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Cytoplasmic Polyamines as Permeant Blockers and Modulators of the
Voltage-Gated Sodium Channel
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New Haven, Connecticut 06520-8066 USA

ABSTRACT We report that voltage-gated Na* channels (Na,) from rat muscle (u1) expressed in HEK293 cells exhibit
anomalous rectification of whole-cell outward current under conditions of symmetrical Na™. This behavior gradually fades
with time after membrane break-in, as if a diffusible blocking substance in the cytoplasm is slowly diluted by the pipette
solution. The degree of such block and rectification is markedly altered by various mutations of the conserved Lys(lll) residue
in Domain Il of the Na,, channel selectivity filter (DEKA locus), a principal determinant of inorganic ion selectivity and organic
cation permeation. Using whole-cell and macropatch recording techniques, we show that two ubiquitous polyamines,
spermine and spermidine, are potent voltage-dependent cytoplasmic blockers of w1 Na,, current that exhibit relief of block
at high positive voltage, a phenomenon that is also enhanced by certain mutations of the Lys(lll) residue. In addition, we find
that polyamines alter the apparent rate of macroscopic inactivation and exhibit a use-dependent blocking phenomenon
reminiscent of the action of local anesthetics. In the presence of a physiological Na*/K* gradient, spermine also inhibits
inward Na,, current and shifts the voltage dependence of activation and inactivation. Similarities between the endogenous
blocking phenomenon observed in whole cells and polyamine block characterized in excised patches suggest that poly-

amines or related metabolites may function as endogenous modulators of Na,, channel activity.

INTRODUCTION

Voltage-gated Na™ channels (Nay, channels) perform a crit-
ical role in electrical signaling processes of excitable cells
by mediating the rapid depolarizing phase of action poten-
tials in skeletal muscle, heart and neurons. Nay, channels are
also the pharmacological target of a class of clinically
important drugs that includes local anesthetics (LAs), anti-
arrhythmics, and anticonvulsants (Catterall, 2000; Taylor
and Narasimhan, 1997). Ionic selectivity for inorganic cat-
ions and the relative permeability of various organic cations
are controlled by a narrow region of the Na,, channel pore
called the selectivity filter (Armstrong and Hille, 1998). In
Nay, channels and homologous voltage-gated Ca®" channels
(Cay), the selectivity filter appears to be intimately related
to a ring-like set of mostly charged residues called the
DEKA locus and EEEE locus, respectively (Heinemann et
al., 1992; Yang et al., 1993). In particular, a conserved Lys
residue in the Domain III position of the DEKA locus,
Lys(IIl), is a major determinant of organic cation perme-
ability or molecular sieving behavior of the Na,, channel
(Sun et al., 1997). Recently, we found that certain mutations
of the Lys(IIl) residue of the rat muscle Na,, channel ap-
parently enhance outward permeation of large symmetrical
tetra-alkylammonium (TAA™) cations, such as tetrapen-
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tylammonium, as monitored by a phenomenon called volt-
age-dependent relief of block (Huang et al., 2000).

Linear aliphatic polyamines (PAs) such as spermidine
and spermine are ubiquitous cytoplasmic metabolites, or-
ganic cations that play a role in cell growth, differentiation,
and protein synthesis (Igarashi and Kashiwagi, 2000). PAs
have also been found to function as endogenous blockers
and/or activators of several major classes of cation channels,
such as inward rectifier K™ channels (K;z) (Nichols and
Lopatin, 1997), cyclic nucleotide-gated (CNG) channels
(Lu and Ding, 1999), glutamate-activated receptor (GluR)
channels (Williams, 1997), nicotinic acetylcholine receptor
(nAchR) channels (Haghighi and Cooper, 1998, 2000), and
Ca,, channels (Scott et al., 1993). As one specific example
of their importance in regulating excitability, intracellular
PAs are largely responsible for strong inward rectification
of certain isoforms of K, channels (Nichols et al., 1996).
PAs produce such rectification by virtue of their ability to
block K;r channels from the cytoplasmic side in a steeply
voltage-dependent fashion (Lopatin et al., 1995). Despite
increasing recognition of PAs as important modulators of
numerous types of channel-mediated current, the effect of
PAs on Na,, channels has previously received little attention.

In this paper, we describe an anomalous time-dependent
rectification phenomenon exhibited by the w1l rat muscle
Na,, channel expressed in human HEK293 cells when re-
corded under conditions of symmetrical Na™ in the whole-
cell configuration. To investigate the role of PAs in this
cellular phenomenon, we studied the effect of cytoplasmic
spermine and spermidine on Nay, channel current in a series
of whole-cell and excised patch experiments. These latter
PAs reversibly block the wl Na,, channel in a voltage-
dependent fashion. Relief of PA block observed at high
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positive voltage implies that such PAs can also permeate
through the wild-type Na,, channel. The effect of certain
mutations of the Lys(III) selectivity filter residue in facili-
tating relief of block indicates that this residue is an impor-
tant determinant of PA permeability. Marked similarities
between the endogenous rectification behavior observed in
whole cells and PA block in macropatches suggest that PAs
or a related molecule may mediate the endogenous blocking
phenomenon. The effects of intracellular spermine on Nay,
channel activity in the presence of a physiological Na™/K*
gradient are quite complex and appear to involve both block
of ion conduction and shifts of voltage-dependent gating.
Spermine and spermidine were found to affect the apparent
rate of macroscopic inactivation and also exhibit a use-
dependent blocking phenomenon. The latter effect is anal-
ogous to that of LA drugs and implies that binding site(s)
for PAs and LAs overlap or allosterically interact. This
raises the possibility that PAs may engage in molecular
interactions with LAs and affect pharmacological properties
of drugs that act on Na,, channels.

MATERIALS AND METHODS

Channel expression and cell culture

Wild-type and mutants of the w1 rat skeletal muscle Na,, channel isoform
(Trimmer et al., 1989) were constructed, subcloned into pcDNA3 expres-
sion vector, and stably expressed in HEK293 cells as previously described
(Favre et al., 1996; Sun et al., 1997; Huang et al., 2000). Wild-type,
K1237R, K1237H, and K1237A mutant Na,, channels are denoted, respec-
tively, as DEKA, DERA, DEHA, and DEAA indicating the single letter
code for selectivity filter residues in homologous Domains I-IV. HEK293
cells were grown at 37°C using Dulbecco’s modified essential medium
(Gibco BRL, Grand Island, NY) supplemented with 10% fetal bovine
serum plus 500 wg/ml G-418 (Geneticin, Gibco BRL) and subdivided
every 3 to 4 days. For electrophysiological experiments, cells were grown
on small polylysine-coated coverslips and used for recording after 2 to 3
days in culture.

Solutions and electrophysiology

For whole-cell recording, standard 140 Na* bath (extracellular) solution
was 140 mM NaCl, 3 mM KCl, 2 mM MgCl,, 2 mM CaCl,, 10 mM
glucose, 10 mM Hepes-NaOH, pH 7.3. The whole-cell 125 Cs*/20 Na™
pipette (intracellular) solution was 125 mM CsF, 2 mM MgCl,, 1.1 mM
EGTA, 10 mM glucose, 20 mM Na-Hepes, pH 7.3 with HCIL. The whole-
cell 140 Na™ pipette (intracellular) solution was 120 mM NaF, 20 mM
NaH,PO,, 5 mM EGTA, 10 mM glucose, pH 7.3 with NaOH.

For inside-out macropatch recording, the standard pipette (extracellular)
solution was the same Na™ bath solution as described above for whole-cell
recording. The macropatch 140 Na* bath (intracellular) solution was 120
mM NaF, 10 NaCl, 10 mM NaH,PO,, 1.5 mM EGTA, 10 mM glucose, pH
7.3 with NaOH. The macropatch 120 Cs*/20 Na* bath (intracellular side)
solution was 120 mM CsF, 10 NaCl, 10 mM NaH,PO,, 1.5 mM EGTA, 10
mM glucose, pH 7.3 with CsOH. The macropatch 135 K* bath (intracel-
lular side) solution was 120 mM KF, 5 KCI, 10 KH,PO,, 3 NaCl, | mM
MgCl,, 1.5 mM EGTA, 10 mM glucose, pH 7.3 with KOH. Solutions
containing spermine or spermidine (Sigma, St. Louis, MO) were prepared
by addition of these polyamines to the above internal solutions at the
desired final concentration.
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Electrophysiological recording was performed at room temperature
(23°C) using an HEKA EPC-9 amplifier with Pulse and Pulse-fit software
(Instrutech, Great Neck, NY). The resistance of whole-cell patch pipettes
fabricated from Kimax-51 glass capillaries (Fisher Scientific, Pittsburgh,
PA) was 1 to 2 M{) when filled with Cs*/Na* or Na* pipette solution. The
resistance of macropatch pipettes was 0.5 to 0.7 M) when filled with
extracellular Na* solution. Current records were digitally acquired by
filtering at 10 kHz and sampling at 50 kHz. Data traces were subsequently
filtered at 3 KHz for analysis and presentation. For both whole-cell and
macropatch recordings, capacitance transients and leak currents were sub-
tracted by using a positive P/5 pulse protocol delivered at —140 mV. For
whole-cell recording, series resistance was electronically compensated to at
least 70%. A KCl-agar bridge was used to connect the bath solution to the
Ag/AgCl ground electrode.

Current-voltage behavior of Nay, channels was typically monitored by
recording the response to a consecutive series of step voltage pulses 10 ms
in duration to membrane potentials ranging between —140 and +200 mV
at 10-mV increments. The holding potential and pulse interval were nor-
mally —120 mV and 0.5 s, respectively. Whole-cell data was usually
collected beginning at 10 min from the time of break-in, except for
experiments for investigating time dependence of I-V behavior (e.g., Fig.
2). Recording from excised macropatches was initiated after outward
currents exhibited a stable response during continuous gravity perfusion of
control bath solution.

Tonic block by PAs was monitored with 10-ms test pulses to +100 mV
from a holding potential of —120 mV, delivered at 10- or 20-s intervals.
The time dependence of use-dependent or phasic block by PAs was
monitored for 50 s by stimulating with a consecutive train of 3.25-ms test
pulses to +50, +100, +150, or +200 mV delivered at a frequency of 4 Hz
from a holding potential of —120 mV. In the absence of PAs, the decline
of control peak currents due to cumulative inactivation during 4 Hz
stimulation was usually <10% after 50 s; otherwise, the patch was dis-
carded from the data set. Steady-state availability due to fast inactivation
was measured from the response of a 10-ms test pulse to —20 mV
following conditioning prepulses of 250 ms over a series of voltages
ranging from —140 to +40 mV in 10-mV increments.

Data analysis and modeling

This study focuses on the behavior of peak macroscopic currents generated
by Na,, channels that display normal rapid inactivation. Average behavior
was determined as the mean (= SE) from data samples of 3—10 cells or
macropatches for each set of experimental conditions. Except for Fig. 2, 4
and B, which illustrates results from a typical cell, most experimental
results are plotted as average normalized peak I-V relations. For purpose of
presentation, peak I-V data collected from a given cell were normalized in
two different ways. For the first method, denoted on ordinate axes by
I(Norm), each peak current value collected from a given cell/patch was
divided by the absolute value of the maximum inward peak current (usually
evoked at —20 mV) from the same cell/patch (e.g., Fig. 1 4, Fig. 4, B and
C, and Fig. 10 B). For the second normalization method, denoted on
ordinate axes by I(Norm),,,, each peak current value collected from a
given cell/patch was divided by the actual or expected peak current value
in the absence of PA at +100 mV (e.g., Fig. 1 B, Fig. 2, 4 and B, Fig. 3,
A-D, Fig. 6, B and C, and Fig. 7, B and C).

Normalized membrane conductance versus voltage, plotted in Figs. 6
and 7, was fit with a simple model of a permeant blocker described
elsewhere in more detail (Huang et al., 2000). The model is represented by
the following scheme:

ki[B] k-2
B, + 0= 0-B—0 + B,,
k-1

where an internal blocker, B;,, binds to an internally accessible site in the

in>

open channel, O, with an equilibrium dissociation constant, K; = k_,/k;.
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Binding of B;, results in a blocked state, O - B. Unblocking of the channel
can either occur by dissociation of the blocker back to the inside governed
by the k_, rate constant, or by outward permeation of the blocker governed
by the k_, rate constant. For an ohmic channel, the relative conductance in
the presence of blocker to that in the absence of blocker is given by:

G/Gmax = {1 + [B]in/KB(V)}_l (1)

where G, is the maximal unblocked conductance, [B];, is the internal
blocker concentration, and Kz(¥) is an apparent voltage-dependent blocker
dissociation constant. G, is determined by the conductance measured
from the peak current versus voltage relation from the same cell/patch
before application of PA blocker. K(V) may be represented as

Ke(V) = Ki(N/[1 + Ke(V)] 2
K\(V) = K\(0)exp(—z{V/A) )
K(V) = Kr(0)exp(z3V/4) “4)

In Eq. 2, K,(V) = k_\(W/k,(V) and K(V) = k_,(V)/k_(V). K;(V) is the
voltage-dependent form of the blocker dissociation constant in the absence
of outward permeation. K(¥) is the ratio of voltage-dependent rate con-
stants for blocker dissociation to the outside of the cell over that for
dissociation back to the inside of the cell. In Eqs. 3 and 4, V' is membrane
voltage and 4 = 25.4 mV. K,(0) and R(0) are values of the respective
constants at 0 mV, whereas z’, and z’, are unitless parameters that describe
the relative magnitude of apparent voltage dependence.

Steady-state availability describing voltage-dependent inactivation and
normalized conductance curves describing voltage-dependent activation
were fit to simple transforms of a Boltzmann function given in the legend
to Fig. 10. Nonlinear fitting of data to theoretical equations was performed
with the Marquardt-Levenberg routine of Sigmaplot 4.0 (SPSS Inc., Chi-
cago, IL).

RESULTS

The Lys(lll) residue of the DEKA locus determines
rectification of outward current

Our interest in the interaction of PAs with Nay, channels
arose from observations on the role of the DEKA locus or
selectivity filter in controlling rectification of outward cur-
rent. The experiment of Fig. 1 4 compares the macroscopic
current-voltage behavior of wild-type (DEKA) and mutant
(DEAA) w1l Nay, channels using whole-cell recording of
stably transfected HEK293 cells with 140 mM NaCl plus 3
mM KCl in the extracellular bath solution and 125 mM CsF
plus 20 mM Na-Hepes in the intracellular pipette solution.
Under these ionic conditions, the peak current of the wild-
type channel exhibits strong inward rectification as indi-
cated by the decrease in slope conductance as a function of
positive voltage, measured here for consecutive steps of
voltage from —140 to +200 mV. In contrast, the DEAA
mutant exhibits much larger outward currents and a more
linear peak I-V relationship at positive voltages when re-
corded under the same conditions (Fig. 1 4). The behavior
of the wild-type and DEAA mutant Na,, channels can be
explained by their different ionic selectivity for the alkali
cations, Na™, K*, and Cs™, and the transmembrane gradi-
ents of these cations. In previous work, the relative perme-
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ability of the wild-type channel for extracellular Cs™ com-
pared to Na™ was found to be immeasurably small (<0.01),
whereas that for the DEAA channel was P /Py, = 0.57
(Sun et al., 1997). Thus, rectification of outward current
through the Na™-selective wild-type channel under the con-
ditions of Fig. 1 4 is due to the asymmetric Na* gradient
(140 mM Na™ out/20 mM Na™ in) and the low permeability
of intracellular Cs™*. (A similar example of such rectifica-
tion involving block of outward Na™ current by internal K*,
another weakly permeable alkali cation, was previously
described by Garber (1988) at the single-channel level for
rat muscle Na,, channels modified by batrachotoxin or ve-
ratridine.) In contrast to rectification of the wild-type chan-
nel, the practically ohmic behavior of outward current of the
DEAA mutant in Fig. 1 4 reflects its high conductance to
intracellular Cs™. This comparison shows that the Lys(III)
residue of the DEKA locus controls the relative permeabil-
ity of intracellular alkali cations in a manner similar to that
previously described for extracellular cations (Heinemann
et al., 1992; Favre et al., 1996; Sun et al. 1997).

To verify that outward current carried by Na™ alone
through the wild-type channel does not intrinsically rectify
at high voltage, we performed inside-out macropatch re-
cording using large patches excised from stably transfected
HEK?293 cells in the presence of symmetrical 140 mM Na ™.
Results in Fig. 1 B show that outward peak current of the
wild-type DEKA channel in the excised patch is an approx-
imately linear function of positive voltage under conditions
of symmetrical Na™. Replacement of 140 mM Na™ bath
solution on the intracellular side of the patch with 120 mM
Cs™/20 mM Na™ results in a strongly rectifying peak I-V
relationship (Fig. 1 B) like that in Fig. 1 4 for wild-type. The
positive shift of reversal potential from a value close to 0
mV in symmetrical Na* to +50.4 = 1.3 mV (*SE, n = 7)
for a gradient of 147 mM Na™ (out) and 20 mM Na™ (in) is
exactly predicted by the Nernst equation for Na™. The
experiments of Fig. 1 thus demonstrate that the Lys(III)
residue of the Na,, channel selectivity filter (K1237) is a
major determinant of current rectification caused by differen-
tial permeability to two different alkali cations, Na* and Cs™.

Time-dependent, rectifying |-V behavior of the
wild-type Na,, channel recorded in whole-cell
mode in the presence of symmetrical Na™

Based on results of the macropatch experiment of Fig. 1 B,
one would predict that the I-V behavior of the wild-type
Nay, channel in the whole-cell configuration would be an
approximately linear function of positive voltage in the
presence of symmetrical Na™. Surprisingly however, we
find that this is not the case, especially when I-V data are
collected soon after establishing the whole-cell mode. Fig. 2
A shows a series of peak I-V curves from a typical HEK293
cell expressing wl Nay, channels recorded in whole-cell
mode with symmetrical 140 mM Na™. When a standard I-V
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FIGURE 1 Rectification of outward current in the presence of internal

Cs™ is controlled by the K(III) residue of the DEKA locus. (4) Comparison
of whole-cell records of wild-type (DEKA) and DEAA mutant Na,, chan-
nels in the presence of 140 mM Na™ extracellular solution and 125 mM
Cs*/20 mM Na™ intracellular solution. (leff) Typical whole-cell current
traces of wild-type DEKA (fop) and DEAA (bottom) mutant channels,
elicited with a series of 10 ms steps to voltages ranging from —140 to
+200 mV in 10-mV increments from a holding potential of —120 mV. The
pulse interval was 0.5 s. (right) Peak current-voltage relationships of
wild-type and DEAA channels, normalized to the maximum peak inward
current of each cell and averaged as mean * SE of 5 to 8 cells. (B, left)
Currents traces from an excised macropatch (inside-out) containing wild-
type Nay, channels in the presence of 140 mM symmetrical Na™ (zop) and
after replacement of the bath solution with 120 mM Cs*/20 mM Na™
(bottom). The voltage pulse protocol was the same as in (4). (right) Peak
I-V data in 140 mM Na™ control bath solution, after bath perfusion with
120 Cs*/20 Na™, and after return to 140 mM Na®. Data points are
normalized to control outward current at +100 mV for a given patch and
averaged as mean * SE of 7 patches.
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FIGURE 2 Time-dependent rectification of whole-cell I-V behavior of
wild-type Nay, channels in the presence of symmetrical 140 mM Na™. (4)
Typical example of peak I-V relations collected from the same cell at
various times ranging from 0.2 to 30 min after membrane break-in. [-V
data are normalized to the expected peak current at +100 mV, assuming
ohmic behavior of outward current. Dashed line is the expected 1-V
relation in the absence of intracellular block. (B) Effect of 1 mM internal
heparin on time-dependent I-V behavior. The same experiment described
in (4) was performed with 1 mM heparin in the pipette solution. (C)
Average whole-cell peak currents at +200 mV as a function of time after
membrane break-in, in the absence and presence of 1 mM heparin in the
pipette solution. Data points are normalized to the expected peak current at
+200 mV, assuming ohmic behavior of outward current and plotted as the
mean * SE of 3 to 10 cells. Solid lines represent the best fit to a single
exponential function with time constants of 22.7 and 10.7 min in the
absence and presence of heparin, respectively.
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protocol (consecutive 10-ms pulses in steps of +10 mV
from V.4 = —120 mV at intervals of 0.5 s) is recorded
immediately (~0.2 min) after membrane break-in to
achieve whole-cell mode, we observe an anomalous N-
shaped I-V relationship characterized by a “negative resis-
tance” region at voltages positive to +50 mV. If the same
voltage-pulse protocol is used to record from the same cell
at a later time, the negative-resistance region appears to
gradually shift to a higher voltage range (Fig. 2 A). The I-V
relationship becomes progressively more linear with time,
such that by ~30 min after break-in, a stable and rather
ohmic peak I-V relationship for outward current is finally
observed. It should be noted that the I-V data in Fig. 2 were
collected by using consecutive pulses of increasing voltage
steps taken every 500 ms (frequency = 2 Hz), an interval
that is short enough to produce use-dependent blocking
behavior of Na,, channels under certain ligand conditions.
Such a pulse protocol was nevertheless specifically used to
quickly assay the behavior of the rapidly changing I-V
relationship in whole-cell mode. Very similar results and
rectification behavior were obtained by reversing the pulse
sequence from the most positive to the most negative volt-
age step.

We hypothesize that the “negative-resistance” behavior
in the positive voltage-region of Fig. 2 4 is due to a strongly
voltage-dependent block by unidentified intracellular cat-
ion(s). The intracellular pipette solution for this whole-cell
experiment was specifically designed to avoid known or
potential blocking cations by excluding Ca*>* and Mg?" and
by using phosphate as a pH buffer. Because the only known
cations in the pipette solution are Na* and H* (pH 7.3), it
seems likely that the cytoplasm of HEK293 cells must be
the source of an intracellular blocking activity that dissi-
pates with time by progressive dilution with pipette solu-
tion. If this is the case, the slow development of linear I-V
behavior is surprising, given that the time constant of cell-
pipette exchange of a variety of freely diffusible substances
with a molecular weight (M,) <1000 has been found to be
<60 s (Pusch and Neher, 1988; Marty and Neher, 1995).

We further explored the nature of this slow diffusion
phenomenon by performing similar experiments with 1 mM
heparin (average M, = 3000) added to the pipette solution.
Heparin is a large sulfated polysaccharide polyanion and is
expected to electrostatically adsorb organic polycations
(Amann and Werle, 1956) and basic proteins. We found that
this manipulation significantly increased the rate of equili-
bration in such whole-cell experiments, as illustrated by
typical data in Fig. 2 B. Fig. 2 C shows the average time
course of equilibration of outward current in such experi-
ments as measured by the average ratio of peak current
measured at +200 mV to that expected at long times by
linear extrapolation from I-V data in the low positive volt-
age range. The limited stability of the whole-cell configu-
ration and the slow kinetics of equilibration prevented us
from collecting data at times longer than ~25 min after
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break-in. If we assume that this behavior follows an expo-
nential time course, the data can be fit with an apparent time
constant of 22.7 min in the absence of heparin and 10.7 min
in the presence of | mM heparin (Fig. 2 C). Enhancement of
the equilibration rate by heparin in the pipette solution
supports the idea that the anomalous rectification phenom-
enon of Fig. 2 4 is due to slow release of an endogenous
cationic blocking substance present in the cytoplasm or a
cellular compartment.

Anomalous rectifying whole-cell behavior
depends on the residue at the K(lll) position of
the DEKA locus

In recording whole-cell Nay, channel currents from HEK293
cells under conditions of symmetrical 140 mM Na™, we
further observed that the exact shape of the peak I-V rela-
tion depends markedly on the particular amino acid residue
substituted by mutation at the K(III) position of the DEKA
locus. Fig. 3 compares average peak [-V data (n = 3 cells)
for the wild-type Nay, channel and mutant substitutions of
the K(IIT) residue by Arg (DERA), His (DEHA), and Ala
(DEAA). Fig. 3 4 shows that the average outward current of
wild-type (DEKA) recorded at 5 min after membrane
break-in displays a prominent negative resistance region in
the positive voltage range. At 20 min after break-in, the
negative resistance region is less prominent and is shifted to
a higher voltage range. The behavior of DERA mutant is
similar to wild-type, except that the negative resistance
region is much shallower and displays a more pronounced
rising phase at voltages above +120 mV (Fig. 3 B). In
contrast, the DEHA mutant exhibits only a mild inflection in
the positive voltage quadrant of the peak I-V relation (Fig.
3 (), and the DEAA mutant does not exhibit rectification or
any obvious inflection (Fig. 3 D). Note also that the peak
I-V data for both DEHA and DEAA displays little (Fig. 3 C)
or no (Fig. 3 D) time dependence from 5 to 20 min after
membrane break-in. These results imply that, whatever its
origin, the mechanism of endogenous rectification must
involve a molecular interaction with the K(IIT) residue of
the Nay, channel selectivity filter.

The complex I-V behavior in Fig. 3 is readily interpreted
by our hypothesis for an endogenous cationic blocking
substance(s). The presence and absence of rectification in
the wild-type channel versus various mutants of the K(III)
residue can be explained by the fact that these mutants have
altered molecular sieving behavior toward organic cations
(Sun et al., 1997; Huang et al., 2000). If the postulated
endogenous blocking molecule(s) are organic cations, then
enhanced permeability of such molecules through the vari-
ous mutant Nay, channels could account for such differences
in peak I-V behavior under whole-cell conditions. We pre-
viously described such a phenomenon for the DEAA
mutant, which displays enhanced permeability for large
tetra-alkylammonium (TAA™) cations such as tetrapen-
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FIGURE 3 Comparison of whole-
cell peak I-V behavior of the wild-
type Nay, channel and various Lys(III)
mutants in the presence of symmetri-
cal 140 mM Na™. (4-D) Whole-cell
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tylammonium (Huang et al., 2000). Permeability of the
DEAA mutant to such large TAA™ molecules is demon-
strated by an upward inflection of the peak I-V curve at high
positive voltage, a phenomenon that corresponds to relief-
of-block due to voltage-driven permeation of a blocking
cation outward through the channel (Huang et al., 2000).
Fig. 3, B and C, shows behavior similar to that of large
TAA™ cations with respect to a positive inflection of the
peak I-V curve and dependence on the residue substitution
at the K(III) position. These observations thus support the
idea that the phenomenon of endogenous block involves one
or more substances that directly interact with the Nay, chan-
nel selectivity filter and are susceptible to voltage-driven
permeation.

PAs such as spermidine and spermine induce
complex I-V rectification behavior in wild-type
and mutant Na,, channels

As mentioned in the Introduction, intracellular PAs are
already known to block several major types of cation chan-
nel proteins. To investigate whether PAs may be responsible
for endogenous blocking behavior in the rat muscle Nay,
channel, we directly tested the effect of spermidine and
spermine added to the pipette solution used for whole-cell
recording. We found that these PAs produce complex I-V
rectification that mimics several aspects of the endogenous
blocking phenomenon.

Fig. 4 A compares four families of current responses to a
standard voltage step protocol for HEK293 cells expressing
the wild-type channel (DEKA) and three K(III) mutants
(DERA, DEHA, DEAA). The whole-cell currents were
obtained under conditions of symmetrical 140 mM Na™ as
in Fig. 3, except that 1 mM spermidine was added directly
to the pipette solution. This concentration of spermidine
produced I-V behavior that was quite stable within 5 min
after membrane break-in, as if spermidine quickly equili-
brates and overwhelms any time-dependent behavior pro-
duced by endogenous blocking substance(s).

Spermidine produced changes in the time course and
peak value of outward currents as a function of positive
voltage that are highly complex and differ for the various
mutants (Fig. 4 4). We have not attempted to quantitate
changes in the apparent time course of inactivation for
outward currents of the various types of channels in the
whole-cell configuration. In Fig. 4 B we focus instead on the
peak I-V behavior. This figure shows that each type of
channel displays a negative resistance region for peak out-
ward current in the presence of 1 mM spermidine, however
the voltage range of this effect and the negative slope of the
peak current markedly depend on the particular mutant.
Furthermore, the negative resistance region is followed by
an upward inflection at higher positive voltage for DERA,
DEHA, and DEAA mutants. By comparison, this latter
upswing is practically absent for the wild-type channel at
this concentration of spermidine (Fig. 4 B). Such behavior is
consistent with a mechanism involving voltage-dependent
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FIGURE 4 Effect of intracellular polyamines on whole-cell I-V behavior for the wild-type Na,, channel and various Lys(IIT) mutants under conditions
of symmetrical 140 mM Na™. (4) Comparison of whole-cell current traces of wild-type (DEKA), DERA, DEHA, and DEAA mutant Na,, channels in the
presence of 1 mM spermidine in the pipette solution. The voltage pulse protocol was the same as in Fig. 1. For clarity, only traces at 20 mV increments
of the step voltage from —120 mV are shown as labeled. The absolute magnitude of the maximum inward peak current was 7.5 nA (DEKA), 3.2 nA
(DERA), 0.5 nA (DEHA), and 4.3 nA (DEAA). (B) Whole-cell peak I-V relations of wild-type (DEKA), DERA, DEHA, and DEAA mutants in the presence
of 1 mM spermidine in the pipette solution. (C) Comparison of the effect of 1 mM spermine and 1 mM spermidine on whole-cell peak I-V relations of
the wild-type Na,, channel. Data points in (B) and (C) are normalized to the maximum peak inward current and plotted as the mean * SE for 3 to 5 cells.

block and relief-of-block by intracellular spermidine. The
data of Fig. 4 B support the idea that relief-of-block by
spermidine is facilitated by particular mutations of the
K(I) residue that are known to destroy inorganic ion
selectivity and increase the permeability of many organic
cations as tested on the outside of the channel (Favre et al.,
1996; Sun et al., 1997). The similarity between the effect of
intracellular spermidine in the experiments of Fig. 4 4 and
the behavior of the endogenous rectification described in
Figs. 2 and 3, suggests that intracellular PAs could mediate
the latter phenomenon. Fig. 4 C compares the mean peak
-V relation for the wild-type channel in the presence of two
different PAs added to the pipette solution, | mM spermi-
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dine, and 1 mM spermine. Data for these two molecules are
nearly superimposable, implying that they have similar
blocking behavior and that both types of cytoplasmic PAs
could contribute to endogenous rectification.

Characterization of spermine and spermidine as
permeant blockers in excised macropatches

Ultimately, one would like to know how intracellular PAs
affect Nay, channel function in the cellular environment
under physiological conditions. Before this can be deter-
mined, we believe it is important to elucidate basic features



Block of Na,, Channels by Polyamines

of this ligand-channel interaction under well-defined ionic
and biochemical conditions. To outline potential mecha-
nisms that may be involved, in the remainder of this paper
we present some key aspects of PA action on wl Nay,
channels as tested on the cytoplasmic side of excised mac-
ropatches in the absence of cytosolic factors. Fig. 5 first
describes the concentration dependence of the steady-state
blocking effect of spermine and spermidine on peak out-
ward current as measured by a voltage pulse from —120 to
+100 mV for conditions of 140 mM symmetrical Na™. The
data are plotted as the ratio of peak current in the presence
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I,

04 - ® Spermine
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0.0 el T
107 100 107 102 108
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FIGURE 5 Concentration-dependent inhibition of wild-type (4) and
DEAA mutant (B) Nay, current by spermine and spermidine. Outward Nay,,
current was evoked by 10-ms voltage pulses from —120 mV to +100 mV
delivered once every 10 or 20 s under conditions of 140 mM symmetrical
Na™ in inside-out macropatches. The peak current was measured in the
absence and presence of various concentrations of spermine or spermidine
in the bath (cytoplasmic side). Data are plotted as the steady-state ratio
(Z/1,) of peak current in the presence of PA to that in the absence of PA
measured for the same patch. Data points represent the mean = SE for at
least 4 patches. Titrations are fit to /1, = K/([PA] + Kp) using best fit K,
values of 17 uM spermine (4), 35 uM spermidine (4), 20 uM spermine
(B), and 66 uM spermidine (B).
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of PA to that for the same patch in the absence of PA. The
concentration dependence of spermine and spermidine
block in Fig. 5 represents equilibrium behavior since the
results were not changed by decreasing pulse frequency at
repetitive pulse intervals as long as 10 and 20 s. The
blocking effect of these PAs on outward current is reversed
by washing with bath perfusion for ~5 min as illustrated by
the current records of Figs. 6 4 and 7 4. The data of Fig. 5
A indicate that the equilibrium interaction of PAs with the
wild-type (DEKA) channel is well described by a one-site
binding isotherm with K, values of 17 = 3 uM for sperm-
ine and 35 = 4 uM for spermidine. Fig. 5 B shows that the
apparent blocking affinity of the DEAA mutant measured
by the same method is quite similar to that of the wild-type
channel with Ky, values of 20 = 1 uM for spermine and
66 = 3 uM for spermidine.

Next we investigated the effect of PAs on the peak I-V
relation in excised macropatches under conditions of sym-
metrical 140 mM Na* with the same pulse protocol used for
the whole-cell experiments of Figs. 1 and 2. The goal of this
experiment was to determine how the shape of the peak I-V
relation varies with cytoplasmic PA concentration for wild
type and DEAA channels. Fig. 6 4 shows a family of
wild-type macropatch currents evoked by a standard voltage
step protocol before and after exposure to 100 uM spermine
in the bath solution. As noted above, the strong inhibitory
effect of spermine on outward current is substantially re-
versed by bath perfusion with a control solution. Fig. 6, B
and C, shows average peak I-V curves taken in the absence
and presence spermine and spermidine, respectively, at con-
centrations of 1, 5, 10, 50, and 100 uM. As discussed above
for the similar peak I-V relations found in the whole-cell
experiments of Figs. 2—4, these data exhibit concentration-
and voltage-dependent I-V behavior that is characteristic of
a permeant blocker. Such behavior has been documented for
various inorganic and organic cation blockers in similar
studies of many other types of ion channels (e.g., French
and Wells, 1977; Sine and Steinbach, 1984; Blaustein and
Finkelstein, 1990). The signature effect of such a blocking
effect on the intracellular side is a negative resistance region
in the I-V relation in the low positive voltage range, fol-
lowed by a positive inflection or a relief-of-block at higher
voltages.

A similar macropatch experiment for the DEAA mutant
channel is presented in Fig. 7. These results show that
spermine and spermidine inhibit outward currents through
the mutant channel at similar concentrations that inhibit
wild-type, but the apparent voltage dependence of block and
relief-of-block is greatly altered. The negative-resistance
region in the [-V curve is virtually absent. Instead, a weak
inflection or plateau region is observed in the presence of
these PAs in the low positive voltage range. Like their effect
on the wild-type channel seen in Fig. 6, cytoplasmic PAs
suppress outward current through the DEAA channel at low
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FIGURE 6 Effect of spermine and
spermidine on wild-type Na,, chan-
nels in macropatches under condi-
tions of symmetrical 140 mM Na™.
(4) Current records from a macro-
patch excised from an HEK293 cell
expressing wild-type Na,, channels
before, during, and after exposure to
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positive voltage, but there is a smoother conversion to
ohmic behavior at voltages higher than +100 mV.

In an attempt to better understand the basis of the differ-
ent [-V behavior of wild-type and DEAA channels in the
presence of internal PAs, we fit the data to a simple model
(Scheme 1) of a permeant blocker based on a single PA
binding site, as described in the Materials and Methods
section of this paper and in Huang et al. (2000) in more
detail. Since the equilibrium dose-response relations for
Na,, current inhibition by spermidine and spermine at a
fixed voltage (Fig. 5) are well described by a one-site
binding isotherm, this is the most economical model avail-
able to describe this system. In this analysis, we should
caution that the I-V data of Figs. 6 and 7 do not necessarily
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V (mV)

represent equilibrium behavior at all potentials. This is
because the [-V data were collected by consecutive pulses at
intervals of 500 ms, a frequency (2 Hz) where use-depen-
dent effects are present at some voltages (see Fig. 9).
Nevertheless, the approximation of this situation by an
equilibrium model is useful as a first-pass approach for
investigating the basis for the dramatic difference in block-
ing behavior between the wild-type and mutant.
Normalized conductance-voltage relations were fit to Eq.
1, given in Materials and Methods. The right side of Fig. 6,
B and C, shows such normalized conductance-voltage plots
for 5, 10, 50, and 100 uM spermine and spermidine. In
these plots, conductance is normalized to that from the same
patch in the absence of PA. As indicated by the smooth
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FIGURE 7 Effect of spermine and
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channels in macropatches under con-
ditions of symmetrical 140 mM Na™*.
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patch excised from an HEK293 cell
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curves, the simple theory is able to describe the wild-type duces the negative resistance region, is derived from high
data for PA block quite well. A comparison of best-fit  values (1.1-1.4) of an effective electrical valence parameter,
parameters for 100 uM spermine and spermidine is shown  z’,, that normally represents the product of the charge
in Table 1. The parameters indicate that the steep voltage valence of the blocker and the fraction of transmembrane
dependence of block in the wild-type channel, which pro- voltage sensed by the blocker (Woodhull, 1973). However,

TABLE 1 Parameters obtained by fitting conductance-voltage data in the presence of 100 uM spermine and spermidine to a
simple model of permeant block

Channel type Polyamine K,(0) (mM) z] Ky(0) z5

DEKA spermine 35203 1.44 £ 0.03 1.8+05x107* 1.69 = 0.03
spermidine 22%+03 1.13 = 0.04 1.6+12x10* 1.49 = 0.09

DEAA spermine 0.24 £0.21 1.21 £ 0.32 160 = 130 X 10~* 1.47 = 0.31
spermidine 0.47 = 0.27 1.90 £ 0.43 200 = 110 X 10~* 2.34 £ 042

Normalized conductance-voltage data of Figs. 6 and 7 were fit to Eqs. 1-4. Best-fit parameters for 100 uM spermine and spermidine are shown along with
standard errors derived from the fitting procedure.

Biophysical Journal 80(3) 1262-1279



1272

it is difficult to interpret a physical distance from these
parameters, since spermidine”> and spermine®* are long
cationic molecules measuring 12.9 A and 17.9 A, respec-
tively, in the linear extended conformation, and their
charges are positioned over this length. The length of these
molecules is also comparable to a large fraction of mem-
brane bilayer thickness (~35 A). Thus, the classic
Woodhull (1973) blocking model, based on a point-charge
located at a discrete binding site in the pore, does not apply
well to this situation. Within the context of the model, it is
interesting to note that the parameter, K;(0), the ratio of the
dissociation rate constant for exiting the blocking site to the
outside to that for exiting back to the cytoplasmic side at 0
mV, only needs to be in the range of ~2 X 10~* (Table 1)
in order to simulate voltage-dependent relief-of-block by
these PAs for the wild-type Na,, channel.

The same model for permeant block can also describe the
peak I-V behavior of the DEAA mutant as shown by fits of
the normalized conductance-voltage data on the right side of
Fig. 7, A and B. Comparison of the best-fit model parame-
ters for DEKA and DEAA listed in Table 1 shows that the

Huang and Moczydlowski

I-V behavior of the DEAA mutant versus wild-type can be
largely explained by a ~100-fold increase in Ky(0), the
ratio of rate constants for blocker dissociation to the outside
versus inside at 0 mV. The effect of the DEAA mutation on
block by internal PAs is, therefore, rather similar to that
previously described for block by large TAA™ molecules
(Huang et al., 2000). In both cases, mutation of the selec-
tivity filter Lys(III) residue to Ala greatly enhances relief-
of-block and outward permeation of particular types of large
organic cations.

Effect of PAs on the macroscopic time course of
inactivation and use dependence of PA block

Many compounds that block Na,, channels from the internal
side have also been found to interact with the inactivation
gating process and alter its time course (Armstrong and
Croop, 1982; Cahalan and Almers, 1979; Yeh and Nara-
hashi, 1977; O’Leary and Horn, 1994; O’Leary et al., 1994).
Fig. 8 summarizes effects of spermine and spermidine on
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nel current. Outward current was
measured in macropatches under con-
ditions of symmetrical 140 mM Na™.
The voltage pulse protocol was the
same as described for Fig. 5 (single
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every 10 or 20 s). Typical records at
the right show 70-90% inhibited Na,,
current in the presence of PA super-
imposed on control current in the ab-
sence of PA and scaled so that peak
current values coincide. Dashed lines
show typical fits of the inactivation
time course to a single exponential
function of time. Plots at the left show
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the macroscopic time course of inactivation for outward
current elicited by a voltage step from —120 to +100 mV in
excised macropatches studied in the presence of symmetri-
cal 140 mM Na™. This data was obtained from the same
equilibrium titration measurements of block in Fig. 5 and
thus represent the response of channels that have achieved
steady state inhibition of peak current as determined by a
constant response to repetitive pulses delivered at long
intervals of 10 or 20 s. To measure the apparent inactivation
rate, T, we fit the time course of current decay to a single
exponential in the absence and presence of spermine or
spermidine. As illustrated by the current traces of Fig. 8, the
inactivation time course is well described by a single expo-
nential under all conditions. Scaling of the peak of inhibited
(70-90%) current measured in the presence of 100 uM
spermine or spermidine onto the peak of control current in
the absence of PAs demonstrates that these ligands can
either increase or decrease T, depending on the K(III)
residue. Specifically, spermine increased 7, by greater than
twofold for the wild-type channel in a concentration-depen-
dent manner, but spermidine had no significant effect on T
(Fig. 8 A). In contrast, both spermine and spermidine de-
creased 7; for the DEAA mutant as a function of increasing
concentration (Fig. 8 B).

Both lengthening and shortening effects of blockers on
the time course of inactivation have been previously de-
scribed for voltage-gated ion channels. For example, inter-
nal tetraethylammonium was found to block the Shaker Ky,
channel and prolong N-type inactivation (Choi et al., 1991).
This latter effect was interpreted as a strictly competitive
interaction between the blocker and the inactivation parti-
cle. By analogy, a possible interpretation of the lengthening
effect of spermine on inactivation of the wild-type Nay,
channel is that this molecule prevents binding of the Nay,
channel inactivation gate to its receptor site, a process that
is proposed to correspond to binding of the “hinged lid” or
IFM motif in the Domain III-IV linker (Catterall, 2000;
Eaholz et al., 1999). It is interesting that the shorter sper-
midine molecule does not produce this lengthening effect
under the tested conditions (Fig. 8 4). A possible interpre-
tation is that bound spermidine lodges deeper in the pore so
as not to occlude binding of the hinged lid, whereas sperm-
ine is long enough (17.9 A) to interfere physically with this
process. In contrast, spermine and spermidine both shorten
the apparent inactivation rate of the DEAA mutant (Fig. 8
B). Such a concentration-dependent shortening effect is
thought to reflect primarily a rapid bimolecular association
rate (k,,) of blockers to the open channel and is manifested
when the intrinsic blocker dissociation rate (k,g) is slow
compared to inactivation (O’Leary et al., 1994). In the
present case, enhanced outward permeability of PAs
through the DEAA channel (Fig. 7) could also account for
the shortening of 7; in DEAA versus lengthening of 7; in the
wild-type channel.
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Because spermine and spermidine are hydrophobic cat-
ions that block the rat muscle Na,, channel from the cyto-
plasmic side, we investigated whether they exhibit use de-
pendence. Use dependence is a phenomenon associated
with many types of LA drugs typified by hydrophobic
tertiary amines, such as lidocaine (Hille, 1992). The charged
form of LAs is known to preferentially block Na,, channels
from the cytoplasmic side (Strichartz, 1973). Use depen-
dence of LAs is typically monitored by delivering a series of
repetitive depolarizing pulses and recording the time-depen-
dent decline in peak Na,, current amplitude.

Fig. 9 summarizes use-dependent activity of spermidine
and spermine as observed in macropatch experiments with
wild-type and DEAA mutant Na,, channels under condi-
tions of symmetrical 140 mM Na™. In the top panels of Fig.
9, 4 and B, outward Na,, currents were evoked by repetitive
pulses at a frequency of 4 Hz to +150 mV (3.25 ms in
duration) from a holding potential of —120 mV in the
absence or presence of PAs. The peak outward current was
normalized with respect to the amplitude of the first pulse;
i.e., the control current value in the absence of PA or the
tonic (first pulse) level of inhibited current in the presence
of PA. Under these conditions, the wild-type channel dis-
played rapid time-dependent inhibition in the presence of
spermine and spermidine. In experiments of Fig. 9 4, phasic
enhancement of block by repetitive stimulation amounted to
~44% by 20 uM spermidine and ~29% by 10 uM sperm-
ine. This effect is not simply due to an accumulation of
rapid inactivation, since control currents measured in the
absence of PAs exhibit only a slight decline during 50 s
exposure to the same stimulation protocol (Fig. 9). The
kinetics and amplitude of extra block depend on the fre-
quency of stimulation and the concentration of spermine
and spermidine (not shown), properties similar to the action
of use-dependent LA drugs (Hille, 1992). The lower panels
in Fig. 9 show that the fractional amplitude of extra-block
induced by phasic stimulation is also highly dependent on
the voltage of the step depolarization. This is to be expected,
since equilibrium occupancy of the channel by PAs is
governed by competing processes of block and relief-of-
block in the positive voltage range. Another observation is
that the kinetics of use dependence are affected by mutation
of the selectivity filter Lys(III) residue. Fig. 9 B (top) shows
that the DEAA mutant displays a considerably slower time
course of phasic inhibition for spermine (7 = 1.4 s for the
major time constant of the relaxation) and spermidine (7 =
2.3 s) as compared to the wild-type channel (7 < 0.4 s for
both PAs in Fig. 9 A4). Fig. 9 B (bottom) shows that use
dependence of block of the DEAA mutant by 10 uM
spermine exhibits a biphasic dependence on test potential in
the range of +50 to +200 mV, with maximum extra block
occurring at +100 mV. In contrast, use-dependent extra
block of the DEAA mutant by 50 uM spermidine was
greatest at +150 mV. These findings indicate that use-
dependent inhibition by PAs depends on the structure of the
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FIGURE 9 Use-dependent behavior of polyamine block of wild-type and DEAA mutant Na,, channels as measured in excised macropatches in the
presence of symmetrical 140 mM Na™. (4) Wild-type channel. (fop) Fractional unblocked peak currents were measured with a repetitive train of 3.25-ms
pulses to +150 mV from a holding potential of —120 mV at a frequency of 4 Hz. Data points were normalized to the first response of the test pulse and
plotted as the mean = SE for 3 to 10 patches. Solid lines are the best fit to a sum-of-two exponential function. (bottom) Voltage-dependent variation of
the fractional extra block by spermine and spermidine for the wild-type channel. Bars represent the fraction of unblocked current averaged from the last
5 s of data recorded with trains of 4-Hz pulses to +100 or +150 mV, in the absence and presence of 10 uM spermine or 20 uM spermidine in the bath
solution as indicated. Data are normalized to the first pulse and represent the mean = SE for 3 to 10 patches. (B) DEAA mutant channel. (top) Fractional
unblocked peak currents measured as described in (4). Data handling and presentation follow those described in (4).

PA molecule as well as the detailed kinetics and voltage
dependence of block and unblock by these inhibitors.

Effect of spermine on voltage-dependent gating

The effects of PAs described so far pertain to nonphysi-
ological conditions of high internal Na* concentration. In-
ternal Na™ may compete for occupancy of the pore or
otherwise affect interactions of PAs with the channel. To
examine PA-channel interactions in the presence of a near-
physiological Na*/K™ gradient, we tested the effect of
spermine using excised inside-out macropatches with 140
mM Na¥/3 mM K in the pipette (outside) solution and 135
mM K*/3 mM Na* in the bath (inside) solution. Under
these conditions, the peak current of the wild-type channel
reverses near +80 mV due to high selectivity for Na™
versus K*. Addition of spermine (1 mM) to the bath solu-
tion completely blocks outward current under these condi-
tions and inhibits peak inward current by 36% (Fig. 10 A4).
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The apparent rate of rapid inactivation of residual inward
current in the presence of spermine is not significantly
altered. The current traces labeled “after wash” in Fig. 10 4
were recorded after extensive perfusion of the patch with
control bath solution. Blocked outward current recovered to
91% of control, whereas the maximum inward current con-
sistently recovered to only ~70% of control. Peak I-V data
of Fig. 10 B also shows that a smaller fraction of inward vs.
outward current is recovered after exposure to spermine.
This latter behavior suggests that the blocking effect of
spermine at positive voltage is distinct from its effects on
channel gating and may indicate multiple sites of PA action.
For example, PA polycations could adsorb to phospholipids
or other negatively charged sites on the exposed intracellu-
lar membrane surface and thereby exert electrostatic or
allosteric effects on Na,, channel gating independently of
blocking interactions that occur by binding of PAs within
the pore. Fig. 10 B shows that spermine does not affect ionic
selectivity, since it does not change the reversal potential.
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FIGURE 10 Spermine inhibits inward current and shifts the voltage
dependence of gating of wild-type Na,, channels as recorded in macro-
patches with a physiological Na™/K* gradient. (4) Representative current
traces recorded from a macropatch excised from an HEK293 cell express-
ing wild-type Na,, channels in a control solution containing of 140 Na*/3
mM K" in the pipette solution and 135 mM K*/3 mM Na® in the bath
solution. Records are shown before, during, and after exposure to | mM
spermine in the bath solution, as indicated. (B) Peak I-V relations of
wild-type Na,, channel for the experimental conditions described in (4).
Data points are the mean = SE for 5 to 7 patches and are normalized to the
maximum peak inward currents from the same patch before exposure to
spermine. (C) Normalized steady-state Na,, channel availability and nor-
malized membrane conductance as a function of prepulse and step poten-
tials, respectively, measured in the absence and presence of 1 mM intra-
cellular spermine in the bath solution. Steady-state availability was
measured from the peak currents elicited by a test pulse to —10 mV applied
directly after a 250-ms conditioning pulse at the indicated membrane
potentials ranging from —140 mV to +30 mV, with pulses delivered at
intervals of 0.5 s. Normalized membrane conductance was computed from
data in (B). Data points are the mean * SE for 4 cells (availability) or 7
cells (conductance). Steady-state availability data were fit to the following
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Analysis of the availability-voltage relationship for Nay,
channel inactivation (Fig. 10 C) indicates that | mM sperm-
ine stabilizes channels in the inactivated state by signifi-
cantly shifting the midpoint of the availability curve by
—7.1mV (V5= —86.6 £0.6mVvs. —93.7 = 1.0 mV for
control vs. spermine, see Fig. 10 legend). The macroscopic
conductance-voltage relationship for Na,, channel activa-
tion is also significantly affected by spermine with an ap-
parent shift of +7.3 mV for the midpoint of voltage-depen-
dent activation (Fig. 10 C). Both effects of spermine would
act to decrease the probability of Na,, channel opening
under physiological conditions. In summary, the results of
Fig. 10 indicate that 1 mM internal spermine has significant
effects on Na,, channel activity in the physiological range of
membrane voltage under cellular ionic conditions.

DISCUSSION

In this study, we describe a phenomenon involving anom-
alous rectification of whole-cell outward current mediated
by the rat muscle Nay, channel. This behavior was observed
in a heterologous human cell line, HEK293, that is com-
monly used for expression of cloned channel proteins. The
use of Na™* as the principal intracellular cation is a salient
condition of this experiment, in that it carries a large out-
ward current and reveals the presence of an endogenous
cellular blocking activity that would otherwise be masked
within the small outward current of a less permeant ionic
species such as Cs™ or K. The absence of divalent cations
such as Mg?* and Ca®" in the pipette solution eliminates
from consideration the known intracellular blocking activity
of divalent metal cations (Pusch, 1990) as possible media-
tors of this anomalous rectification. Our finding of endog-
enous inward rectification of Nay, channels in a fibroblast-
like cell line under conditions of symmetrical [Na™] may be
juxtaposed with classical observations of inward current
rectification of K, channels, where the original description,
“anomalous” rectification (Katz, 1949), was based on the
fact that little outward K™ current is observed under con-
ditions where a K" -selective pore is expected to pass a large
outward current; i.e., for cytoplasm containing high intra-
cellular K™

transform of a Boltzmann function: /I, = {1 + exp[(V — V,5)/k]} ",
where V' is the prepulse potential, V5 is the voltage for half-inactivation,
and £ is a slope factor. The best-fit values are: V, s = —86.6 = 0.6 mV, k =
7.1 £ 0.4 mV for control, and V, s = —93.7 = 1.0mV, k= 9.3 = 0.8 mV
for 1 mM spermine. Conductance activation data were fit to the same
Boltzmann transform, where ¥ is the test potential, V,, 5 is the voltage for
half-activation, and k is a slope factor. The best-fit values are Vs =
=355 * 1.5mV, k= —6.6 £ 0.2 mV for control, and V5 = —28.2 =
14 mV, k= —85 = 0.5 mV for | mM spermine. Spermine-dependent
shifts of the midpoint voltage (V,5) for availability and relative conduc-
tance are significantly different (P < 0.05) as determined by an unpaired
t-test.
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Since the discovery that intracellular PAs are largely
responsible for inward rectification of K;; channels (Ficker
et al., 1994; Lopatin et al., 1994), many other types of ion
channels have been found to be blocked or modulated by
this class of cytoplasmic organic cations (Williams, 1997).
Our observations on the effect of spermidine and spermine
add Nay, channels to the growing list of cation-selective
channels that exhibit significant interactions with PAs. In
connection with this phenomenon, it should be noted that
related observations have been previously described for the
human heart Na,, channel isoform (Townsend et al., 1997;
Townsend and Horn, 1999). These latter studies showed
that this Na,, channel expressed in the tsA201 cell line
exhibits a sublinear peak I-V relationship of outward current
in the range of 0 to +70 mV in the presence of high internal
Na™’ and a poorly permeant external cation such as Cs™ or
N-methyl-D-glucamine. Similar to our findings, this latter
interaction was greatly attenuated by the K1418C mutation
of the selectivity filter Lys residue and was proposed to be
caused either by a fast gating mechanism or block by an
endogenous polyvalent cation such as spermine (Townsend
and Horn, 1999).

The present work does not identify which intracellular
PAs or other such molecules are the exact cause of rectifi-
cation in the whole-cell experiments of Fig. 2. A precise
identification would require chemical fractionation of the
cytoplasm of HEK293 cells, isolation of compounds that
produce intracellular block, and structural confirmation that
such compounds are indeed PAs. Furthermore, endogenous
block may be due to a mixture of endogenous compounds
that interact with the Nay, channel and other cellular con-
stituents (e.g., nucleic acids, nucleotides, and phospholip-
ids) in a system of great complexity. Results with excised
patches do unequivocally show that spermine and spermi-
dine produce blocking and I-V behavior (Figs. 6 and 7) that
mimic the endogenous rectification phenomenon seen in
whole cells (Figs. 2 and 3). This correlation includes mech-
anistic details such as N-shaped peak I-V relations attrib-
uted to voltage-dependent block and relief-of-block, and the
special behavior of several selectivity filter mutants
(DERA, DEHA, DEAA), which greatly enhance relief-of-
block. Because spermine and spermidine are undoubtedly
present in HEK293 cells, we can infer that these PAs are
likely candidates for the endogenous blocking molecule(s),
but we cannot exclude the possibility that other endogenous
substances also play a role.

Although it is known that PAs are present in the cyto-
plasm of all cells (Igarashi and Kashiwagi, 2000), the exact
concentration of spermine and spermidine in the vicinity of
the plasma membrane is difficult to ascertain. The total
cellular concentration of PAs has been stated to lie within
the wide range from 10 uM to 10 mM (Nichols and Lopatin,
1997), but the relevant free concentration is governed by
extensive binding of PAs to intracellular polyanions and
anionic surfaces such as ATP, RNA, DNA, and phospho-
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lipid. Based on a quantitative model of such binding, the
free concentration of spermidine and spermine in a bovine
lymphocyte has been estimated at 200 and 80 wM, respec-
tively (Igarashi and Kashiwagi, 2000). For rat hepatocytes,
the latter reference estimates values of 80 uM free spermi-
dine and 20 uM free spermine. To address this issue here,
we used PA inhibition of the rat muscle Nay, channel
measured in excised macropatches (e.g., Fig. 5) to calibrate
and estimate the effective concentration of spermidine and
spermidine that would produce the observed level of endog-
enous inhibition at ~0.2 min after whole cell break-in (e.g.,
Fig. 2 4). We performed such a calibration at three different
voltages (+100, +150, and +200 mV) and used the ob-
served inhibition relative to ohmic behavior to calculate the
effective concentration of PAs. This analysis indicates that
the endogenous inhibition of outward Nay, current at an
carly time after break-in could be produced by intracellular
spermidine in the range of 91 to 132 uM or by intracellular
spermine in the range of 40 to 43 wM. These values are
similar to the estimated values of free PAs present in cul-
tured lymphocytes and hepatocytes (Igarashi and Kashi-
wagi, 2000).

Another interesting aspect of the endogenous rectification
phenomenon is the slow rate of conversion (i.e., 7 = 22 min,
Fig. 2 C) of outward Nay, channel current to ohmic behavior
in whole-cell recording. Since molecules as small as sperm-
ine and spermidine are expected to equilibrate in less than
one minute for cell-pipette dilution based on simple diffu-
sion (Marty and Neher, 1995), we infer that some unspec-
ified process restricts the release of cytoplasmic PAs from
HEK293 cells. A possible mechanism to explain such be-
havior is that an intracellular reservoir containing PAs may
slowly leak or transport these molecules to the cytoplasmic
compartment. One scenario that can be imagined is slow
release from a compartmentalized pool of PAs followed by
surface adsorption to proteins and lipids. In fact, recent
studies suggest that PAs in mammalian cells are concen-
trated within vesicular endosome-like compartments as vi-
sualized by confocal laser scanning microscopy and fluo-
rescent PA analogues (Cullis et al., 1999). Aside from its
potential biological significance, this slow equilibration also
has implications for electrophysiological studies of Na,,
channels and potentially other types of ion channels in
mammalian cell lines. In particular, the interpretation of
whole-cell I-V behavior in studies of ion permeation and
gating, particularly within the first 20 min after membrane
break-in, may be subject to potential complications of time-
dependent changes in block due to equilibrating PAs.

The behavior of the K(III) mutants (DERA, DEHA,
DEAA) with respect to the PA blocking interaction provides
new information related to the role of the Na,, channel
selectivity filter in ion permeation and molecular sieving of
organic cations. The data of Figs. 4, 6, and 7 show that the
efficiency of relief-of-block by intracellular spermidine and
spermine clearly varies with the chemical nature of the
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amino acid side chain substituted at the K(III) position of
the DEKA locus. As mentioned in the Introduction, the
DEKA locus is a set of mostly charged residues in homol-
ogous Domains I-IV that play a major role in determining
ionic selectivity in Nay, channels. The fact that such K(III)
mutations strongly affect relief-of-block behavior supports
the idea that the positively charged Lys side chain at this
position in the native Na,, channel faces the pore lumen and
interacts with organic cation blocker molecules entering the
channel from the internal side.

Since spermine, a long linear molecule with approximate
cylindrical dimensions of 4.6 A (diameter) X 17.9 A
(length), is amenable to relief-of-block in the wild-type Nay,
channel, it is evident that the native selectivity filter is able
to accommodate the voltage-driven passage of certain linear
alkylammonium cations that enter the channel from the
inside. In contrast, permeation of organic cations such as
methylammonium and ethylammonium is not detected
when such molecules are tested as current carriers from the
extracellular side of the channel (Hille, 1971; Sun et al.,
1997). These observations are not necessarily incompatible.
An indirect assay for permeation based on relief-of-block is
much more sensitive than measurements of current carried
by a test cation. The relief-of-block assay allows one to
observe dramatic changes in the shape of an I-V curve due
to movement of a blocking ion through the channel at rates
less than 0.1% of a highly permeant ion such as Na™. The
cylindrical diameter of spermine (4.6 A) is close to the
cutoff dimensions of ~3 A X ~5 A estimated for the
cross-sectional area of the narrowest region of the Na,
channel pore (Hille, 1971), a region now closely identified
with the DEKA locus (Sun et al., 1997). One only has to
postulate that the K(III) side chain is capable of being
displaced or swinging out of the way when PAs pass
through this narrow region of the pore, driven by high
positive voltage. This type of organic cation permeation
through the Na,, channel leads to the picture of a long
worm-like molecule (spermine) sliding through a molecular
nanotube that has one major site of constriction situated
close to the outside of the membrane. Besides movement of
the side chain of Lys(III) and possibly other residues that
form the filter region, it is also possible that this region
undergoes a more radical type of transient deformation to
accommodate permeation of PA cations. For example, the
PA cation might also dissociate from its blocking site to the
outside by intercalating into one of the contact regions
between the four pseudo-subunit domains, essentially slid-
ing through a crack in the Na,, channel protein. We recently
proposed a similar idea to explain how certain large tetra-
alkylammonium cations such as tetrapentylammonium ex-
hibit relief-of-block behavior (Huang et al., 2000).

In comparing the phenomenology of PA blocking inter-
actions observed here with that previously described for
Kir, GluR, AchR, and CNG channels (Lopatin et al., 1995;
Lu and Ding, 1999; Béhring et al., 1997; Haghighi and

1277

Cooper, 2000), one is struck by the fact that different types
of channel pores vary greatly in affinity, stoichiometry, and
voltage dependence of block and relief-of-block for sperm-
ine and spermidine. It is clear that simple PA molecules
engage in a diverse variety of specific chemical interactions
with channel proteins that presumably reflect important
differences in channel architecture and physiological func-
tion. However, a common structural theme that has clearly
emerged from studies of PA block is that many different
cation channels contain a site in the permeation path, closely
associated with negatively or positively charged amino acid
residues (e.g., K(II) in the Na,, channel), that control both
Ca?"/Mg*" permeability/block and PA block (Taglialatela
et al., 1995; Yang et al., 1995; Lu and MacKinnon, 1994;
Haghighi and Cooper, 2000; Williams, 1997).

Although chemical and structural similarity between PA
molecules and typical LA drugs such as lidocaine extends
only as far as the presence of amine functional groups and
hydrophobic moieties, this study finds evidence of a com-
mon mode of action on the rat muscle Nay, channel. Both
types of molecules preferentially block the open channel
from the intracellular side, bind to the channel in a voltage-
dependent fashion favored by depolarization, exhibit stim-
ulus-dependent binding (i.e., use dependence), interact with
inactivation gating, and produce negative shifts of steady-
state availability (a measure of rapid inactivation). These
functional similarities are likely to result from common or
overlapping binding sites for PAs and LAs on the Nay,
channel protein. Residues critical for high-affinity binding
of LAs have been mapped to the S6 transmembrane seg-
ment of Domain IV (Ragsdale et al., 1994; Catterall, 2000),
a region that is believed to form a hydrophobic a-helix that
forms part of the intracellular lining of the pore. Based on
current models of Na,, channel structure, it is believed that
LA molecules enter the intracellular portion of the ion
permeation pathway, physically occlude passage of Na™,
and somehow interact with the fast-inactivation gating pro-
cess to produce use-dependent inhibition (Catterall, 2000;
Scheuer, 1999). Results presented in this paper support the
idea that spermine and spermidine bind within the same
region of the Nay, channel as LAs and traverse to the outside
by electrodiffusion after passing through a major physical
barrier at the selectivity filter. This leads to the prediction
that binding competition is likely to occur between endog-
enous PA molecules and LAs. If a PA molecule and an LA
molecule can simultaneously bind to the channel, there may
also be electrostatic or allosteric binding interactions be-
tween these two types of ligands. Such binding interactions
could have clinical implications for the use of LA drugs. For
example, if cellular PA concentrations differ among excit-
able tissues or undergo changes in disease states, LA-type
drugs could be rendered less or more effective, depending
on the circumstances.

From a broader standpoint, the present results lead us to
consider whether PA interactions represent a significant
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mechanism of Na,, channel modulation under physiological
conditions. The most prominent effect of spermine and
spermidine described here is a strong voltage-dependent
block in the positive voltage range greater than +50 mV. At
first glance, it might be supposed that this effect is unlikely
to affect the shape or frequency of action potentials, since
excitable cells are rarely depolarized to voltages greater
than +50 mV. However, in cells with a substantial contin-
gent of Na,, and Ca,, channels (e.g., cardiac cells and
neurons), block of Na,, channels could potentially affect the
slope of the rising phase and the amplitude of action poten-
tials by limiting the contribution of Na™ conductance. In
principle, there may be situations where the membrane
potential would be rapidly driven to high values unless its
rising trajectory is limited by PA block of Na,, channels. By
this mechanism, intracellular PAs could act as a safety
device to suppress excessive Na™ conductance during rapid
depolarization. Aside from voltage-dependent block, the
results in Fig. 10 indicate that there are also inhibitory
effects of PAs on inward Na™ current in the negative and
low positive voltage range where cellular electrical activity
normally occurs. Such effects on Na,, channel inactivation
or activation are potentially of greater functional signifi-
cance than voltage-dependent block. Another unexplored
issue concerns isoform specificity. Isoform-dependent in-
teractions with spermine and spermidine are already known
to occur for the K,z and GluR families of ion channels
(Williams, 1997), and it is possible that neuronal or heart
isoforms of Na,, channels may respond to PAs differently
than the muscle subtype studied here. In closing, it seems
that our initial look at the effect of intracellular PAs on the
rat muscle Na,, channel has disclosed only a small part of a
complex phenomenon. Many important issues concerning
this interaction remain to be addressed.
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