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a b s t r a c t

Human embryonic kidney (HEK293) cells are widely used for the heterologous expression of voltage- and
ligand-gated ion channels. Patch clamp analysis of HEK293 cells in the whole-cell configuration identi-
fied voltage-gated, rapidly inactivating inward currents. Peak current amplitudes ranged from less than
100 pA to more than 800 pA, with the majority (84 of 130 cells) in the 100–400 pA range. Transient inward
currents were separated into three components on the basis of sensitivity to cadmium and tetrodotoxin
(TTX). Application of cadmium (300 �M) reduced current amplitude to 65% of control, consistent with
the existence of current carried by a cadmium-sensitive nonspecific cation channel previously identi-
fied in HEK293 cells. Application of TTX (500 nM) reduced current amplitude by 47%, consistent with
the existence of current carried by a TTX-sensitive voltage-gated sodium channel. Joint application of
cadmium and TTX was additive, reducing current amplitude to 28% of control. The residual cadmium-
and TTX-resistant currents represent a third pharmacologically distinct component of the rapidly inacti-
vating inward current that was not characterized further. The pyrethroid insecticide tefluthrin (10 �M)

prolonged the inactivation of transient currents and induced slowly decaying tail currents, effects that
are characteristic of sodium channel modification by pyrethroids. The use of sodium channel isoform-
specific primers in polymerase chain reaction amplifications on HEK293 cell first-strand cDNA detected
the consistent expression of the human Nav1.7 sodium channel isoform in cells that expressed the TTX-
sensitive component of current. These results provide evidence for an endogenous TTX-sensitive sodium
current in HEK293 cells that is associated primarily with the expression of the Nav1.7 sodium channel

isoform.

EK293 cells, derived from human embryonic kidney cells by trans-
ormation with sheared adenovirus type 5 DNA [5], are employed
xtensively as a platform for the transient or stable heterolo-
ous expression of neuroreceptor and ion channel proteins [11].
espite their origin HEK293 cells exhibit some characteristics
f neurons, expressing more than 60 neuronal genes including
eurofilament proteins and neuroreceptor and ion channel sub-
nits [9,11]. Moreover, electrophysiological studies confirm the
unctional expression of endogenous voltage-gated calcium and
otassium channels in HEK293 cells [2,6].

There has been no characterization of endogenous voltage-
ated sodium channels in HEK293 cells, although there are

necdotal reports of small, endogenous tetrodotoxin (TTX)-
ensitive currents [12] and these cells are known to express the
odium channel �1A auxiliary subunit [7]. A recent study [8] iden-
ified a rapidly inactivating endogenous cation current in HEK293
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cells that superficially resembles currents carried by voltage-gated
sodium channels. However, this current is distinguished from
sodium currents by its sensitivity to block by cadmium, insen-
sitivity to block by TTX, and lack of selectivity for sodium ions.
This nonspecific cation current is associated with the expression
of channels formed by polycystin-2.

Here we provide evidence for an endogenous, rapidly inactivat-
ing inward current in HEK293 cells that includes two components
distinguished by their sensitivity to cadmium and TTX as well as a
third, minor component that is insensitive to block by either cad-
mium or TTX. The presence of the TTX-sensitive component of the
current was correlated primarily with the expression of the human
Nav1.7 sodium channel isoform. These data provide evidence for
the expression of endogenous voltage-gated sodium channels in
HEK293 cells.
HEK293 cells (CRL-1573, lot number 7681666) were obtained
from the American Type Culture Collection (ATCC, Manassas, VA)
and cultured at 37 ◦C in DMEM (ATCC) supplemented with 10% FBS
(ATCC) in a humidified atmosphere of 5% CO2/95% air. Upon receipt
cells were passaged twice and then frozen under liquid N2 for future

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:dms6@cornell.edu
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se; these stocks were considered to be at “laboratory passage one”.
ells for experimental use were derived from frozen stocks and
aintained in continuous culture for up to 30 passages. Cells were

rypsinized and plated in 35 mm polystyrene dishes one to two days
efore electrophysiological experiments.

Whole-cell patch clamp recordings were conducted at room
emperature (21–25 ◦C) using an Axopatch 200B amplifier (Molec-
lar Devices, Foster City, CA). Cells were perfused at ∼350 �l/min
ith extracellular solution that contained (mM) NaCl (140), KCl

5), CaCl2 (2), MgCl2 (1), and HEPES (10) and was adjusted to pH
.40 using NaOH. The intracellular solution contained (in mM)
aCl (35), CsF (105), MgCl2 (2), EGTA (10), and HEPES (10) and
as adjusted to pH 7.20 using CsOH. The final osmolarity of both

olutions was 295–305 mOsm. Fire-polished patch electrodes were
abricated from borosilicate glass capillaries using a P-87 puller
Sutter Instruments, Novato, CA) to give a resistance of 1–2 M�
hen filled with intracellular solution. Output signals were fil-

ered at 2 kHz and sampled at 50 kHz (DigiData 1322A; Molecular
evices). Voltage errors were minimized using 70–80% series resis-

ance compensation. Leak currents were corrected using the P/4
ethod [3]. Membrane potentials were not corrected for junc-

ion potential (∼2.3 mV at 23.5 ◦C). Stock solutions of TTX, CdCl2,
nd tefluthrin (all from Sigma Chemical Co., St. Louis, MO) were
iluted to final concentrations in extracellular solution and applied

hrough the perfusion system. Data were acquired and analyzed
sing pClamp 10.2 (Molecular Devices) and Origin 7.0 (Origin-
ab Corp., Northampton, MA) software. The Boltzmann equation
y = (A1 − A2)/(1 + e(x−x0)/dx) + A2] was used to fit conductance-
oltage and sodium current inactivation data.

ig. 1. Properties of transient inward currents in HEK293 cells. (A) Representative current
rom −85 mV to 65 mV in 5-mV increments. (B) Current–voltage plot of multiple datase
ith different cells and are normalized to the capacitance (in pF) measured for each cell.
ormalized conductance (G/Gmax) was derived from the current–voltage relationship (a
ormalizing to the maximum conductance observed in each cell. For inactivation, peak tr
200-ms conditioning prepulse to potentials from −95 mV to 0 mV in 5-mV increments
alues for G/Gmax and I/Imax were plotted as a function of test (activation) or prepulse (inac
quation. Each data point is the mean ± SE of 67 (activation) or 16 (steady-state inactiv
nward currents measured upon depolarization from −120 mV to −10 mV in 130 cells. (
umber for cells in continuous culture. Each value is the mean ± SE of 13–45 determinati
e Letters 469 (2010) 268–272 269

First-strand cDNA from HEK293 cells, synthesized using the
SuperScripTM III CellsDirect cDNA Synthesis System (Invitrogen,
Carlsbad, CA), was employed as the template in polymerase chain
reaction amplifications using pairs of oligonucleotide primers
developed previously for the specific amplification of each of the
nine human sodium channel � subunit isoforms (Nav1.1–Nav1.9)
[4]. Reactions were initiated by denaturing for 2 min at 94 ◦C fol-
lowed by 40 cycles of amplification (30 s at 94 ◦C, 30 s at 60 ◦C, 1 min
at 72 ◦C) and final extension for 7 min at 72 ◦C. Amplification prod-
ucts (207–347 bp) were analyzed by electrophoresis in 2% agarose
gels.

We detected transient cation currents with peak amplitudes
of at least 20 pA in all 130 cells examined in this study. Cur-
rents evoked by step depolarizations from a holding potential of
−120 mV to a range of test potentials activated and inactivated
within 20 ms (Fig. 1A). Peak inward transient currents were typ-
ically observed upon depolarization to potentials near −10 mV
with a mean maximal current density of 13.1 ± 1.0 pA/pF (n = 67)
and a reversal potential of ∼51 mV (Fig. 1B). Fig. 1C summarizes
the voltage-dependent activation and steady-state inactivation
of peak transient currents in HEK293 cells. Boltzmann fits of
conductance–test potential relationships from activation exper-
iments (as in Fig. 1A and B) gave a half-maximal potential for
activation of −30.7 ± 0.2 mV with a slope factor of 8.22 ± 0.22

(n = 67). Similarly, Boltzmann fits of current–prepulse potentials
relationships from inactivation experiments gave a half-maximal
potential for steady-state inactivation of −65.9 ± 0.4 mV with a
slope factor of 10.12 ± 0.33 (n = 16). The steady-state inactivation of
transient currents was incomplete, giving a residual inactivation-

traces recorded during a 40-ms step depolarization from −120 mV to test potentials
ts such as those in panel A. Values are means ± SE of 67 separate determinations
(C) Voltage dependence of activation and steady-state inactivation. For activation,
s in B) by dividing peak transient current (INa) by the driving force (V–Vrev) and
ansient currents were measured during a test depolarization to −10 mV following
and normalized to the maximal peak transient current in each experiment (I/Imax).
tivation) potential and curves were drawn by fitting mean values to the Boltzmann

ation) determinations with different cells. (D) Amplitude distribution of transient
E) Plot of the mean amplitudes of transient inward currents as a function passage
ons with different cells.
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esistant current (approximately 7% of maximal peak current)
ollowing a conditioning prepulse to 0 mV.

Whereas all of the cells examined in this study expressed
etectable transient currents, the amplitude of these currents var-

ed widely from cell to cell. Fig. 1D summarizes the frequency
istribution of current amplitudes. The majority of cells (84 of
30, 64.6%) expressed currents with amplitudes in the 100–400 pA
ange, but a few cells expressed much larger currents. Fig. 1E illus-
rates the relationship between mean peak current amplitude and
ell passage number in continuous culture. Current amplitudes
ncreased approximately two-fold between three and five labora-
ory passages in culture and declined slightly thereafter.

The previous report of an endogenous, cadmium-sensitive non-
pecific cation current in HEK293 cells [8] led us assess the
admium sensitivity of the transient currents expressed in our
ell populations. In contrast to the results of Pelucchi et al. [8],

eak transient currents were only partially blocked by cadmium.
ig. 2A shows the effect of 100 �M, 300 �M and 500 �M cadmium
n peak transient currents in a representative cell; a small num-
er of experiments with cadmium concentrations as high as 2 mM
ailed to increase block beyond that observed with 300–500 �M

ig. 2. Effects of cadmium and TTX on transient inward currents. (A) Representative cu
xposure and after exposure to three cadmium concentrations. (B) Representative curren
nd after exposure to three TTX concentrations. (C) Representative current traces elicited
fter exposure to cadmium alone, TTX alone, and cadmium plus TTX. (D) The fraction of t
500 nM), or cadmium (300 �M) plus TTX (500 nM). Values are means ± SE of 22 (cadmiu
f normalized peak conductance (G/Gmax) obtained from experiments performed in the a
s a function of test potential. Values are means ± SE of 12 (control), 7 (TTX), or 5 (cadm
xperiments with TTX or cadmium. Curves were drawn by fitting mean values to the Bolt
e Letters 469 (2010) 268–272

cadmium (data not shown). Results with a large number of cells
show that 300 �M cadmium blocked only ∼35% of the transient
current (Fig. 2D). The failure of cadmium to completely block these
currents led us to examine the effects of TTX, a potent and effective
blocker of voltage-gated sodium channels that was not effective in
blocking the previously described cadmium-sensitive currents [8].
Fig. 2B shows the effect of 100 nM, 500 nM and 1 �M TTX on peak
transient currents in a representative cell; results with a large num-
ber of cells show that 500 nM TTX blocked ∼47% of the transient
current (Fig. 2D).

The combined effects of cadmium and TTX on transient currents
were independent and approximately additive. Fig. 2C illustrates
the effects of 300 �M cadmium, 500 nM TTX, and the combina-
tion of these two treatments on peak transient currents recorded
from a representative cell. Experiments with a large number of cells
showed that cadmium and TTX together at these concentrations

blocked ∼72% of the transient current (Fig. 2D). Washout experi-
ments (data not shown) demonstrated that the effects of individual
and combined treatments with cadmium and TTX were completely
reversible and that the extent of block in the presence of both com-
pounds was not affected by prior application of either compound.

rrent traces elicited by depolarization from −120 mV to −10 mV before cadmium
t traces elicited by depolarization from −120 mV to −10 mV before TTX exposure
by depolarization from −120 mV to −10 mV before cadmium or TTX exposure and
ransient inward current remaining following exposure to cadmium (300 �M), TTX
m), 30 (TTX), or 19 (cadmium + TTX) determinations with different cells. (E) Plots
bsence (as in Fig. 1A) or presence of TTX (500 nM), or cadmium (300 �M) plotted
ium) determinations; control values represent the pooled controls from separate
zmann equation.
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Fig. 4. Detection of the expression of individual sodium channel � subunit isoforms
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he residual current that was resistant to both cadmium and TTX
as not large enough to permit its further characterization.

Exposure of cells to TTX (500 nM) also altered the voltage
ependence of activation of the transient current (Fig. 2E). Paired
xperiments in individual cells before and after TTX exposure (n = 7)
howed that TTX caused a ∼14.5 mV hyperpolarizing shift in the
oltage dependence of activation, a shift that was statistically sig-
ificant (paired t-test, P < 0.001; 6 d.f.). In contrast, similar paired
xperiments with 300 �M cadmium had no effect on the voltage
ependence of activation (Fig. 2E). These results show that the TTX-
nd cadmium-resistant currents are carried by separate popula-
ions of channels with different gating properties.

The sensitivity of transient currents to TTX led us to assess
hether these currents exhibited other pharmacological properties

f voltage-gated sodium channels. Tefluthrin, like other pyrethroid
nsecticides, binds to voltage-gated sodium channel � subunits
nd produces characteristic changes in channel gating by slow-
ng the rate of inactivation, inducing sodium tail currents, and
hifting the voltage dependence of activation [10,13]. Exposure
o tefluthrin (10 �M) slowed the time course of transient current
nactivation during a depolarizing pulse and also induced a persis-
ent sodium tail current following repolarization (Fig. 3A). In some
ells (as in Fig. 3A), tefluthrin also appeared to increase the ampli-
ude of the peak current. Currents measured in the presence of
efluthrin evoked by step depolarizations from a holding poten-
ial of −120 mV to a range of test potentials (Fig. 3B) activated and
nactivated very slowly compared to control currents (see Fig. 1A).
aired experiments in individual cells before and after tefluthrin
xposure (n = 8) showed that tefluthrin produced a statistically sig-
ificant (paired t-test, P < 0.001; 7 d.f.) ∼19 mV hyperpolarizing
hift in the voltage dependence of activation (Fig. 3C). We also
erformed a more limited set of experiments to assess the effects
f tefluthrin in the presence of cadmium. Tefluthrin affected the
admium-resistant component of current in a manner identical
o that shown in Fig. 3 for the composite transient current (data
ot shown). All of these effects of tefluthrin are completely con-
istent with the actions of this compound on sodium channels in
T1-7 neurons [13] and on rat and human Nav1.3 sodium channels

ransiently expressed in Xenopus laevis oocytes [10].
We used pairs of oligonucleotide primers specific for each of

he nine human voltage-gated sodium channel � subunit isoforms
n the RT-PCR analysis of sodium channel isoform expression in

EK293 cells after 3–15 laboratory passages in continuous cul-

ure. The Nav1.7 isoform was present in all first-strand cDNA pools
xamined (Fig. 4). The Nav1.2, Nav1.3, and Nav1.5 isoforms were
lso detected in cells after 3–6 passages (Fig. 4) and were also
ccasionally detected in cells grown continuously for 10–15 pas-

ig. 3. Effects of tefluthrin on transient inward currents. (A) Representative currents re
urrent traces recorded in the presence of 10 �M tefluthrin during a 40-ms step depolariz
C) Plots of normalized peak conductance (G/Gmax) obtained from experiments perform
unction of test potential. Values are means ± SE of eight paired determinations. Curves w
in HEK293 cells after 3, 6, or 10 laboratory passages in continuous culture by RT-PCR
and electrophoresis in 2% agarose gels. Lanes: M, markers (100, 200, and 400 bp);
1–9, isoform-specific PCR products for Nav1.1–Nav1.9, respectively.

sages (data not shown). Although not rigorously quantitative, the
relative abundance of the PCR products obtained from different iso-
forms suggests that the Nav1.7 isoform was consistently the most
abundant at the level of translational expression. Despite the lack
of confirming data on the relative abundance of different sodium
channel isoform proteins, these results nevertheless support the
conclusion that the TTX-sensitive voltage-gated sodium currents
in these cells are associated primarily, but not exclusively, with the
expression of the Nav1.7 sodium channel � subunit isoform.

The data presented here provide the first detection and charac-
terization of an endogenous TTX-sensitive voltage-gated sodium
current in HEK293 cells as one component of a heterogeneous
transient inward current. The voltage-gated sodium current com-
ponent was identified by its insensitivity to cadmium, sensitivity
to TTX, and characteristic modification by the pyrethroid insec-
ticide tefluthrin. Moreover, RT-PCR analyses detected the robust
translational expression of the Nav1.7 sodium channel � subunit
isoform in all first-strand cDNA preparations from these cells and
also detected low levels of translational expression of the Nav1.2,
Nav1.3 and Nav1.5 isoforms in template preparations from some
batches of cells.

The TTX-sensitive voltage-gated sodium current was the major
component (∼50%) of a pharmacologically heterogeneous current

that contained at least two other components. A portion of the total
current (∼35%) was blocked by cadmium. This component may rep-
resent the nonspecific, cadmium-sensitive transient cation current
described recently in HEK293 cells [8]. It is possible that Nav1.5

corded before and after exposure of a cell to 10 �M tefluthrin. (B) Representative
ation from −120 mV to test potentials from −85 mV to 65 mV in 5-mV increments.
ed in the absence (as in A) or presence (as in B) of 10 �M tefluthrin plotted as a
ere drawn by fitting mean values to the Boltzmann equation.
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odium channels, which are sensitive to cadmium and resistant to
TX [1] and were detected at low relative abundance by RT-PCR
n some batches of cells (see Fig. 4), may also contribute to the
admium-sensitive current in some cells. A third, minor component
f the transient current was insensitive to both cadmium and TTX.
owever, the amplitudes of the residual currents were too small to
ermit further characterization. Overall, the average maximal den-
ity of the composite transient inward current in the present study
13.1 pA/pF; see Fig. 1B) was more than five-fold greater than that
eported previously for the cadmium-sensitive nonspecific cation
urrent (2.35 pA/pF) [8].

Both the reproducible detection and large amplitude of endoge-
ous voltage-gated sodium currents reported here are surprising

n light of previous studies, which describe either the inconsistent
etection of small-amplitude TTX-sensitive currents [12] or the
xpression of transient inward currents that are completely insen-
itive to TTX [8]. These discrepancies suggest that different lineages
f HEK293 cells, obtained from different sources and cultured under
ifferent conditions, may vary greatly in the extent to which they
xpress endogenous sodium or nonspecific cation currents. A sim-
lar lack of agreement exists between different studies regarding
he expression of endogenous �-aminobutyric acid-gated chlo-
ide currents in HEK293 cells [11]. Nevertheless, the expression
f voltage-gated sodium channels and currents in the HEK293 cell
ine employed in this study is generally consistent with numerous
ther studies documenting the endogenous expression of a variety
f neuronal proteins and mRNAs in these cells [11].

The existence of endogenous voltage-gated sodium currents
n at least some lineages of HEK293 cells has important implica-
ions for the use of these cells as a platform for the heterologous
xpression of cloned voltage-gated sodium channels. Preliminary
tudies in this laboratory showed that the translational expression
f endogenous sodium channel mRNAs persists in cells follow-
ng stable transformation with individual rat sodium channel �
ubunit isoforms (B. He and D. M. Soderlund, unpublished). For
he study of whole-cell sodium currents, the impact of endoge-

ous currents can be minimized by selecting transformed cells that
xpress currents with amplitudes significantly greater than those
easured for endogenous currents in control cells. However, cells
ith endogenous currents should be avoided for studies of heterol-

gously expressed sodium channels at the single-channel level.

[
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