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ABSTRACT Cardiac rH1 Na+ channel a subunits were
expressed in cells of the Chinese hamster lung 1610 cell line by
transfection, and a stable cell line exprsing cardiac Na+
channels (SNa-rHl) was isolated. Mean Na+ currents of 2.2 ±
1.0 nA were recorded, which corresponds to a cell surface
density of approximately 1-2 channels active at the peak of the
Na+ current per pam2. The expressed cardiac Na+ current was
tetrodotoxin resistant (Kd = 1.8 FM) and had voltage-
dependent properties similar to those of the Na+ current in
neonatal ventricular myocytes. Activation of protein kinase C
by 1-oleoyl-2-acetyl-sn-glycerol (OAG) (10 saM) decreased this
current -33% at a holding potential of -114 mV and 56% at
-94 mV. This reduction in peak current was caused in part by
an 8- to 14-mV shift of steady-state inactivation in the hyper-
polarized direction. Na+ channel activation was unchanged.
Effects of OAG in SNa-rH1 cells and in neonatal rat cardiac
myocytes were similar, except that the time course of inacti-
vation was slowed either transiently or persistently when
protein kinase C was activated in myocytes bathed in low-Ca2+
(1 M) or Ca2+-free solution but was unaffected in SNa-rH1
cells. The effects ofOAG on cardiac Na+ current were blocked
in cells that had been previously microlijected with a peptide
inhibitor of protein kinase C but not with a peptide inhibitor of
cAMP-dependent protein kinase, indicating that protein kinase
C is responsible for the effects ofOAG. Single-channel record-
ings from SNa-rHi cells showed that the probability of channel
opening was reduced by OAG, but the conductance was
unaffected. OAG did not induce the late Na+ channel openings
observed withPKC modulation ofneuronal and skeletal muscle
Na+ channels. Thus, the substantial reduction in Na+ current
at normal diastolic depolarizations with 10 pM OAG is due to
failure of channel opening in response to depolarization. Such
Na+ current reductions may have profound effects on cardiac
cell excitability.

The rapid upstroke of the cardiac action potential due to the
Na+ current through voltage-dependent Na+ channels is
responsible for the rapid spread of activation through the
atria and ventricles that initiates and coordinates contraction
of the heart. Cardiac function depends critically on the
amplitude, timing, and voltage dependence of the Na+ cur-
rent, and interventions that modulate Na+ current have
potent physiological effects. The functional properties of
mammalian cardiac Na+ channels are distinctive. They are
less sensitive to tetrodotoxin (TTX) than most Na+ channels,
with a Kd of approximately 1-10 ,uM (1), and their kinetics of
activation and inactivation are slower and more complex (2).
These properties are mediated by a distinct Na+ channel a
subunit (rH1) that was originally characterized by cloning
from newborn rat heart (3) and denervated rat skeletal muscle
(4). A closely related Na+ channel has been described in

human cardiac muscle (5). Expression of these a subunit
cDNAs in Xenopus oocytes (5-7) yields Na+ currents with
functional properties and TTX sensitivity characteristic of
the principal cardiac Na+ channel.

Activation of protein kinase C (PKC) modulates Na+
currents in neuroblastoma cells, rat brain neurons and skel-
etal muscle cells, Xenopus oocytes expressing rat brain
mRNA ormRNA encoding type IIA Na+ channel a subunits,
and mammalian cells expressing type IIA a subunits (8-13).
For sodium channels in rat brain neurons and skeletal muscle
cells and for type IIA a subunits expressed in mammalian
cells, inactivation of the sodium current is slowed and peak
sodium current is reduced substantially (9, 10). Both slowing
of inactivation and reduction of peak Na+ current are pre-
vented by mutation of serine-1506 in the inactivation gate of
the rITA Na+ channel to alanine (14). This serine and its
associated consensus sequence for PKC phosphorylation are
conserved in the rHi Na+ channel (3), suggesting that similar
modulation might occur in cardiac muscle. In this report, we
describe the stable expression of the rH1 Na+ channel in a
mammalian cell line and characterize PKC modulation of
cardiac Na+ channels. We find that Na+ current is sharply
decreased after PKC activation at physiologically relevant
diastolic membrane potentials, suggesting that phosphoryla-
tion of Na+ channels by PKC may have dramatic effects on
cardiac function.

EXPERIMENTAL PROCEDURES
Cell Culture. Cultured neonatal rat ventricular myocytes

were prepared from 2-day-old newborn male rats by trypsin
(Worthington) dispersion (15). Myocytes were seeded on
sterile glass coverslips coated with 1% collagen and cultured
in Dulbecco's modified Eagle's medium (DMEM; GIBCO)
containing 15% horse serum, 5% fetal bovine serum, peni-
cillin at 20 ug/ml, streptomycin at 10 pg/ml, and gentamycin
at 60 pg/ml. Cells were maintained at 37C in a 5% CO2
incubator and used for experiments after 2-5 days in culture.
SNa-rHi cells and untransfected R1610 cells were main-
tained as described (16) and seeded on sterile plastic cover-
slips for recording.

Production of the SNa-rHl Cell Line. cDNAs encoding the
rH1 Na+ channel a subunit were isolated by polymerase chain
reaction using primers designed from the rHi sequence (3)
(J.R., T.T., and W.A.C., unpublished results). The cDNAs
were sequenced and ligated to produce a full-length rH1 clone,
and the full-length clone was subcloned into the pCDNA-3
vector (Invitrogen) to produce pCDNA-3/rH1-1. Chinese
hamster lung 1610 cells (American Type Culture Collection)
were transfected with pCDNA-3/rHl-1 by liposome-mediated
transfection with N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-tri-
methylamnimonium methyl sulfate (DOTAP; Boehringer Mann-

Abbreviations: TTX, tetrodotoxin; PKC, protein kinase C; OAG,
1-oleoyl-2-acetyl-sn-glycerol; PKI, cAMP-dependent protein kinase
inhibitor; PKCI, PKC inhibitor.
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heim), and transfected cells were isolated by selection in the
presence of G418 at 400 pg/ml. Single-cell clones were iso-
lated and expanded, and the SNa-rHi cell line was selected for
further study by measurements of rH1 mRNA by Northern
blotting and Na+ currents by whole-cell voltage clamp.

Electrophysiological Recordings. Whole-cell and cell-
attached voltage-clamp experiments (17) were performed at
220C as described previously (9). Solutions for whole-cell
experiments contained (in mM) 140 CsCl, 10 NaCl, 1 MgCl2,
10 CsEGTA, 5 MgATP, 5 phosphocreatine (di-Tris salt), 0.2
GTP (Na+ salt), and 10 Hepes in the pipette and 140 NaCl,
S CsCl, 1.8 CaC12, 1 MgCl2, 10 glucose, and 10 Hepes in the
bath. Cell-attached experiments were conducted in either
high-Ca2+, high-Cl- solutions containing 150 NaCl, 0.5
CaCl2, 2 MgCl2, and 5 Hepes in the pipette and 140 KCl, 10
NaCl, 0.5 CaCl2, 3 MgCl2, and 5 Hepes in the bath (pH
adjusted to 7.4 with HCl) or low-Ca2+, low-Cl- solutions
containing 150 NaCH3SO3, 1 CaCl2, 2 MgCl2, and 10 Hepes
in the pipette and 140 KCH3SO3, 10 NaCH3SO3, 1 mM or 10
1AM CaCk2, 1.15 EGTA, 3 MgCk2, and 10 Hepes in the bath
(pH adjusted to 7.4 with CH3SO3H). Peptide inhibitors of
cAMP-dependent protein kinase (PKI 5-24, Peninsula Lab-
oratories) and PKC (PKCI 19-36, Peninsula Laboratories)
were dissolved to make 1 mM PKI and 500 pM PKCI in the
low-Ca2+, low-Cl- bath solution. 1-Oleoyl-2-acetyl-sn-
glycerol (OAG; Sigma) was dissolved in dimethyl sulfoxide at
concentrations of 1 or 10 mM and stored at -20°C until use.

All voltages have been corrected for liquid junction poten-
tials. Conductance-voltage (g-V) relationships were calcu-
lated from peak current versus voltage (I-V) relationships
according to g = I/(V - V1), where I is the peak current
measured at voltage V and Vr is the measured reversal
potential. Normalized conductance-voltage relationships
and inactivation curves were fit with a Boltzmann distribu-
tion, 1/(1 + exp[(V - V1/2)/k]), where V1/2 is the voltage of
half activation or inactivation and k is a slope factor. Pooled
data are reported as means and SEM in the text and figure
legends. Statistical comparisons were made by using Stu-
dent's t test, and P values are given in the text.

RESULTS AND DISCUSSION
Elecrophysiological Comparison of Na+ Channels in Car-

diac Myocytes and in Cells Expressing rH1 Na+ Channels.
Membrane currents due to the rHl Na+ channel stably
expressed in the Chinese hamster lung 1610 cell line (SNa-
rHl cells) were compared with those recorded in ventricular
myocytes from neonatal rats by using the whole-cell and
cell-attached recording configurations of the patch clamp
technique (17). Large whole-cell Na+ currents were observed
in every SNa-rH1 cell (Fig. 1A), but they were not observed
in untransfected cells. These currents were blocked 7.4 ±
6.7% by 100 nM TTX, 52.9 ± 13.4% by 2 pM TTX, and 90.8
+ 10.6% by 50 .M TTX (n = 4; data not shown), consistent
with a Kd for TTX of 1.78 riM. A similar Kd of 1.98 pM was
determined in the cultured ventricular myocytes. This TTX
sensitivity is characteristic of cardiac Na+ channels. The
peak amplitude of Na+ current expressed in SNa-rHl cells
ranged from 0.8 nA to 3.8 nA with a mean value of 2.2 ± 1.0
nA (n = 9) compared with 3.7 ± 1.6 nA (n = 6) for cultured
ventricular myocytes. The membrane capacitance for SNa-
rHi cells was 29.1 _ 7.9 pF (n = 9). This corresponds to a
channel density of 1-2 Na+ channels per pm2 in SNa-rHi
cells which may be compared with 2 channels per pm2 in rat
ventricular myocytes (18). Thus, rHl Na+ channels with
appropriate TTX sensitivity are expressed efficiently in
SNa-rH1 cells.
To compare the kinetics of the Na+ currents recorded in

the whole-cell voltage-clamp configuration, we superim-
posed traces of Na+ currents elicited by depolarizations to
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FIG. 1. Comparison of Na+ currents in SNa-rH1 cells and
neonatal rat ventricular myocytes. (A) Na+ current traces in re-
sponse to pulses to the indicated potentials. Three traces are plotted
for each voltage: SNa-rH1 cell (larger currents), ventricular myo-
cytes (smaller currents), and a scaled version ofthe myocyte current.
Scaling factors were 1.5 for -42 mV, 1.8 for -32 mV, 2.0 for -22
mV, and 2.1 for -2 mV. The holding potential was -122 mV. (B)
Current-voltage relationships for Na+ current in the same cells as in
A. 9, SNa-rH1; v, ventricular myocytes; v, ventricular myocytes x
2.0. (C) Average normalize conductance-voltage relationships de-
termined by whole-cell voltage clamp recording gave the following
mean values: SNa-rH1 cells, V1/2 = -32.4 ± 3.7 mV and k = -6.7
± 0.5 mV (n = 4); ventricular myocytes, V1/2 = -36.0 ± 8.2 mV and
k = -5.0 ± 1.8 mV (n = 5). Steady-state inactivation curves
determined using a 98-ms conditioning pulse followed by a test pulse
to -22 mV gave the following mean values: SNa-rH1 cells, V1/2 =
-61.9 ± 3.3 mV and k = 6.8 ± 0.6 mV (n = 4); ventricular myocytes,
V1/2 = -60.5 ± 6.2 mV and k = 6.6 ± 1.8 mV (n = 5). The mean
values were used to construct the curves plotted. Filled symbols,
SNa-rH1; open symbols, ventricular myocytes. (D) Average nor-
malized conductance-voltage relationships and steady-state inacti-
vation curves for cell-attached patch recording. Data were analyzed
as for C. The mean values for conductance-voltage curves were
SNa-rH1 cells, V1/2 = -46.7 ± 3.9 mV and k = -8.9 ± 1.7 mV (n
= 8); and ventricular myocytes, V1/2 = -42.1 ± 5.5mV and k = -7.7
± 1.2 mV (n = 7). The mean values for the voltage dependence of
steady-state inactivation were SNa-rH1 cells, V1/2 = -72.6 ± 7.1 mV
and k = 6.6 ± 1.7 mV (n = 8); ventricular myocytes, V1/2 = -71.2
± 3.5 mV and k = 7.2 ± 1.6 mV (n = 5). Filled symbols, SNa-rH1;
open symbols, ventricular myocytes.

voltages from -42 mV to -2 mV from selected pairs of
SNa-rH1 cells and ventricular myocytes which had similar
voltage dependence of activation. Over this voltage range,
the kinetics ofNa+ currents were nearly identical in SNa-rHi
cells and in rat ventricular myocytes (Fig. 1A). Peak Na+
currents were recorded near -20 mV, and the Na+ currents
reversed in direction near +70 mV in these cells (Fig. 1B).
For comparison of the average voltage-dependent proper-

ties of Na+ channels in several cells, conductance-voltage
relationships were determined from the current-voltage re-
lationships and averaged for multiple cells (Fig. 1C). In the
whole-cell configuration, the voltage for half-maximal
steady-state activation, V1/2, was -32.4 ± 3.7 mV (n = 4) in
SNa-rH1 cells and -36.0 ± 2.6 mV (A = 5) in ventricular
myocytes. For steady-state inactivation, V1/2 was -61.9 _
3.3 mV in SNa-rH1 cells (n = 4), compared with V1/2 of -60.5
± 6.2 mV in ventricular myocytes (n = 6) (Fig. 1C). The
slopes of the activation and inactivation curves for the two
cell types were also similar (see k values in the legend of Fig.
1C). The voltage-dependent properties of the Na+ currents in
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these two cell types were also compared in the cell-attached
configuration, because the results from the whole-cell con-
figuration might be influenced by the dialysis of the intracel-
lular compartment of the cell or by imperfect voltage clamp
of the large, rapid Na+ currents in ventricular myocytes and
SNa-rHi cells. As in the whole-cell configuration, the voltage
dependence of activation and inactivation and the reversal
potentials were the same within the error of the measure-
ments (Fig. 1D; see Fig. 3 C and D for original traces).
The nearly identical properties of the expressed and native

Na+ currents recorded in the whole-cell and cell-attached
configurations indicate that they are due to the same channel
type and are consistent with other reports of rat cardiac Na+
channel properties (1, 2, 18-20). Evidently, the a subunit of
the rHi Na+ channel is sufficient to specify its major func-
tional properties when stably expressed in mammalian cells
as here or when transiently expressed (21), as previously
shown for brain and skeletal muscle Na+ channels (16, 22).
Modulation of Na+ Currents of SNa-rH1 Cells and Ventric-

ular Myocytes by Activation of PKC. Regulation of cardiac
Na+ channels by PKC was studied in the cell-attached
configuration of the patch clamp technique to preserve the
integrity of the intracellular milieu. Addition of the PKC
activator OAG (1-oleoyl-2-acetyl-sn-glycerol) to the bath
solution produced a dose-dependent reduction of peak Na+
current in both SNa-rHi cells and primary cultured rat
cardiac myocytes (Fig. 2). At a holding potential of -114 mV,
the average reduction in SNa-rH1 cells was 33.2 + 21.0%o (n
= 9, P < 0.05) at 10 ,uM OAG and 66.0 ± 18.0% (n = 3, P <
0.05) at 100 ,uM OAG (Fig. 2A). No changes in Na+ current
kinetics were observed (see scaled traces in Fig. 2B), in
contrast to the slowed inactivation observed after OAG
treatment of rat brain and skeletal muscle Na+ currents (9,
10).
The high-Ca2+, high-Cl- solutions used in the experiments

of Fig. 2 A and B were chosen because they are the same as
those used previously to study brain and skeletal muscle Na+
channels. However, cardiac myocytes beat spontaneously in
this solution, making recordings difficult. When extracellular
Ca2+ was lowered to 1 ,uM (1 mM Ca2W and 1.15 mM EGTA)
or under nominally Ca-free conditions (10 ,uM Ca2+ and 1.15
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FIG. 2. Modulation of cardiac Na+ channels by OAG. (A) Na+
currents in a cell-attached patch on a SNa-rH1 cell in response to
depolarizations to -16 mV from a holding potential of -116 mV
before and after 5-min exposure to the indicated OAG concentrations
in the high-Ca2+, high-Cl- solutions. (B) A similar experiment with
a ventricular myocyte. (C) Na+ current in a SNa-rH1 cell in response
to depolarizations to -14 mV from a holding potential of -114 mV
before and after exposure to the indicated concentrations ofOAG in
the low-Ca2+, low-Cl- solution with 1.0 PtM free Ca2+. (D) A similar
experiment with a ventricular myocyte. Calibration: 4 ms, 10 pA.

mM EGTA), 10 gM OAG produced an initial slowing ofNa+
current inactivation and a subsequent reduction of peak
amplitude in the cardiac myocytes, as we had previously
observed in brain and skeletal muscle cells (Fig. 2D). In some
myocytes (4 out of 13 cells), this slowing persisted even after
peak current was reduced, while in others (9 out of 13) it was
transient. In contrast to the results in myocytes, when
SNa-rHi cells were studied in low-Ca2+ solutions, 10 ,uM
OAG decreased the peak amplitude of cardiac Na+ current
without altering inactivation kinetics (Fig. 2C). Thus, the
low-Ca2+, low-Cl- solutions revealed an OAG-induced slow-
ing of Na+ current inactivation in cardiac myocytes but not
in SNa-rHl cells. These solutions were used for the remain-
der of the experiments reported here.

Altered Voltage Dependence of Steady-State Inactivation
After Activation of PKC by OAG. OAG effects on voltage-
dependent properties were similar in the two cardiac prepa-
rations (Fig. 3 A and B). The voltage dependence of steady-
state activation was not altered by OAG (Fig. 3 A and B).
However, the voltage dependence of steady-state inactiva-
tion determined with 98-ms prepulses was shifted signifi-
cantly in the hyperpolarized direction by 10 juM OAG [=14
mV in SNa-rHi cells (Fig. 3A) and =8 mV in ventricular
myocytes (Fig. 3B)]. Since the voltage dependence of inac-
tivation overlaps the normal range of diastolic potentials in
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FIG. 3. Shift of the voltage dependence of steady-state inactiva-
tion and reduction ofmaximum Na+ current by treatment with OAG.
(A) Average steady-state Na+ current solution and inactivation
curves from SNa-rH1 cells in control solution (filled symbols) and
after 10 min in the presence of 10 pM OAG (open symbols). Average
curves were constructed as described for Fig. 1C. The dotted lines
are the scaled versions of inactivation curves in the presence of
OAG. The parameters for the Boltzmann relationships in control are
the same as in Fig. 1D, and in 10 ZM OAG are the following for
SNa-rH1 cells: V1/2 for activation is -47.2 ± 7.9 mV with k = -10.0
± 2.3 mV (n = 8); and V1/2 for inactivation is -86.8 ± 12.9 mV with
k = 10.9 ± 2.2 mV (n = 8). (B) A similar series of experiments in
cardiac myocytes: V1/2 for activation is -40.6 ± 5.1 mV with k =
-7.8 ± 0.8 mV (n = 7); and V1/2 for inactivation is -79.2 ± 2.4 mV
with k = 8.3 + 0.3 mV (n = 5). (C) Effects of holding potential on
OAG action. Na+ currents elicited in a SNa-rH1 cell by depolariza-
tions to -14 mV from the indicated holding potentials (HP) before
(larger current in each pair) and during (smaller current) exposure to
10 MM OAG. (D) A similar experiment in a ventricular myocyte.
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cardiac myocytes, this effect of OAG on the voltage depen-
dence of inactivation would be expected to produce a signif-
icant reduction in Na+ current at normal diastolic potentials.
To examine this point, we measured the voltage dependence
of Na+ current reduction by 10 pM OAG after changes in
holding potential (>1 min). In SNa-rHi cells (Fig. 3C), the
33% reduction in Na+ current observed in test pulses from a
holding potential of -114 mV was increased to 56 ± 27% at
a holding potential of -94 mV (n = 9, P < 0.05). In primary
cultured cardiac myocytes (Fig. 3D), the reduction was 35 ±
22% at -114 mV (n = 6) and 49 ± 24% at -94 mV (n = 6,
P < 0.05). The reduction in Na+ current test pulses from a
holding potential of -134 mV was similar to -114 mV in
SNa-rH1 cells (36 ± 20%, n = 4, data not shown), indicating
that maximal Na+ current was observed at a holding potential
of -114 mV. Thus, 10 uM OAG reduced Na+ current in
cardiac cells by =33% at a holding potential of -114 mV and
by considerably greater amounts at normal diastolic poten-
tials.

Inhibition of the Effects of OAG by a Peptide Inhibitor of
PKC. To test whether the effect ofOAG on the cardiac Na+
channel was due to activation of PKC, SNa-rH1 cells were
microinjected with an inhibitory peptide corresponding to the
pseudosubstrate site of PKC (PKCI). After injection with a
500 gM solution of this peptide, exposure to 10 ILM OAG for
10 min had no significant effects on Na+ current (Fig. 4A;
mean Na+ current reduction was 3.4 ± 4.1% at holding
potential of -114 mV, n = 4). In contrast, application of 10
,uM OAG to cells that had been microinjected at least 10 min
earlier with a peptide inhibitor of cAMP-dependent protein
kinase (PKI) gave the normal reduction in sodium current
(Fig. 4B; 34 ± 7% at -114 mV, n = 4). This indicates that,
at the concentrations used in this study, OAG effects on
cardiac Na+ channels can be attributed solely to the activa-
tion of PKC and that cAMP-dependent protein kinase was
not involved.

Single-Channel Recordings from SNa-rH1 Cells. Single Na+
channels recorded from cell-attached patches on SNa-rH1
cells at voltages from -70 to -20 mV had a conductance of
11 pS. Channels opened early during step depolarizations and
then inactivated (Fig. SA). After exposure to 10 IuM OAG
(Fig. SB), the single channel conductance was identical and
the channel opening pattern was little changed. As expected
from our whole-cell recordings, opening frequency was re-
duced, resulting in a decrease in the ensemble averaged
current without affecting current time course (Fig. 5 C and
D). In brain and skeletal muscle Na+ channels, the reduction
of Na+ current in OAG was associated with failure of
inactivation, resulting in prolonged bursts of openings during
long depolarizations in a substantial fraction of depolariza-
tions (9, 10). To detect such Na+ channel behavior in
SNa-rH1 cells, we counted sweeps containing channel open-
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FiG. 4. Effect ofOAG in SNa-rH1 cells requires PKC activation.
(A) Effect of 10 pM OAG on Na+ current in a SNa-rH1 cell that had
been microinjected with PKCI more than 10 min earlier. (B) Effect
of 10 pM OAG on Na+ current in a cell that had been microinjected
with PKI more than 10 min earlier. Currents were elicited by
depolarizations to -14 mV from a holding potential of -114 mV.
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FIG. 5. Effects of OAG on activity of single Na+ channels in
SNa-rH1 cells. (A) Recordings from a cell-attached patch containing
4 active channels during pulses to -34 mV from a holding potential
of -114mV before exposure to 10pM OAG. (B) Recordings from the
same cell after treatment with 10 /M OAG. (C) Ensemble average
of 28 traces before exposure to OAG. (D) Ensemble average of 28
traces after exposure to OAG. The trace from D has been normalized
(multiplied by 1.6) and superimposed on the data in C to demonstrate
the lack of effect of OAG on current time course.

ings after 5 and 10 ms of depolarization. In 560 sweeps, such
late openings were seen after 5 ms in 44.6% oftraces and after
10 ms in 20.01% of traces in control. In comparison, late
openings were observed after 5 ms in 34.3% and after 10 ms
in 17.1% of 560 traces in OAG. Therefore, OAG does not
increase the number of late channel openings for rH1 Na+
channels. Its effects on peak Na+ currents in SNa-rH1 cells
can be attributed solely to decreased probability of opening
in response to depolarization.
Mechanism of Modulation of Na+ Channels in Cardiac

Muscle Cells by PKC. Activation ofPKC reduces cardiac Na+
current in both cultured ventricular myocytes and SNa-rH1
cells. Reduced activity of single Na+ channels by OAG at one
voltage was observed previously in cultured neonatal cardiac
myocytes (23). The decrease in Na+ current in our experi-
ments was caused by a combination ofa hyperpolarizing shift
in the voltage dependence of steady-state inactivation and a
reduction in peak Na+ current recorded in test pulses from
the most negative holding potentials. This differs from PKC
modulation ofbrain and skeletal muscle Na+ channels, where
the voltage dependence of inactivation is unaffected. The
decrease in current observed at holding potentials similar to
normal diastolic potentials (e.g., 56% at -94 mV) could
dramatically decrease the excitability of cardiac cells.
Our experiments do not indicate which hormones or neu-

rotransmitters can modulate cardiac Na+ channel function
through PKC phosphorylation and thereby reduce myocar-
dial excitability. However, angiotensin II activates PKC in
the heart and has multiple modulatory effects on Na+ cur-
rents in cardiac myocytes (23-25). Some ofthese effects may
result from activation ofPKC. In addition, our results suggest
the presence of additional pathways for modulation of the
activity of cardiac sodium channels. We consistently ob-
served that the voltage dependence of activation and espe-
cially of steady-state inactivation was more negative in
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cell-attached patch experiments than in whole-cell voltage-
clamp experiments. This difference may reflect the effects of
intracellular regulatory pathways that are disrupted by cel-
lular dialysis in the whole-cell voltage-clamp configuration.

Consistent with previous experiments (23) which did not
detect changes in single channel conductance or kinetics with
activation of PKC in cardiac myocytes, we observed no
slowing of Na+ channel activation or inactivation kinetics
and no delayed openings of single channels in high-Ca2+,
high-Cl- solutions. However, after changing to an extracel-
lular solution containing only 1.0 A&M Ca2+, 10 ILM OAG
caused a transient or maintained slowing of Na+ current
kinetics in addition to the reduction in peak current in
cultured cardiac myocytes but not in SNa-rHi cells. Thus, as
for the brain and skeletal muscle Na+ channels, OAG can
slow inactivation of the cardiac Na+ channel under some
conditions.
The molecular mechanism of Na+ current modulation by

PKC in the cardiac Na+ channel may resemble that for the
brain type hA Na+ channel. Since similar reduction in peak
Na+ current was observed with native cardiac Na+ channels
in ventricular myocytes and with only the a subunit ex-
pressed in SNa-rH1 cells, the a subunit alone is sufficient for
this aspect of modulation by PKC. In the rat brain type HA
Na+ channel a subunit, mutation of serine-1506 in a consen-
sus sequence for PKC phosphorylation prevents both the
slowing ofinactivation and the reduction ofpeak Na+ current
associated with PKC phosphorylation (14). This site is in a
short, highly conserved intracellular loop between homolo-
gous domains III and IV that serves as the inactivation gate.
Mutation of another serine residue in the intracellular loop
between homologous domains I and II in the rIIA a subunit
blocks OAG-induced reduction of peak Na+ current, but
inactivation ofNa+ current is still slowed (26). These results
with the rIIA Na+ channel indicate that serine-1506 is re-
sponsible for slowing of inactivation and that phosphoryla-
tion at serine-1506 is also necessary for reduction of Na+
current by phosphorylation at a second site in the intracel-
lular loop between homologous domains I and II. The con-
sensus sequence surrounding serine-1506 (Ser-1505 in the
rHi channel; ref. 3) is unaltered in the rH1 Na+ channel.
Presumably this site is also involved in PKC modulation of
the cardiac Na+ channel. However, the structure of the
intracellular loop between domains I and II differs substan-
tially between the rIIA and rHi a subunits. Studies of
site-directed mutants ofphosphorylation sites in the rH1 Na+
channel will provide further insights into the molecular basis
for the modulatory effects of PKC on this channel.
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