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The rat brain IIA Na* channel «-subunit was expressed and
studied in mammalian cells. Cells were infected with a re-
combinant vaccinia virus (VV) carrying the bacteriophage T7
RNA polymerase gene and were transfected with cDNA en-
coding the IIA Na+* channel a-subunit under controt of a T7
promoter. Whole-cell patch-clamp recording showed that
functional IIA channels were expressed efficiently (~10
channels/um? in ~60% of cells) in Chinese hamster ovary
(CHO) cells and in neonatal rat ventricular myocytes but were
expressed poorly in undifferentiated BC,H1 cells and failed
to express in Ltk- cells. However, voltage-dependent Dro-
sophila Shaker H4 K+ channels and Escherichia coli 8-gal-
actosidase were expressed efficiently in all four cell types
with VV vectors. Because RNA synthesis probably occurs
without major differences in the cytoplasm of all infected
cell types under the control of the T7 promoter and T7 poly-
merase, we conclude that cell type-specific expression of
the Na* channel probably reflects differences at posttran-
slational steps. The gating properties of the IIA Na+* currents
expressed in cardiac myocytes differed from those ex-
pressed in CHO cells; most noticeably, the IIA Na* currents
displayed more rapid macroscopic inactivation when ex-
pressed in cardiac myocytes. These differences also sug-
gest cell-specific posttranslational modifications. IIA chan-
nels were blocked by ~90% by 90 nm TTX when expressed
either in CHO cells or in cardiac myocytes; the latter also
continued to display endogenous TTX-resistant Na* cur-
rents. Therefore, the TTX binding site of the channel is not
affected by cell-specific modifications and is encoded by
the primary amino acid sequence.

Expression of voltage-gated Na* channels is cell specific (Grub-
man et al., 1988; Maue et al., 1990). cDNAs encoding different
isoforms of the a-subunit of the Na* channel have been iden-
tified from mammalian tissues: four from the brain [types I,
-I1, -IIA (different from II by six amino acids), and -III; Noda
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etal., 1986a; Auld et al., 1988], two from skeletal muscle (SkM 1
and SkM2; Trimmer et al., 1989; Kallen et al., 1990), and two
from the heart (RH-I and CSCI; Rogart et al., 1989; Sills et al.,
1989). Maue et al. (1990) provide evidence that cell-specific
expression of the a-subunit of brain II Na* channel is controlled
at the transcription level by regulatory sequences upstream from
the channel promoter. It is not known whether the cell-specific
expression of Na* channels can also be controlled at transla-
tional or posttranslational steps.

One of the pharmacological characteristics of voltage-gated
Na* channels is their sensitivity to TTX. Like native neuronal
Na+* channels (Hille, 1984; Ulbricht et al., 1986; Huguenard et
al., 1988), rat brain type II (or -IIA) Na* channels when ex-
pressed in Xenopus oocytes (Noda et al., 1986b, 1989) and in
CHO cells (Scheuer et al., 1990) are sensitive to TTX with an
apparent dissociation constant, K, of ~10 nm. In contrast, na-
tive cardiac Na* channels are resistant to TTX with a K, of ~1
uM (Catterall and Coppersmith, 1981; Cohen et al., 1981). A
point mutation, replacing a glutamic acid residue by a glutamine
at position 387 in the type II amino acid sequence, renders the
channel resistant to TTX (Noda et al., 1989). The rat heart I
(RH-T) and the skeletal muscle IT (SkM2, identical to RH-I) Na*
channels have a natural glutamine at the position corresponding
to position 387 in the brain II Na+* channel (Rogart et al., 1989;
Kallen et al., 1990). When expressed in oocytes, the RH-I and
SkM2 mRNA and heart RNA encode Na* channels that are
resistant to TTX (Cribbs et al., 1990; Krafte et al., 1991; White
etal., 1991), contrary to our earlier experiments with heart RNA
(Sutton et al., 1988). These observations taken together support
the hypothesis that TTX sensitivity of Na* channels is deter-
mined by the primary amino acid sequences. However, they do
not rule out the possibility that TTX-binding sites of Na* chan-
nels may also be subject to different posttranslational modifi-
cations in neurons versus cardiac myocytes.

Voltage-gated Na+ currents in oocytes injected with high mo-
lecular weight brain RNA or IIA RNA have a much slower
inactivation time course than do (1) the currents in oocytes
injected with total rat brain RNA (Auld et al., 1988; Krafte et
al., 1988, 1990) or (2) Na* currents observed in central neurons
(Huguenard et al., 1988). This slower Na* channel inactivation
rate is corrected by coinjection of low molecular weight brain
RNA along with high molecular weight or IITA RNA into oo-
cytes. It is plausible that the low molecular weight brain RNA
encodes the 3-subunits of the «8,3, complex of brain Na* chan-
nels (Messner and Catterall, 1985) and that association of & with



one or both 8s affects the inactivation rate. Alternatively, the
low molecular weight RNA may encode an enzyme that par-
ticipates in posttranslational covalent modifications of the a-
subunit. However, when expressed in mammalian cells, the a-
subunits of brain IIA and the muscle type I (SkM1 or uI) Na*
channels have a much faster inactivation time course (Scheuer
etal., 1990, 1991; Ukomadu et al., 1991). The rat brain III Na*
channels expressed in oocytes following RNA injection have
alternating slow- and fast-gating modes when observed by sin-
gle-channel recording, corresponding to a 10-fold difference in
inactivation time constants of the macroscopic currents (Moor-
man et al., 1990). Deletion mutations (Stuhmer et al., 1989)
and sequence-directed antibodies (Vassilev et al., 1988) provide
evidence that the internal loop between membrane repeats I11
and IV of brain and skeletal muscle Na* channels is involved
in channel inactivation. All told, one can only conclude from
the several observations summarized above that the molecular
mechanisms for Na* channel inactivation are not fully under-
stood.

In this article, we provide evidence for cell-specific posttrans-
lational processing of the a-subunit of the rat brain IIA Na*
channel expressed in mammalian cells. We wish to note at this
point that for brevity we use the phrase “posttranslational pro-
cessing” in its most general sense, including not only covalent
modification such as glycosylation or phosphorylation, but also
association with other subunits that may be necessary for as-
sembly and function of the channel on the plasma membrane.
We have found that the ITA channel a-subunit is expressed at
a high density on the plasma membrane in Chinese hamster
ovary (CHO) cells and in neonatal rat ventricular myocytes
using a vaccinia virus (VV) vector system, but there is little or
no functional expression in undifferentiated mouse BC,H1 cells
or in mouse Ltk~ cells. That this effect is not due to the pecu-
liarities of the vector system is suggested by our observation
that a voltage-gated K+ channel can be expressed in all four cell
types with the same (CHO, BC,H1, and Ltk cells) or a similar
(cardiac myocytes; Karschin et al.,, 1991) vector system. We
have further found that the IIA channel was sensitive to TTX
when expressed in either CHO cells or ventricular myocytes,
although the latter have TTX-resistant, endogenous Na* chan-
nels. This result indicates that TTX sensitivity is encoded in
the primary sequence. However, kinetic properties of the IIA
Na* channel expressed in CHO cells differed somewhat from
those in ventricular myocytes.

In this work, we have employed the infection-transfection
version of the vaccinia virus-bacteriophage T7 hybrid expres-
sion system (VV/T7, Fig. 14) for expression of ion channels for
two reasons. (1) The wide host range of VV allows us to attempt
expression of the channel in various mammalian cells including
primary cells such as cardiac myocytes and thus to identify
possible cell-specific expression of the channel. (2) Transcription
of the channel cDNA is controlled by a bacteriophage T7 pro-
moter and T7 RNA polymerase in the cytoplasm of infected
cells. Therefore, cell-specific differences in expression and prop-
erties of the IIA Na* channel in different mammalian cells are
independent of cellular differences in transcriptional controls
and are expected to involve only translational or posttransla-
tional steps.

Materials and Methods

Virus and plasmids. A recombinant vaccinia virus, vIF7-3, containing
the bacteriophage T7 RNA polymerase gene, was used in the experi-
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Figure 1. Expression of IIA Na* channels in CHO cells. 4, The in-
fection~transfection version of the VV/T7 system. The recombinant VV
vTF7-3 contains the bacteriophage 77 RNA polymerase gene controlled
by a VV early promoter, P7.5. In the plasmid pTM1NallA, PT7 is a
T7 promoter; the EMCV UTR confers tight binding of the target gene
to the ribosome and increases the translational efficiency. The T7 ter-
minator downstream of the IIA ¢cDNA is not shown. B, Na* currents
recorded from a CHO cell infected with vTF7-3 and transfected with
pTMINalIA. External Na*, 10 mum; holding potential, —100 mV; de-
polarizing test potentials were —70 to +20 mV at 10 mV increments.
The interval between test pulses was 4 sec.

ments (Fuerst et al., 1986; Elroy-Stein et al., 1989). Three plasmids used
in our experiments were pTM 1 (Moss et al., 1990) carrying the a-subunit
of rat brain ITA Na* channel cDNA (Yang et al., 1991), the Drosophila
Shaker H4 K+ channel cDNA (H. S. Hsu, X.-C. Yang, A. Karschin, C.
Labarca, A. Figl, N. Davidson, and H. A. Lester, 1991, unpublished
observations) or the Escherichia coli ($-galactosidase gene (Fuerst
et al., 1986; Elroy-Stein et al., 1989), named pTM1NallA, pTM1KH4,
and pTM1LacZ, respectively. The ITA Na* channel has a leucine rather
than phenylalanine at codon 860 (Auld et al., 1990). In pTMI1NallA,
the Na* channel cDNA was placed immediately 3' to the encephalo-
myocarditis virus (EMCV) untranslated region (UTR) in pTM1 by in-
cluding the start codon of the Na* channel in an Ncol site (Yang et al.,
1991).

Cells. Cells were maintained at 37°C in 5% CO,. Mammalian cell
lines used in our experiments were CHO-K 1 [maintained in a-minimum
essential medium («MEM) plus 5% fetal bovine serum (FBS), mouse
Ltk- [MEM, 10% FBS, and TAGG (thymidine, 160 uM; adenosine, 50
um; guanosine, 50 um; glycine, 50 um], and mouse BC,H1 cells (Dul-
becco’s modified Eagle’s medium, 20% FBS).

Ventricular myocytes were prepared from newborn rat (2-3 d old)
following a procedure similar to that described by Blondel et al. (1970).
In brief, after dissection and separation from atria, the ventricles from
six to eight rats were washed twice with PBS (Delbecco phosphate buffer
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solution free of Ca2+ and Mg?+; Irvine Scientific, Santa Ana, CA) and
cut into 1 mm pieces. The tissue fragments were treated with trypsin
(1 x EDTA trypsin, Irvine Scientific) for nine successive 5 min periods
at 37°C. The first three supernatants were discarded. Each subsequent
supernatant was collected in a centrifuge tube containing an equal vol-
ume of growth medium and placed in ice water. Supernatants were
pooled together and centrifuged at 1300 rpm for 15-20 min. The cell
pellet was resuspended in 20 ml of culture medium, then plated in 60
mm culture dishes (Corning Glass Works, Corning, NY) and incubated
at 37°C for 1.5 hr, during which most fibroblasts rather than ventricular
cells attached to the dish surface. The supernatant was collected and
plated in 35 mm culture dishes (Corning). After incubation at 37°C for
16-24 hr, the cultures were washed three times with PBS containing
Ca*+ and Mg** and fed with fresh medium. The growth medium was
minimum essential medium Earle’s salts (Whittaker Bioproducts, Walk-
ersville, MD) plus 10% FBS (Irvine Scientific), 2% MEM amino acids
(Flow Laboratories, McLean, VA), 1% nonessential amino acids (Flow),
2% MEM vitamins (Sigma), 2 mM L-glutamine (GIBCO), 100 U/ml
penicillin, and 100 pg/ml streptomycin.

Infection and transfection. Sixteen to twenty-four hours before infec-
tion, cells were plated at densities (cells per 35 mm culture dish) of 2
x 10% for CHO cells, 1-5 x 105 for Ltk cells, 5 x 104 for BC,H]1 cells,
and ~ 10* for ventricular myocytes. vIF7-3 stored at —80°C was quickly
thawed at 37°C and then diluted in PBS plus 1 mm MgCl, and 0.1%
bovine serum albumin. After growth medium was removed from the
dish, cells were washed once with 1 mm MgCl, in PBS. The dish was
rocked three to five times after addition of 0.3-0.4 m] of viral inoculum
and incubated at 37°C for 30 min, during which the dish was rocked
every 10 min. At the end of incubation, viral inoculum was removed
from the dish and 1 ml of serum-free growth medium was added. We
infected cells with vTF7-3 at multiplicities of 1, 5, 10, or 30 plaque-
forming units per cell. We found that the multiplicity of 10 gave the
best expression of the IIA Na* channel, the Shaker H4 K+ channel, and
B-galactosidase with good viability of infected cells. The results reported
in this article were obtained from cells infected with vTF7-3 at a mul-
tiplicity of 10.

We followed a lipofectin-mediated DNA transfection protocol (Be-
thesda Research Laboratories Life Technologies, Inc., Gaithersburg,
MD). In brief, plasmid DNA (4 ug of pTM1NallA, pTM1KH4, or
pTMILacZ DNA per 35 mm dish) and lipofectin solutions (in water)
were prepared separately in two polystyrene tubes with final volumes
of 50 or 100 pl in each tube, depending on the amount of DNA used.
Following gentle tapping of the tubes, the lipofectin solution was added
to the DNA solution. The ratio of lipofectin to DNA was 3 to 1 by
weight in the mixture, The mixture was incubated at room temperature
for 20 min and then added dropwise into the dish containing vTF7-3—
infected cells bathed in serum-free growth medium. After incubating at
37°C for 16-24 hr following infection and transfection, the cells were
fed with serum-containing growth medium.

Staining pTM1LacZ-transfected cells. Sixteen to twenty-four hours
after cells were infected with vTF7-3 and transfected with pTM1LacZ,
the serum-free growth medium was removed. The cells were washed
once with PBS and fixed with 3.7% formaldehyde (in PBS) at room
temperature for 15 min. The fixed cells were washed once with PBS
and stained with 5-bromo-4-chloro-3-indolyl-8-p-galactoside (Xgal; 1
mg/ml in PBS containing 5 mM ferrocyanide and 5 mm ferricyanide,
pH 7.3; Sanes et al., 1986). Following 2—4 hr incubation at 37°C, the
stained cells were observed under an inverted microscope.

Electrophysiology. The whole-cell configuration of the patch-clamp
technique was standard (Hamill et al., 1981). Electrodes were pulled
from thick-wall, filamented capillary glass tubing (boroscilicate glass;
Sutter Instrument, Novato, CA) using a Flaming-Brown puller (model
P-80/PC, Sutter Instrument) and had resistances ~4 MQ when filled
with 150 mm salt solution. Fire polish was not necessary for these patch
electrodes. The patch-clamp amplifier was an Axopatch 1D (Axon In-
struments, Foster City, CA) with an integrated headstage, IHS-1, or a
CV/4 headstage. Whole-cell currents were recorded with a bandwidth
from DC to 2 KHz (four pole Bessel filter). The pcLAMP programs (Axon
Instruments) were used for on-line data acquisition and off-line analysis
on MS-DOS computers equipped with Labmaster interfaces (Scientific
Solutions, Inc., Solon, OH). Normal bath solution contained (in mm)
NaCl, 145; KCl, §; CaCl,, 1.8; MgCl,, 1.0; HEPES-NaOH, 5; pH 7.4.
Low-Na* bath solutions contained 10, 20, or 50 mm NaCl and 135,
1235, or 95 mm tetraethylammonium chloride, respectively, plus (in mm)
KCl, 5; CaCl,, 1.8; MgCl,, 1.0; HEPES, 5; pH 7.4, adjusted with tetraeth-

ylammonium hydroxide. For recording Na* currents, pipette filling so-
lutions contained 10 mmM NaCl and 120 mm CsF for 145, 50, or 20 mm
external Na* and 5 mm NaCl and 125 mwm CsF for 10 mm Na* plus 1.0
mm MgCl,, 5 mm EGTA, 5 mm HEPES, pH 7.2, adjusted with CsOH.
For recording K+ currents, the pipette filling solution contained 135 mm
KCl, 10 mm NaCl, 5 mm EGTA, 5 mm HEPES, pH 7.2, adjusted with
KOH. Bath solutions (145 or 10 mMm Na*) with or without tetrodotoxin
were perfused onto the cell through polyethylene tubing with an inner
diameter of 0.28 mm, which is 5-30 times larger than the size of cells
used in our experiments. Temperature was 21-23°C.

Na~+ currents recorded in low external Na* could be converted to a
value expected for 145 mm Na* with the relation i = v(V — V,,) where
i and v are the single-channel current and conductance, respectively,
and V), is the Na* Nernst potential, based on the single-channel data
from Yamamoto et al. (1984). For example, at —10 mV, the peak of
the macroscopic current—voltage (I/ V) relation, ¥ would be ~sevenfold
higher (~ 13 pS; Yamamotoetal., 1984)and V' — V, would be ~twofold
higher in 145 mm Na* than in 10 mm Na*.

As previously reported by several investigators (Fenwick et al., 1982;
Marty and Neher, 1983; Fernandez et al., 1984), we observed that
kinetics of whole-cell Na* currents (steady-state activation and inacti-
vation, and inactivation time constants as functions of voltage) in CHO
cells and ventricular myocytes had a time-dependent negative shift of
up to 10 mV along the voltage axis. This shift approached a steady-
state value ~2 min after the whole-cell mode was established. The “¢
= 0" and “¢ > 0” data under Results refer to data obtained just after
the whole-cell mode was established or when the negative shift reached
steady-state values, respectively. Correction for ¢ > 0 data relative to ¢
= ( data was made, when needed, by shifting ¢ > 0 curves along the
voltage axis with values as specified in Results.

We used a nonlinear least-square curve-fitting routine (SIGMAPLOT
4.0, Jandel Scientific, Corte Madera, CA) to fit Na* current kinetics to
the following equations: G/G,., = 1/{1 + exp[—(V — V,,)/k]}* for
activation, I/1,, = 1/{1 + exp[(V — V.,)/k]} for inactivation, and 7 =
7, + exp[—(V — V,)/V,] (in msec) for the inactivation time constant; V'
is voltage, k is a slope factor, V,,, is half-maximal voltage, 7, is an
asymptotic inactivation time constant, V, is the e-fold voltage, and V,
is a voltage defined by exp(V,/V,) (in msec) = #(V =0) — 7,. G/G,., =
(e LY (V — Vy,) was determined from the peak current—voltage (I/
V) curve, where I, is the peak Na* current at a given voltage, I, is the
maximal peak current, Vis the test potential, and V,,, is the Na* Nernst
potential. Steady-state inactivation was obtained with 28 msec prepulses
to a 12 msec test pulse at —10 mV. Holding potential was —100 mV,
The interval between successive episodes was 4 sec. Inactivation time
constants were obtained by fitting the decay phase of Na* currents to a
single exponential.

Results

Expression of IIA Na+ channels in mammalian cell lines

We have used a VV vector system to study expression of the
a-subunit of the ITA Na* channel in several mammalian cell
types. It should be noted that we have used the M860 variant
of the rat IIA cDNA clone (Auld et al., 1990). This construct
encodes the neutral leucine at amino acid position 860 and,
when expressed in oocytes, shows a current—voltage (I/V) curve
identical to that of Na* channels encoded by rat brain mRNA.
As summarized in Table 1, 16-72 hr after infection with vTF7-3
and lipofection with pTM1NallA (see Materials and Methods),
~60% of CHO (CHO-K1) cells expressed a high level of Na*
currents (Fig. 1B), undifferentiated mouse BC,H1 cells (main-
tained in 20% serum) expressed Na* currents poorly, and mouse
Ltk- cells did not show any detectable Na* currents. However,
the expression of E. coli 8-galactosidase, assayed by Xgal stain-
ing, was comparable (40-90%) in these three types of cells fol-
lowing infection with vTF7-3 and pTM1LacZ, which carries the
B-galactosidase gene (see Materials and Methods). CHO cells
had small, endogenous Na* currents, which peaked at +10 mV
(Fig. 24; see Table 1 for peak current amplitudes) and were



sensitive to TTX. Because so little is known about the molecular
biology, physiology, and pharmacology of hamster Na* chan-
nels, we have not characterized the endogenous CHO Na* chan-
nels more completely. Endogenous Na* currents that peak at
+5 to +10 mV have also been detected in CHO cells by T.
Scheuer and W. A. Catterall (personal communication) and by
R. B. Rogart (personal communication). Endogenous Na* cur-
rents were detected neither from undifferentiated BC;H1 cells
nor from Ltk- cells (Table 1), although BC,H1 cells have en-
dogenous delayed rectifier-like K+ channels. CHO cells still ex-
pressed Na* channels 1 week after infection/transfection, but
the fraction of expressing cells in the cultures decreased, pre-
sumably because uninfected cells proliferated while infected cells
died.

To test whether the BC;HI and Ltk- cells would express any
other ion channels with the infection—transfection strategy, we
employed the Shaker H4 K+ channel in experiments designed
to match as closely as possible the Na+ channel expression con-
ditions. The plasmid used was pTM1KH4 (Hsu et al., unpub-
lished observations). Endogenous A-type K+ currents were not
detected in any of the three cell types. We observed robust
transient K+ currents (200-3000 pA at +50 mV; 4 ug of
pTM1KH4 per 35 mm dish) in 11 of 13 BC,H1 cells and 7 out
of 8 Ltk- cells following infection with vTF7-3 and pTM1KH4.
The A Na* channels and the Shaker H4 K+ channels can be
expressed simultaneously in CHO cells after infection with
vTF7-3 and cotransfection with both pTMI1NallA and
pTMI1KH4 (Hsu et al., unpublished observations). In a similar
experiment, after Ltk- cells were infected with vTF7-3 and co-
transfected with both pTM1NalIA and pTM1KH4 (3.2 ug of
pTMI1NallA and 0.8 ug of pTM1KH4 per 35 mm dish), we
observed only transient K* currents (200-3000 pA at +50 mV)
in 4 of 11 cells, but not Na* currents. The lower percentage of
Ltk~ cells expressing K* channels in this experiment than in
experiments with pTM1KH4 alone probably arises from the
fivefold lower amount of pTM1KH4 used rather than from
suppression of K+ channel synthesis by the Na* channel plasmid.
Thus, the failure of expression is a characteristic of this Na*
channel, and not of ion channels in general.

In CHO cells, the expressed IIA Na* channels could be readily
distinguished from the endogenous Na* channels by several
criteria. First, the peak current-voltage (I/V) curve of IIA Na+
currents reached a maximum at ~—10 mV, which was ~20
mV more negative than that of the endogenous currents (Fig.
2A). Also, the IIA Na* current had a steeper voltage dependence
of activation than the endogenous current (Fig. 24 and captions
to Figs. 2, 6). Second, the ITA Na* currents were 10-100-fold
larger than the endogenous Na* currents when recorded in 145
mM external Na+ (Table 1). In 145 mm Na*, the ITA Na* currents
were typically larger than 5 nA, too large for proper voltage-
clamp fidelity. To solve this problem, we recorded Na* currents
in reduced external Na*. In external Na* concentrations of 20
mM or lower, there were no detectable endogenous Na* currents.
In 10 mm external Na*, the IIA Na* currents were still as large
as ~1 nA with a mean of 586 = 204 pA (or a current density
of 47 + 17 pA/pF for a cell capacitance of 12.5 + 0.21 pF;
mean + SEM, four cells) and had the same activation and
inactivation kinetics as in 145 mm external Na+* (Fig. 2B).

The ITIA Na* currents expressed in CHO cells were reduced
to undetectable levels by 200 nm TTX (three cells). In the pres-
ence of 90 nM TTX, Na* currents were reduced to ~ 10% of the
control level, indicating an apparent dissociation constant, K,
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Figure 2. Kinetic properties of the ITA Na* channel expressed in CHO
cells. 4, Normalized peak I/V curves (t = 0 data, mean + SEM; see
Materials and Methods for definitions of ¢ = 0 and ¢ > 0 data) for the
IIA Na* currents in CHO cells infected with vTF7-3 and transfected
with pTMINallA (solid circles; four cells) or with pTM1LacZ (open
circles; 4 cells), recorded in 145 mm Na*. Continuous lines are smooth
curves through the data points with no theoretical significance. B, [IA
Na* channel kinetics at two external Na* concentrations: activation (G/
G oax; £ = 0 data, mean = SEM; four cells each for 10 mm and 145 mm
Na* solutions) and inactivation (I/1 ,,; ¢t > 0 data, mean + SEM, four
cells for 10 mm Na* and two cells for 145 mM Na*). A time-dependent
shift of —9 mV for inactivation curve obtained at ¢ > 0 is corrected
here relative to the ¢t = 0 data (see Materials and Methods). The solid
lines are the best fits of the pooled data (obtained in both 10 mm and
145 mm Na+ solutions) to appropriate equations (see Materials and
Methods) with k= 6.0 £ 0.3 mV and V,,, = —29.2 = 0.5 mV (eight
cells) for activationand k=6.2 + 0.2 mVand V,,,= —39.4 + 0.3 mV
(six cells) for inactivation.
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Figure3. TTX sensitivity of Na* cur-
rents in ventricular myocytes infected
with vTF7-3 and transfected with
pTMI1NallA. 4, A ventricular myocyte
that expressed TTX-resistant, endoge-
nous Na* currents (10% block by 90 nm
TTX). B, A ventricular myocyte that
expressed TTX-sensitive Na* currents
(80% block by 90 nm TTX). 1, Control
solution (10 mm Na*); 2, control solu-
tion plus 90 nM TTX; 3, wash with the
control solution. Holding potential,
—100 mV; test potential, —20 mV. C,
The ratio of peak Na* currents recorded
with and without 90 nm TTX as a func-
tion of test potential from a holding
potential of — 100 mV. The interval be-
tween test pulses was 4 sec. The half-
block concentration, K, (mean + SEM,
averaged across the voltage range), for
TTX block is indicated on the right.
Different symbols are from different in-
dividual cells, except that the solid tri-
angles represent an average of data from
six myocytes (four cells transfected with
pTMINallA and two cells transfected
with pTM1LacZ).
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Table 1. Expression of the IIA Na* channel in cell lines
Number Peak I, (pA)
of exper- Mean +
Cells Samples iments #/N Range SEM
CHO pTMINallA + vTF7-3 7 38/67 (57%) 300—>10,000 ~5000
pTMI1LacZ + vTF7-3 1 0/12 (0%) 30-350 133 + 31
pTMINallA 1 0/13 (0%) 0-213 33 £ 15
Control 2 0/28 (0%) 0-85 30+5
BC,HI  pTMINallA + vTF7-3 3 2/19 (11%) <100 -
Control 2 0/12 (0%) 0 0
Ltk- pTMINallA + vTF7-3 3 0/54 (0%) 0 0
Control 2 0/14 (0%) 0 0

n/N, n cells expressing the IIA Na* channels out of N cells recorded 16~72 hr after infection and/or transfection; Peak
I, (pA), the maximal peak Na* currents (at —10 to —20 mV) recorded in 145 mm external Na*, except that in CHO
cells infected with vITF7-3 and transfected with pTM1NallA, peak I, values were measured in 10, 20, 50, or 145 mm
external Na*, and the values obtained in low Na* were converted to values expected for 145 mm Na* (see Materials and
Methods).
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Figure 4. Voltage dependence of activation (G/G,,,,) for Na* currents
in ventricular myocytes. Data (mean + SEM) were obtained in the
presence (solid symbols) or absence (open symbols) of 90 nm TTX. For
TTX-sensitive Na* currents in myocytes transfected with pTM1NallA
and infected with vTF7-3, ¢ > 0 data include open triangles for TTX
= 0 (four cells), solid circles for TTX = 90 nm (three cells), and open
inverted triangles for wash (two cells). The time-dependent shift of ~9
mV for ¢ > 0 data is corrected relative to the ¢ = 0 data (open circles;
five cells in TTX = 0). For the TTX-resistant currents in myocytes
transfected with pTM1NalIA and infected with vTF7-3, ¢ > 0 data
include open diamonds for TTX = 0 and solid triangles for TTX = 90
nwM (three cells, five to seven observations), The time-dependent shift
of —5 mV is corrected relative to the ¢ = 0 data (not shown). The open
squares are t = (0 data obtained from mock-transfected myocytes (10
cells). The solid lines are the best fits to data with k = 7.5 = 0.3 mV
and V,, = —43.6 = 0.4 mV for TTX-sensitive currents in the absence
of TTX, and with k = 6.5 = 0.3 mV and V,,, = —49.7 + 0.5 mV for
endogenous currents in mock-transfected myocytes. The dashed line is
the activation curve of IIA Na* currents in CHO cells as shown in Figure
2B.
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of ~10 nM for TTX, which is in close agreement with the K,
values reported previously (Scheuer et al., 1990).

Expression of the IIA Na+ channel in ventricular myocytes

To test whether the brain Na* channel would become resistant
to TTX in heart cells by cell-specific posttranslational modifi-
cations, primary cultures of neonatal rat ventricular myocytes
were infected with vTF7-3 and transfected with pTM1NallA.
TTX at a concentration of 90 nm blocked ~10% of Na* currents
in 25% (4 out of 16) of myocytes, but blocked 40-85% of Na~*
currents in another 63% (10 out of 16) of myocytes (Fig. 3). The
action of TTX was nearly independent of test voltage (Fig. 3C).
In myocytes infected with vTF7-3 and transfected with
pTMI1LacZ (“mock-transfected”), we observed only TTX-re-
sistant Na+ currents, which were blocked by ~10% with 90 nm
TTX, corresponding to a K, of ~800 nm (Fig. 3C), similar to
K, values previously reported for cardiac Na* currents (Catterall
and Coppersmith, 1981; Cohen et al., 1981; Krafte et al., 1991).
The straightforward interpretation of these data is that the my-
ocytes with increased TTX sensitivity expressed both TTX-
sensitive and TTX-resistant Na* channels, corresponding to (1)
brain IIA channels that retained their TTX sensitivity and (2)
endogenous, TTX-insensitive, cardiac Na* channels. That 25%
of infected cells failed to express TTX-sensitive channels is con-
sistent with our previous experience with VV expression of ion
channels (Leonard et al., 1989; Karschin et al., 1991, see also
Table 1) and is due to cells with a relatively low level of ex-
pression of the exogenous channels.

In the myocytes expressing TTX-sensitive Na* currents, the
voltage dependence of Na* current activation was intermediate
between those of the IIA current expressed in CHO cells and of
the endogenous Na* currents in mock-transfected myocytes (Fig.
4). In the presence of 90 nM TTX, the activation of the remaining

Figure 5. Inactivation time constants
(t > 0 data, mean + SEM) of Na* cur-
rents from the pTM1NallA-transfected

CHO cells (CHO, open triangles; four
cells and 13 observations), the
pTMI1NallA-transfected ventricular
myocytes that express TTX-sensitive
Na+ currents (TTX-S, inverted open tri-
angles; six cells and 14 observations),
and the pTMILacZ-transfected my-
ocytes (Mock, solid circles; nine cells
and 14 observations). The inset shows
the waveforms at a test potential of —20
mV. Holding potential, —100 mV; ex-
ternal Na*, 10 mm. The ¢ > 0 data shown

Tau (ms)

e

here were not corrected relative to the
t = 0 data (not shown), which have sim-
ilar characteristics. The ¢ > 0 data had
time-dependent shifts of —7 mV (CHO),
—5 mV (Mock), and —10 mV (TTX-
S), respectively, relative to the ¢t = 0
data. Solid lines are the best fits of data
to an exponential function (see Mate-
rials and Methods) with parameters 7,
=0.42 + 0.02 msec, V,= —24.4 £ 0.4
mV,and V,=9.0 + 0.4 mV for CHO;

Voltage (mV)

0 20

7,=0.35 £ 0.06 msec, V,= —30.7 +
1.2mV,and V, = 13.2 = 0.7 mV for
Mock; and 7, = 0.36 = 0.05 msec, V,
=—427 08 mV,and V,=7.6 +
0.8 mV for TTX-S.
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Figure 6. Effects of mock transfection on endogenous Na* channel
kinetics in CHO cells and in ventricular myocytes (Heart). Open and
solid symbols are for control cells and mock-transfected cells, respec-
tively. A, Activation (G/G ., mean + SEM). Solid lines are the best
fits to the data with the following parameters for CHO cells: k= 9.7 +
0.8 mV and V,, = —14.7 £ 1.2 mV (control, six cells); k = 8.6 + 0.9
mVand V,,,= —13.6 + 1.5 mV (mock-transfected, four cells); and with
the following parameters for ventricular myocytes: kK = 5.5 + 0.2 mV
and V,,, = —49.5 + 0.3 mV (control, two cells); k = 6.5 + 0.3 mV and
V., = —49.7 = 0.5 mV (mock-transfected, 10 cells). B, Inactivation
time constants (mean + SEM). All data were obtained at ¢ = 0; external
Na+, 145 mum for CHO cells and 10 mu for ventricular myocytes (Heart).

Na* currents shifted to the left along the voltage axis and over-
lapped the plot for the endogenous, cardiac Na* currents. This
negative shift was reversed when TTX was removed from the
recording chamber. No such shift in activation was observed
for myocytes expressing only TTX-resistant Na* currents. This
result is as expected if 90 nm TTX blocked 90% of the brain
Na+ channels and left 90% of endogenous, TTX-resistant car-

diac channels unaffected in the myocytes transfected with the
ITA Na* channels.

Despite the qualitatively consistent picture presented by these
data, further analysis shows that the infected-transfected my-
ocytes are not simply gaining a proportion of Na* channels with
the same characteristics as those expressed in CHO cells. For
instance, let the activation curves in Figure 4 be named as
Apear V), Ax(V), and Acyo(V) for the currents in mock-trans-
fected ventricular myocytes, infected—transfected cardiac cells,
and infected-transfected CHO cells, respectively. We were un-
able to find a voltage-independent parameter f, corresponding
to the fraction of new IIA Na* channels in infected-transfected
myocytes, that satisfied the relation 4,(V) = fAq,o(V) + (1 —
NAwean( V). The activation relation for the infected—transfected
myocytes is steeper than would be predicted by such a relation.

We also devoted considerable analysis to the question of
whether the actual Na* current waveforms in the infected—-trans-
fected myocytes could be described as a similar weighted average
of the waveforms for the mock-transfected cardiac cells and
those of the infected-transfected CHO cells. The waveforms that
are TTX-sensitive in the infected-transfected cardiac cells in-
activated faster than would be expected from such a relation.
These anomalies are clearest in infected—transfected cardiac cells,
as shown by the data represented by inverted triangles in Figure
5, in which nearly all of the current is TTX sensitive and there-
fore presumably contributed by newly expressed IIA channels.

The TTX-sensitive Na* currents in myocytes transfected with
the a-subunit of the brain IIA Na* channel (pTM1NallA plus
vTF7-3) inactivated faster than the IIA Na* currents expressed
in CHO cells (Fig. 5). The inactivation time course of the cardiac
Na* currents in mock-transfected myocytes was intermediate
between those of the IIA Na* currents in CHO cells and of the
TTX-sensitive Na* currents. The most straightforward inter-
pretation of these data is that the IIA Na* channel expresses
with different voltage-dependent gating properties in CHO and
cardiac cells.

Effects of infection-transfection on endogenous Na* currents
in CHO and cardiac cells

To test whether viral proteins produced by vITF7-3 in infected
cells would affect the Na+ channel gating kinetics, endogenous
Na+* currents recorded in CHO cells and ventricular myocytes
under control conditions (without infection and transfection)
were compared with the Na* currents in mock-transfected cells.
As shown in Figure 6, mock transfection did not alter the en-
dogenous Na+ channel kinetics in either CHO cells or ventricular
myocytes. In mock-transfected CHO cells, however, endoge-
nous Na* currents increased by approximately fourfold (Table
1). Like control ventricular myocytes, myocytes after infection—
transfection also displayed 100-500 pA L-type Ca?* currents in
1.8 mMm external Ca2* and were able to contract spontaneously.

Discussion

In this study, we have used a VV system for the functional
expression of a Na* channel cDNA in mammalian cells, in-
cluding primary cells. The system is efficient in two senses. (1)
Expression occurs in a high proportion (~60%) of cells in a
culture. (2) Channel density is rather high. The average current
of 600 pA per CHO cell in 10 mMm Na* would correspond, in
145 mmM Na*, to ~9 nA (see Materials and Methods). This level
is 60-fold higher than achieved with stably transfected cells by
Scheuer et al. (1990) and, for an average cell capacitance of 12.5



pF and a specific capacitance of 1 uF/cm?, corresponds to ~7
channels per um2. Because not all channels open simultaneously,
a better estimate might be ~10 channels per um?. This density
is similar to Na* channel densities observed in central neurons
(3-5 channels/um?, Huguenard et al., 1988; 5-10 channels/um?2,
Sah et al., 1988). Recent observations report similar high den-
sities in other mammalian expression systems (Scheuer et al.,
1991; Ukomadu et al., 1991). We have used this method to
examine three questions of present interest.

Control of IIA Na+* channel expression at posttransiational
levels

First, the data show that the level of expression of IIA Na*
channel on the plasma membrane is cell type dependent (Table
1). The IIA Na* channel expressed efficiently in CHO cells and
ventricular myocytes, poorly in undifferentiated BC;H1 cells,
and not at all in Ltk- cells. In the VV/T7 expression system,
vTF7-3 produces T7 RNA polymerase in the cytoplasm of in-
fected cells (Fuerst et al., 1986). In the pTM1NallA plasmid,
the IIA Na* channel cDNA contains no 5’ untranslated region
from the genomic sequence and is transcribed under the control
of a T7 promoter (see Materials and Methods). Thus, although
it would be of interest to have direct measurements on Na*
channel RNA in the cells studied, cell-specific expression dif-
ferences of the IIA Na* channel are not likely to be controlled
at the RNA synthesis level. Because CHO cells, BC;H1 cells,
and Ltk- cells all expressed the Shaker H4 K+ channels (for the
K* channel expression in CHO cells, see Hsu et al., unpublished
observations) and B-galactosidase at comparable levels with
the VV/T7 expression vectors (vIF7-3 and PTM1KH4 or
pTM1LacZ), the cell-specific expression of the ITA channel most
probably resulted from differences in posttranslational process-
ing that are peculiar to this channel. Such processing may not
occur with other channels such as the Shaker K+ channel and
the skeletal muscle dihydropyridine-sensitive Ca’+ channel,
which is roughly as large as the Na* channel but nonetheless
expresses in Ltk~ cells (Perez-Reyes et al., 1989). During bio-
synthesis in rat neurons, the a-subunits of Na* channels are
glycosylated at several steps, resulting in a 25% increase of their
molecular weight (Schmidt and Catterall, 1986). Interference
with glycosylation affects the expression of functional Na* chan-
nels in neuroblastoma cells (Giovanni et al., 1981; Waechter et
al., 1983; Negishi and Glick, 1986). Also, the Electrophorus
electroplaque Na* channel fails to express in Xenopus oocytes,
perhaps because the channel does not acquire necessary glyco-
sylation and hydrophobic moieties necessary for its mature func-
tional form (Thornhill and Levinson, 1987). Our results suggest
that posttranslational processing (broadly defined, to include
possible association with accessory proteins as well as covalent
modifications) may be an additional mechanism influencing cell-
specific expression of Na+ channels in mammalian cells. Since
CHO and ventricular cells, but not Ltk- and undifferentiated
BC,H1 cells, express endogenous Na* channels, the existing
mechanisms for endogenous Na* channel maturation may be
used for the functional expression of heterologous IIA Na* chan-
nels. The posttranslational control of Na* channel expression
implies that Na+ channel gene expression must be coordinated
with expression of genes encoding modifying enzymes, subunits,
or other proteins necessary for Na* channel maturation. The
next step in our studies will be to examine details of possible
posttranslational modifications to the Na+ channel protein dur-
ing biosynthesis in the various mammalian cells studied here.
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These and similar questions are best approached using antibody
probes.

TTX-binding site of brain Na* channels

Second, the brain ITA Na* channel retains its TTX sensitivity
when expressed in CHO cells that have TTX-sensitive endog-
enous Na+* currents, as well as in ventricular myocytes that have
TTX-resistant endogenous Na* channels. These results indicate
that the TTX-binding site of the IIA Na* channel is not subject
to cell-specific posttranslational modifications in mammalian
cells. A mutation replacing a glutamate residue by a glutamine
at position 387 of the amino acid sequence in the rat brain II
Na~* channel expressed in Xernopus oocytes renders the channel
resistant to TTX (Noda et al., 1989). This observation, results
on oocyte expression of cardiac Na* channels (Cribbs et al.,
1990; White et al., 1991), and the present independent and
complementary result indicate that the TTX-binding site of the
brain II (or I1A) Na+ channel is conferred by its primary amino
acid sequence.

Inactivation time course of the 114 Na+* channel

Third, our analysis showed that the IIA Na* channel has dif-
ferent gating properties when expressed in ventricular myocytes
and in CHO cells. Neither the activation curve nor the waveform
of TTX-sensitive Na* currents in myocytes transfected with the
ITA channel could be described as a weighted average of the
activation curves of the IIA channel in the CHO cells and of
the endogenous, cardiac Na* channels (Figs. 4, 5). Because mock
transfection did not alter the kinetics of endogenous Na* chan-
nels in either CHO cells or ventricular myocytes (Fig. 6), the
viral infection and lipofection are unlikely to affect the kinetics
of the ITA Na* channels heterologously expressed in these cells.
Furthermore, in Xenopus oocytes injected with vIF7-3 and
plasmids carrying the I[IA Na* channel cDNA, the kinetics of
expressed IIA Na+* currents are the same as in oocytes injected
with the IIA RNA (Yang et al., 1991). Thus, the different in-
activation time course in CHO cells and in ventricular myocytes
suggests cell-specific posttranslational processing of the a-sub-
unit of IIA Na* channel.

For technical reasons, the time course of macroscopic inac-
tivation provides the most obvious indication of differences in
gating properties of Na+ channels expressed under various con-
ditions. Thus, earlier studies from this laboratory, using Xen-
opus oocytes, led to the conclusion that low molecular weight
RNA encodes proteins that accelerate macroscopic inactivation
(Auld et al., 1988; Krafte et al., 1988, 1990). Although the Na*
channel a-subunit encodes “rapid inactivating” Na* currents in
the two mammalian cells thus far examined— ventricular my-
ocytes and CHO cells (see also Scheuer et al., 1990)—inacti-
vation is more rapid in ventricular myocytes. It will be of interest
to examine these kinetic properties with single-channel mea-
surements.

The specific nature of the posttranslational processing differ-
ences in the cell types studied here is not known. Na* channels
can be modified by phosphorylation and other second messenger
mechanisms as exemplified by the observations that activation
of protein kinase C or G-proteins reduces the ITA Na* currents
expressed in Xenopus oocytes (Dascal and Lotan, 1991) or en-
dogenous Na* channels in cardiac myocytes (Schubert et al.,
1989) without changing inactivation time course. A different
and very likely possibility for cell-specific processing is associ-
ation of the a-subunit with other cellular peptides, related to
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the B-subunits expressed in brain. Brain Na* channels consist
of two B-subunits (36 kDa 8, and 33 kDa 3,) in addition to the
a-subunit (260 kDa; Messner and Catterall, 1985); skeletal
muscle Na+ channels consist of one 8-subunit of 38 kDa (Kraner
et al., 1985; Casadei et al., 1986; Roberts and Barchi, 1987),
although only an a-subunit (230-270 kDa) of cardiac Na* chan-
nel is purified from chick heart (Lombet and Lazdunski, 1984).
Injection of low molecular weight RNA accelerates the inacti-
vation time course of Na* currents in oocytes injected with high
molecular weight brain RNA or cloned IIA transcripts (Auld et
al., 1988; Krafte et al., 1988, 1990), suggesting that either -
subunits or other modifying proteins are involved in the brain
Na* channel inactivation process, possibly by interacting with
the intracellular loop between the third and fourth membrane
repeats of the Na* channel o-subunit. This loop is one molecular
structure involved in Na* channel inactivation, as indicated by
effects of deletions in the rat brain IT Na* channel (Stuhmer et
al., 1989) and of sequence-directed antibodies in skeletal muscle
Na* channels (Vassilev et al., 1988).
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