/BstEII and subcloned back into WT-hNav1.5 to assemble the R1623Q-hNav1.5
construct as reported previously (Makita et al.,1998). The entire PCR generated region was
sequenced completely. We confirmed the mutation and the lack of any unwanted changes in
the channel.

Cell preparation and transfection
Approximately 5×105 cells from a transformed HEK293 were seeded on a 60-mm diameter
plate with 3 ml of culture medium one day before the transfection. The culture medium was
MEM complete medium containing minimum essential medium (Eagle’s salts and L-
glutamine), 10% of fetal bovine serum, 2 mM L-glutamine, 0.1 mM MEM non-essential amino
acids solution, 1 mM MEM pyruvate solution, 10,000 U penicillin and 10,000 μg streptomycin.
Transfection for WT-hNav1.5 was carried out by the cationic liposome method, as described
previously (Nagatomo et al., 1998). The cDNA for R1623Q-hNav1.5 was transfected into
HEK293 cells using LipofectAMINE™2000 (Invitrogen, San Diego, CA) as directed by the
manufacturer. To select stably transfected cells, geneticine (G418 sulfate) at a concentration
of 800 μg/ml was added for approximately 15 days, at which time surviving single colonies
were isolated and cultured with 400 μg/ml geneticine for 1–3 weeks.

Electrophysiological recordings
Macroscopic sodium current (INa) was recorded using the whole-cell patch-clamp technique
at room temperature (23±1 °C). The bath solution contained (in mM): NaCl 140, KCl 4,
CaCl2 1.8, MgCl2 0.75 and HEPES 5 (pH 7.4 set with NaOH). The pipette solution contained
(in mM): CsF 120, CsCl 20, EGTA 5 and HEPES 5 (pH 7.4 set with CsOH). Pipettes had
resistances between 1.0 and 1.2 MΩ when filled with the above electrode solution. Membrane
currents were recorded with an Axopatch 200A amplifier (Axon Instruments Inc., Union City,
CA). Data were acquired using Clampex ver. 9.2 (Axon Instruments Inc.), then digitized at
100 kHz and low-pass filtered at 10 kHz. The methods used to achieve and verify voltage
control methods were those published previously (Nagatomo et al., 1998). Selective activator
of cAMP dependent protein kinase, 8-(4-chlorophenylthio) adenosine 3′:5′-cyclic mono
phosphate (pCPT-cAMP), and the cAMP-dependent protein kinase inhibitor (PKI) were
purchased from Sigma-Aldrich (St. Louis, MO) and dissolved in bath solution (2 mM) and
pipette solution (20 μM), respectively. The effects of pCPT-cAMP were examined in the
presence of intrapipette fluoride (120 mM) because the current recordings were not stable in
the absence of intrapipette fluoride.

Data analysis
Passive leak subtraction of peak and late INa was performed as previously described (Nagatomo
et al., 1998). Data were fit to model equations using non-linear regression with pClamp ver.
9.2 (Axon Instruments Inc.) or Sigma Plot ver. 9.0 (SPSS Science, Chicago, IL). Goodness of
fit was judged both visually and by the sum of squares errors. The time course of macroscopic
current decay after 90% of peak was fit with double-exponential function: INa(t)=1 − [Af ×exp
(− t/τf)+ As ×exp(− t/τs)]+offset, where t is time, τf and τs represent the time constants of the
fast and slow components, and Af and As are fractions of each component, respectively. Steady-
state inactivation and activation data were fit with the Boltzmann function: Normalized INa =
[1 + exp(V − V1/2)/κ]−1; Normalized GNa = [1 + exp(V1/2 − V)/κ]−1, where V1/2 and κ are half-
maximum voltage and the slope factor, respectively. For activation curve, conductance (GNa)
was calculated from peak INa divided by the driving force and normalized to the peak
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conductance. Recovery from inactivation was analyzed by fitting data with double-exponential
function: Normalized INa = Af ×exp(− t/τf)+ As ×exp(− t/τs)+(offset), where t is a recovery time
interval, τf and τs are the fast and slow time constants, Af and As are the fractions of recovery
components, and offset is a non-inactivating component. Data are expressed as mean±standard
error (SEM) with n representing the number of cells. Differences between two groups were
examined for statistical significance using the Student’s t-test, while those among multiple
groups were examined by one-way ANOVA. A P value of <0.05 was considered statistically
significant.

Results
Effects of cAMP on WT and R1623Q channels

Fig. 1A shows representative current recordings from HEK293 cells expressing wild-type
(WT) and R1623Q mutant channels at baseline and 10 min after perfusion of cells with pCPT-
cAMP (2 mM) in the presence of intrapipette fluoride. Currents were elicited by 250 ms step
pulse to −20 mV from a holding potential of −150 mV. In R1623Q channels, the macroscopic
current decay was delayed and the late INa was significantly increased in the presence of pCPT-
cAMP. However, the effects of pCPT-cAMP on late INa in WT were negligible. The peak
INa was not affected by pCPT-cAMP in both WT and R1623Q channels. Table 1 lists the time
constants for fast (τf) and slow (τs) components of the current decay. The late INa in R1623Q
channels measured as the mean value of the current amplitude between 39 and 41 ms was
increased in a time-dependent manner and more than doubled to the baseline amplitude at 15
min after the application of pCPT-cAMP (Fig. 1B). Fig. 1C shows changes in fraction of late
INa (normalized to peak INa) at baseline and at 10 min after application of pCPT-cAMP. The
fraction of the late INa in R1623Q channels was significantly higher than that at baseline
(P<0.05). These results suggest that cAMP-dependent phosphorylation preferentially increases
the late INa in R1623Q channels.

Effects of fluoride on WT and R1623Q channels
Since intracellular fluoride acts as a nonspecific phosphatase inhibitor, we tested whether it
could mimic the effect of pCPT-cAMP by buffering phosphorylation-dependent changes in
channel activity. Fig. 2A demonstrates that intrapipette fluoride delayed macroscopic current
decay and increased the late INa in R1623Q channels but not in WT channels. The fluoride-
induced increase in late INa was almost completely prevented by concomitant dialysis with
cAMP-dependent protein kinase inhibitor (PKI) at 20 μM. Table 1 summarizes the time
constants for fast (τf) and slow (τs) components of the current decay. In R1623Q channels, the
late INa increased in a time-dependent manner and approximately doubled after dialysis with
fluoride although the augmentation was weaker than that with pCPT-cAMP plus fluoride (Figs.
1B and 2B). The peak INa was not affected by fluoride in both WT and R1623Q channels. Fig.
2C shows summary data of changes in the fraction of late INa. Fluoride significantly increased
the fraction of the late INa in R1623Q channels (P < 0.05). These results suggest that the increase
in late INa was due to PKA-dependent phosphorylation in R1623Q channels and that fluoride
acts as an endogenous phosphatase inhibitor in HEK cells.

Kinetic modulation by fluoride
We used intrapipette fluoride to investigate kinetic modulation by PKA-dependent
phosphorylation. Currents recordings were started at 5 min after achieving the whole-cell
configuration. Fig. 3 shows representative current tracings and current–voltage relationships
for WT and R1623Q channels. Fluoride again delayed macroscopic current decay in the
R1623Q channels but not in WT channels. However, fluoride shifted the peak of the current–
voltage relationship in a negative direction in both WT and R1623Q channels. These effects
by fluoride were not seen in experiments using concomitant dialysis with PKI.
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Fig. 4A shows the results of steady-state inactivation and activation for WT and R1623Q
channels. The voltage dependence of steady-state inactivation was assessed by a two-pulse
protocol as indicated in the protocol diagram in Fig. 4A. Peak INa was measured at a test
potential of −20 mV after 1 s-long conditioning potentials between −150 and −40 mV, and
normalized to the largest peak INa obtained. The voltage dependence of activation was
evaluated as a normalized peak conductance–voltage relationship (see Methods). Fluoride
significantly shifted the half-maximum voltages (V1/2) of the steady-state inactivation and the
activation curves in negative directions in both WT and R1623Q channels and these shifts by
fluoride were significantly attenuated by concomitant dialysis with PKI. The slope factor (κ)
was not significantly different in the presence of fluoride. Table 2 summarizes the above
parameters at steady-state inactivation and activation of the WT and R1623Q channels.

We also studied the recovery from inactivation using the two-pulse protocol (Fig. 4B). The
membrane potential was stepped to −20 mV from a holding potential of −120 mV for 500 ms,
and a test pulse to −20 mV was delivered followed by a variable recovery interval. The time
constants and their fraction are summarized in Table 3. Fluoride significantly increased the
fast time constants in both WT and the R1623Q channels. Since the time constants were not
significantly different between the peak and late INa in the R1623Q channels (Oginosawa et
al., 2005), we also tested the effect of fluoride on recovery from inactivation for the late INa.
Interestingly, the time constants of recovery and the fraction of slow component of the late
INa were preferentially increased by fluoride compared with those of the peak INa (P < 0.05).

Frequency-dependent reduction of peak and late INa
Cumulative inactivation and slow recovery of late INa for ΔKPQ mutant channels might
underlie rate-dependent decreases in late INa and shortening of the QT interval at higher rates
(Nagatomo et al., 1998); we therefore investigated the effects of fluoride on the frequency-
dependence of peak and late INa in R1623Q channels. Fig. 5A shows representative current
recordings in response to a train of 50 pulses with fluoride in the presence or absence of PKI
at 2 Hz. Fluoride augmented the frequency-dependent reduction of peak and late INa compared
with those with PKI (Fig. 5B). Although fluoride augmented the frequency-dependent
reduction of peak and late INa compared with those in the presence of PKI, the frequency-
dependent reduction of late INa was more preferentially enhanced compared with peak INa at
both 1 Hz and 2 Hz.

Analysis of fluoride effects
We have demonstrated opposing effects for fluoride on the late INa in R1623Q channels; i.e.,
steady-state increase of late INa versus augmented frequency-dependent reduction of late INa.
To investigate which effect predominates in modulating the late INa, we compared the relative
amplitude of the late INa for the 50th pulse under steady-state fluoride stimulation with and
without PKI (20 μM). Fig. 6A shows the serial changes in relative amplitude of the late INa
(late/peak INa) in response to a train of 50 pulses recorded at 5 min after achieving stable whole-
cell configuration. Fluoride enhanced the frequency-dependent reduction of late/peak INa, but
its effect of steady-state increase of the late/peak INa was more potent.

Discussion
In the present study, we investigated the effects of cAMP and fluoride on late INa and the INa
kinetics in R1623Q mutant channels. In the R1623Q channels, cAMP and fluoride increased
sustained late INa in a time-dependent manner. On the other hand, fluoride augmented the
frequency-dependent reduction of the late INa. Comparison of the opposite effects of cAMP
and fluoride indicates that the increase of the late INa was more potent than the augmentation
of frequency- dependent reduction of late INa in our experimental condition.
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cAMP modulates late INa in R1623Q mutant channels
In the LQT3 Na+ channels, PKA stimulation has been reported to have little or no effect on
the late INa in Y1795C and Y1795H channels but to enhance the late INa in ΔKPQ and D1790G
channels (Chandra et al., 1999; Tateyama et al., 2003b). Tateyama et al. (2003b) proposed that
interactions among multiple cytoplasmic components of the channel contributed to the
functional consequences of PKA-dependent modulation of the late INa. Since the mutated site
of the R1623Q in the present study is located at an external position of the S4 segment of
domain IV, this site might also contribute to the PKA-dependent modulation of the late INa.

cAMP-dependent protein kinase (protein kinase A, PKA) activated by β-adrenergic agents is
a major signaling pathway that regulates cardiac Na+ channel function. However, conflicting
results have been reported regarding modulation of cardiac Na+ current by β-adrenergic
stimulation. Treatment of mammalian myocytes with cAMP-elevating agents or membrane
permeable cAMP analogs has been shown to cause either a decrease (Schubert et al., 1989,
1990; Ono et al., 1989; Sunami et al., 1991) or increase (Matsuda et al., 1992; Tytgat et al.,
1990; Lu et al., 1999) in Na+ current. The different effects of PKA on cardiac Na+ channel
activity might depend on experimental conditions (e.g., species, developmental changes and
pulse protocols). The holding and test potentials in the pulse protocol are particularly important
when investigating the effects of cAMP on INa (Kirstein et al., 1991; Ono et al., 1993;
Muramatsu et al., 1994). In the present study, we observed a negative shift in inactivation and
conductance curves after application of fluoride, which mimicked the effect of cAMP, in both
WT and R1623Q channels (Fig. 4). The results are in good agreement with the data reported
by several laboratories and suggest that peak INa should be decreased by cAMP at physiological
resting membrane potential usually from −80 to −100 mV because of a decrease in channel
availability. In fact, peak INa in ΔKPQ mutant channels was reduced with holding potential of
−90 mV but the relative late INa to peak INa was increased (Chandra et al., 1999), and we also
observed a decrease in peak INa with a holding potential of −90 mV while the relative late
INa was increased (data not shown). Therefore, we used a holding potential of −150 mV and a
test potential of −20 mV to discriminate the effects of cAMP on peak INa with that on late
INa. Using this protocol, cAMP preferentially increased the late INa without significantly
changing the peak INa.

Two residues (S525, S528) in the domain I–II linker of cardiac Na+ channel α-subunit are
considered important consensus sites for cAMP-dependent phosphorylation (Murphy et al.,
1996). The R1623Q mutation results in replacement of neutral glutamine for positively charged
arginine-1623Q located at the outermost of the S4 segment of domain IV (DIV-S4). This region
is not only part of the voltage sensor of channel activation, but also important for activation–
inactivation coupling (Cha et al., 1999; Sheets et al., 2000). The loss of the positive charge of
this site changes the voltage dependence of channel gating resulting in less voltage sensitivity
of steady-state inactivation and alternative recovery from inactivation in the R1623Q mutant
channels (Makita et al., 1998; Kambouris et al., 1998, 2000; Oginosawa et al., 2005). In the
present study, fluoride modulated activation, inactivation and recovery from inactivation of
the peak INa in a similar degree in both WT and R1623Q channels. Unremarkable mutation-
induced changes in peak INa gating by cAMP have been also reported for ΔKPQ and D1790G
channels (Chandra et al., 1999; Tateyama et al., 2003b). It is possible that the mutated sites in
R1623Q do not directly interact with the PKA consensus sites in domain I–II linker of the
cardiac Na+ channel α-subunit. On the other hand, the late INa in R1623Q channels was
selectively increased by cAMP and fluoride compared with the peak INa for R1623Q,
suggesting independence of the effects of cAMP on the late INa. In the D1790G mutant channel,
loss of negative charge or replacement to positive charge at residue 1790 has been reported to
be an important determinant of the enhancement of late INa (Tateyama et al., 2003b). Thus,
loss of negative charge on the cytoplasmic surface or loss of positive charge on the domain IV
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would worsen the activation–inactivation coupling, resulting in enhancement of the late INa
under PKA-dependent phosphorylation.

Interestingly, our results showed that the frequency-dependent reduction of the late INa was
preferentially augmented by fluoride compared with peak INa under PKA activation. This effect
on the late INa in R1623Q channels was not observed in control conditions (Oginosawa et al.,
2005). The underlying mechanism was mainly the preferential delay of recovery compared
with peak INa under PKA activation, suggesting again the independence of the effects of cAMP
on the late INa kinetics in R1623Q channels.

Clinical implications and limitations of the study
Clinical studies indicate that ventricular tachyarrhythmias and sudden cardiac death in LQT3
patients tend to occur during sleep or at rest when the heart rate is slow, and that prevention of
bradycardia is one of the main therapeutic strategies in patients with LQT3 (Schwartz et al.,
1995, 2001). Furthermore, cardiac overdrive pacing is effective in shortening the QT interval
in LQT patients and in experimental models of the LQT3 (Priori et al., 1996; Shimizu and
Antzelevitch, 1997). In the transgenic mice of the ΔKPQ mutant of LQT3, cardiac pacing is
also effective to decrease the dispersion of action potential duration and suppress early after
depolarization (Fabritz et al., 2003). On the other hand, sympathetic stimulation with
isoproterenol or epinephrine shortened the action potential duration in experimental models of
LQT3 (Priori et al., 1996; Shimizu and Antzelevitch, 2000). In addition, provocation testing
with epinephrine is used to diagnose and unmask LQTS (Noda et al., 2002; Vyas et al.,
2006). Based on these observations, we initially hypothesized that the late INa would decrease
in response to β-adrenergic stimulation. Contrary to our expectations, the late INa increased in
response to cAMP in the present study. Our results in R1623Q mutant channel are in agreement
with those of previous studies (Chandra et al., 1999; Tateyama et al., 2003b), which also
reported that cAMP increased the late INa in ΔKPQ and D1790G mutant channels. β-adrenergic
stimulation with isoproterenol is known to augment various currents, including slow
component of the delayed rectifier K+ current (IKs), Ca2+-activated chloride current, L-type
Ca2+ current, and Na+/Ca2+ exchange current. Since the response of action potential duration
and of the QT to β-adrenergic stimulation largely depends on the balance of these currents,
augmentation of inward current including the late INa might be weaker than that of outward
currents under β-adrenergic stimulation.

The present study has certain limitations and caution must be taken in extrapolating the present
results to the clinical settings. We used hNav1.5 channels heterologously expressed in a human
cell line. The possible effects of cAMP on other ion channels should be considered. In addition,
effects of catecholamines do not limit to the β-adrenergic stimulation. Stimulation of protein
kinase C via α-adrenergic receptor reduces the late INa in Y1795C, Y1795H and ΔKPQ mutants
of LQT3 (Tateyama et al., 2003a). Further data in cardiomyocytes or in vivo data are needed
to identify the effects of cAMP and catecholamines. Secondly, we used the frequencies at 1
and 2 Hz that selected based on the clinical setting of the pacemaker (50 to 120 pace/min).
However, frequency at 3 Hz, for example, might emphasize the frequency-dependent reduction
by fluoride (pacing effect) and overridden steady-state increase of late INa by fluoride (baseline
effect). Finally, we performed experiments at room temperature. Temperature might influence
the gating characteristics of INa and consequently the balance between the steady-state increase
in late INa and its frequency-dependent reduction.

Conclusion
Different mechanisms are involved in QT interval shortening induced by pacing and β-
adrenergic stimulation. The mechanism of QT shortening by overdrive pacing might mainly
include a frequency-dependent reduction of the late and phase 3 INa in R1623Q mutant
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channels, while a balance of inward and outward currents might explain the QT interval
shortening by β-adrenergic stimulation.
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Fig. 1.
Selective increase in late INa in R1623Q channels by pCPT-cAMP in the presence of
intrapipette fluoride. (A) Normalized whole-cell Na+ current (INa) in response to 2 mM pCPT-
cAMP in cells expressing WT (left) or R1623Q (right) channels. Currents were recorded at
baseline (0 min) and 10 min after application of pCPT-cAMP. Inset panels show INa at different
amplitude (peak INa off scale) and time resolution to emphasize late INa. (B) Time courses of
peak and late INa for R1623Q channels in response to pCPT-cAMP. Peak (closed circles) and
late (open circles) INa were normalized to the current amplitude at baseline. Application of
pCPT-cAMP commenced when the INa become stable (3 min). Late INa amplitude was
evaluated by using the mean value of the current amplitude between 39 and 41 ms. Dotted line
represents the time course of late INa in the presence of fluoride duplicated from Fig. 2B. (C)
The percentage of late INa relative to peak INa of WT and R1623Q channels at baseline and 10
min after application of pCPT-cAMP. Data are mean±SEM. WT (n=5), R1623Q (n=5),
*P<0.05.
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Fig. 2.
Fluoride selectively increases late INa in R1623Q channels. (A) Normalized whole-cell INa
recorded in cells expressing WT (left) and R1623Q (right) channels in the presence of fluoride
(120 mM) in the recording pipette. Currents were recorded at baseline (0 min) and 10 min after
establishing whole-cell configurations. Fluoride increased the late INa in R1623Q channels,
which was inhibited by concomitant dialysis of a protein kinase inhibitor (PKI). Inset panels
show INa at different amplitude (peak INa off scale) and time resolution to emphasize late
INa. (B) Time courses of peak and late INa for R1623Q channels with intrapipette fluoride.
Peak (closed circles) and late (open circles) INa were normalized to the current amplitude at
baseline. PKI at 20 μM abolished fluoride-induced increase in late INa. (C) Summary data of
normalized late INa at baseline and 10 min after establishing whole- cell configurations with
intrapipette fluoride and fluoride plus PKI. Experiments with PKI were conducted only in
R1623Q channels. Data are mean±SEM. WT (n=7), R1623Q: fluoride (n=8), R1623Q: fluoride
+PKI (n=6), *P<0.05.
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Fig. 3.
Whole-cell INa for WT and R1623Q channels with intrapipette fluoride in the presence or
absence of PKI (20 μM). (A) Current recording obtained at different test potentials (Vt)
between −80 and 40 mV from a holding potential of −150 mV from 4 representative cells.
Currents with comparable peak amplitudes are shown on the same scale for WT and R1623Q
channels. (B) Current–voltage relationship of peak INa for WT (upper panel) and R1623Q
(lower panel) channels for the same cells in (A). The peak of the current–voltage relationship
shifted in a negative direction in both WT and R1623Q channels in the presence of fluoride
(closed circles), and this effect was inhibited by the application of 20 μM PKI (open circles).
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Fig. 4.
Kinetic modulation by fluoride. (A) Steady-state inactivation and activation relationships for
WT and R1623Q channels. Pulse protocols for inactivation and for activation are indicated in
insets. Lines represent fits to a Boltzmann function. (B and C) Time course of recovery from
inactivation for peak INa in WT and R1623Q channels (B) and for late INa in R1623Q channels
(C). Recovery of peak INa in R1623Q channels is duplicated in (C) for comparison. The pulse
protocol for the recovery from inactivation is indicated in insets. Peak INa and late INa measured
at 50 ms were normalized to the maximum current recorded in the absence of a conditioning
pulse and plotted against the recovery time (ΔT) on a logarithmic axis. Lines represent the
fitting with double-exponential function. Data are mean±SEM. Values of parameters are
summarized in Tables 2 and 3.
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Fig. 5.
Effects of fluoride on the frequency-dependence of peak and late INa in R1623Q channels. (A)
Representative current recordings in response to trains of 50 pulses with fluoride in the presence
or absence of PKI (20 μM) at 2 Hz. Currents were elicited by 50 ms step pulses to −20 mV
from a holding potential of −120 mV. Upper panels: superimposed current traces from the 1st
and 50th pulses in the train to demonstrate peak INa. Lower panels: the same traces at different
amplitude (peak INa off scale) and time resolution to demonstrate late INa. (B) Summary data
showing frequency-dependent reduction of peak and late INa at 1 Hz and 2 Hz. The current
amplitudes for peak and late INa in response to the last five pulses of the train were averaged
and normalized to the first pulse in the train. Data are mean±SEM. fluoride: 1 Hz (n=11), 2 Hz
(n=10), +PKI: 1 Hz (n=10), 2 Hz (n=10). *P<0.05 between peak and late INa, †P<0.05
compared with +PKI, ‡P<0.05 compared with 1 Hz.
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Fig. 6.
Overall effects of fluoride on late INa. (A) Time course of frequency-dependent reduction of
the relative amplitude of late INa (peak/late INa) by fluoride in the presence (open symbols) or
absence (closed symbols) of PKI (20 μM). (B) Summary data for the relative amplitude of late
INa at first pulse and 50th pulse in a train. Data are mean± SEM. fluoride: 1 Hz (n=11), 2 Hz
(n=10), +PKI: 1 Hz (n=10), 2 Hz (n=10). *P<0.05.
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