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Abstract. The gating and conduction properties of a
channel activated by intracellular Na+ were studied by
recording unitary currents in inside-out patches excised
from lobster olfactory receptor neurons. Channel open-
ings to a single conductance level of 104 pS occurred in
bursts. The open probability of the channel increased
with increasing concentrations of Na+. At 210 mM Na+,
membrane depolarization increased the open probability
e-fold per 36.6 mV. The distribution of channel open
times could be fit by a single exponential with a time
constant of 4.09 msec at −60 mV and 90 mM Na+. The
open time constant was not affected by the concentration
of Na+, but was increased by membrane depolarization.
At 180 mM Na+ and −60 mV, the distribution of channel
closed times could be fit by the sum of four exponentials
with time constants of 0.20, 1.46, 8.92 and 69.9 msec,
respectively. The three longer time constants decreased,
while the shortest time constant did not vary with the
concentration of Na+. Membrane depolarization de-
creased all four closed time constants. Burst duration
was unaffected by the concentration of Na+, but was
increased by membrane depolarization. Permeability for
monovalent cations relative to that of Na+ (PX/PNa), cal-
culated from the reversal potential, was: Li+ (1.11) > Na+

(1.0) > K+ (0.54) > Rb+ (0.36) > Cs+ (0.20). Extracel-
lular divalent cations (10 mM) blocked the inward Na+

current at −60 mV according to the following sequence:
Mn2+ > Ca2+ > Sr2+ > Mg2+ > Ba2+. Relative perme-
abilities for divalent cations (PY/PNa) were Ca2+ (39.0) >
Mg2+ (34.1) > Mn2+ (15.5) > Ba2+ (13.8) > Na+ (1.0).
Both the reversal potential and the conductance deter-
mined in divalent cation-free mixtures of Na+ and Cs+ or
Li+ were monotonic functions of the mole fraction, sug-

gesting that the channel is a single-ion pore that behaves
as a multi-ion pore when the current is carried exclu-
sively by divalent cations. The properties of the channel
are consistent with the channel playing a role in odor
activation of these primary receptor neurons.
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Introduction

A growing family of potassium-selective ion channels
are those activated by intracellular Na+. They occur in
cardiac myocytes (Kameyama et al., 1984), crayfish mo-
torneurons (Hartung, 1985), chick ciliary and trigeminal
neurons (Bader, Bernheim & Bertrand, 1985; Haimann
et al., 1990), chick midbrain neurons (Dryer, Fujii &
Martin, 1989), cat neocortical neurons (Schwindt, Spain
& Crill, 1989), rat olfactory bulb neurons (Egan et al.,
1992a), Xenopusoocytes (Egan et al., 1992b), Xenopus
spinal neurons (Dale, 1993), and insect neurosecretory
cells (Grolleau & Lapied, 1994). The presence of these
channels in a variety of cell types from diverse tissues
indicates that Na+-activated potassium channels poten-
tially play an important role in cell function. It has been
proposed that these channels might participate in the
regulation of cell excitability, but their physiological
function(s) remains to be determined (review: Dryer,
1994).

Intracellular Na+ also activates ion channels that are
nonselective for cations. Na+-sensitive nonselective cat-
ion channels occur in peptidergic nerve terminals in
crabs (Stuenkel et al., 1990), on the soma of cultured
lobster olfactory receptor neurons (Zhainazarov & Ache,
1995a), and on mammalian intestinal myocytes (Nouail-Correspondence to:A.B. Zhainazarov
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hetas et al., 1994). A Na+-activated transient nonselec-
tive cationic current in frog tectal neurons (Zaykin &
Nistri, 1995), may reflect the presence of a similar uni-
tary current in amphibians, as well. Like their K+-
selective counterparts, these nonselective cation channels
presumably form another family of Na+-activated, or at
least Na+-sensitive, channels whose functional role is
also unknown. The lobster Na+-activated nonselective
cation channel occurs at the site of odor transduction in
the outer dendrites of primary olfactory receptor neurons
(ORNs) in situ (Zhainazarov & Ache, 1996), suggesting
that the channel’s function is somehow associated with
this highly specialized cellular compartment. Indeed, the
channel contributes to the generation of a substantial part
of the depolarizing receptor potential (A.B. Zhainaz-
arov, R. Doolin & B.W. Ache,in preparation), suggest-
ing that the channel may be secondarily activated by Na+

influx through the primary odor transduction channel and
serve to amplify the primary transduction current. To
rigorously understand the function of this channel, how-
ever, we need to better understand the channel’s gating
behavior and conduction properties.

Here, we characterize the detailed kinetic properties
of the Na+-activated nonselective cation channel from
cultured lobster ORNs and the effects of changes in
membrane potential and [Na+] i on channel gating. We
also describe the conduction properties of the channel,
including its selectivity for monovalent and divalent cat-
ions, blocking by extracellular divalent cations of the
current carried by Na+, dependence of the channel con-
ductance on the permeant ion concentration, and the
mole-fraction behavior of the single-channel current. We
show that the Na+-activated channel is relatively nonse-
lective among monovalent cations and highly permeable
to all of five divalent cations tested. Part of this work
appeared previously in abstract form (Zhainazarov &
Ache, 1996).

Materials and Methods

PREPARATION

Unitary currents were obtained from cell-free, inside-out membrane
patches pulled from the somata of cultured spiny lobster (Panulirus
argus) ORNs. Animals were collected in the Florida Keys and main-
tained in the laboratory in running seawater on a mixed diet of frozen
fish, squid, and shrimp. ORNs were maintained in primary culture as
described earlier (Fadool, Michel & Ache, 1991) and used within 1–7
days of culture. Coverslips containing the cells were transferred to a
Panulirus saline-filled 35 mm diameter culture dish (Falcon 1008,
Becton Dickinson) mounted on the stage of an inverted microscope
(Axiovert 100, Carl Zeiss) and viewed with phase-contrast optics at
320× magnification. ORNs were identified in the culture by their mor-
phology and electrophysiological properties, as described earlier (Fa-
dool, Michel & Ache, 1993).

RECORDING

Patch-clamp recordings were made as described by Hamill et al.
(1981). Patch pipettes were fabricated from borosilicate glass (Sutter
Instrument BF150-86-10), coated with silicone elastomer (Sylgard;
Dow-Corning) and fire-polished to a final tip diameter <1mm. The
pipettes had resistances of 10–20 MV when filled with patch pipette
solution and formed seals with resistances of 20–25 GV. After forming
a gigaseal and excising the membrane patch intoPanulirussaline, the
pipette was moved immediately in front of one tube of a nine-channel
rotatory parallel flow perfusion system (RSC-100, Biologic) placed in
the culture dish. Stimulus solution continuously flowed from the tube
(100 mm, inner diameter) and completely engulfed the patch. The re-
maining identical eight tubes either contained stimulus solution or a
modified or drug-containing solution appropriate to the particular ex-
periment. Electronically switching another of the tubes in front of the
stationary pipette ‘‘concentration clamped’’ the patch in a new solution
in 10 msec. Unitary currents were recorded with a commercial ampli-
fier (Axopatch 200A, Axon Instruments), low-pass filtered at 10 kHz
(−3 dB; 4-pole Bessel filter), and stored on videotape (Toshiba DX-
900) for later analysis. All potentials were corrected for the liquid
junction potentials between the pipette and bath solutions as described
by Neher (1992). The recordings were referenced to a Ag-AgCl wire
electrode connected to the bath solution through a 3M KCl/agar bridge.
All experiments were carried out at room temperature (20–22°C).

DATA ANALYSIS

On playback from videotape, the single channel current records were
filtered at 2–4 kHz (−3 dB; 8-pole Bessel filter) and digitized at 20–40
kHz by a IBM-compatible computer with an A/D, D/A interface (TL-1,
Axon Instruments) using commercially-available software (pClamp
6.0, Axon Instruments). An idealized record of the durations and am-
plitudes of detectable events in the single channel current record was
obtained by imposing a fixed resolution (50msec) for both open and
closed times (Colquhoun & Sigworth, 1995). Only openings with a
duration equal to or longer than 2tr were included in amplitude his-
tograms, wheretr is the rise time of recording system. Amplitude
histograms were binned into equally spaced bins and fitted with the
sum of several Gaussian components using the method of least squares
minimization. Histograms of the distribution of open times and closed
times, and parameters of bursts of openings were displayed as the
logarithm of the duration with a square root transformation of the
ordinate. Dwell-time distributions were fitted with the sum of several
exponential components by using the method of maximum likelihood
and the best fit was determined statistically (F-statistic,a < 0.01)
comparing the results of fitting with different number of components.

Channel openings typically occurred in groups. We classified the
groups of openings as bursts of openings using the following criteria.
Bursts of openings were defined as a group of openings separated by
closed times shorter than a critical time intervaltc (Colquhoun & Sig-
worth, 1995). The value oftc for bursts was determined so that the
number of long closed times (second component in all closed times
distribution) that were misclassified as occurring within bursts equals
the number of short closed times (first component in all closed times
distribution) that were misclassified as occurring between bursts
(Colquhoun & Sakmann, 1985; Colquhoun & Sigworth, 1995).

In some experiments the current-voltage relation of single-
channel currents was determined by the application of voltage ramps
(−70 to +50 mV; 300 msec), and the resulting currents recorded di-
rectly into computer memory and analyzed later by using the seg-
mented averaging procedure (Heinemann, 1995). The reversal poten-
tials under different ionic conditions for monovalent cations were mea-
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sured by determining the potential at which the open channel current
was zero. The permeability of test monovalent ion X+ relative to Na+

(PX/PNa) was calculated from the shift of the reversal potential (Er)
upon exchanging the intracellular Na+ solution (210 mM)—which con-
tained no other monovalent, permeant cations—with an identical solu-
tion, except that part of the Na+ (120 mM) was replaced by an equiva-
lent concentration of test cation X+ by using the Goldman-Hodgkin-
Katz potential equation (Hille, 1992):

DEr = Er, X − Er, Na = (RT/F)ln{ PNa[Na+]o/(PX[X+] i

+ PNa[Na+] i)}, (1)

whereR is the gas constant,F the Faraday constant,T the absolute
temperature, [Na+]o the extracellular concentration of Na+, [X+] i and

[Na+] i the intracellular concentration of the cationsX+ and Na+ respec-
tively.

In some experiments, estimation of the permeability of the diva-
lent cationY2+ (105 mM, pipette solution) relative to Na+ (210 mM, bath
solution) (PY/PNa) was based on the value ofEr and calculated by using
the equation (Fatt & Ginsborg, 1958):

PY[Y2+]o/PNa[Na+] i 4 exp(ErF/RT)[exp(Er F/RT) + 1]/4, (2)

where [Y2+]o is the extracellular concentration of the divalent cation
Y2+.

SOLUTIONS

Unless noted otherwise, standard patch pipette solution consisted of (in
mM): 210 NaCl, 11 EGTA, 1 CaCl2, 10 HEPES, and 696 glucose, at a
pH of 7.4 adjusted with tris(hydroxymethyl) aminomethane (Tris base).
The estimated free calcium concentration in the pipette solution was 10
nM. Free calcium concentration was calculated with the use of Chelator
software (Schoenmaker et al., 1992).Panulirussaline consisted of (in
mM): 458 NaCl, 13.4 KCl, 13.4 Na2SO4, 13.6 CaCl2, 9.8 MgCl2, 2
glucose, 10 HEPES, at a pH of 7.4 adjusted with Tris base. Stimulus
solution consisted of (in mM): 210 LiCl, 11 EGTA, 1 CaCl2, 696
glucose, and 10 HEPES, at a pH of 7.4 adjusted with Tris base. In
some experiments, part of the LiCl in the stimulus solution was sub-
stituted by an equivalent concentration of NaCl, as described in the text
and figure legends. In experiments carried out to determine the extent
of blockage of the channel by different divalent cations, the patch
pipette solution consisted of (in mM) 190 NaCl, 10 Na-acetate, 10
HEPES, 696 glucose, and one of the following divalent cation chlo-
rides: CaCl2, MgCl2, BaCl2, SrCl2, and MnCl2, pH 7.4 adjusted with
Tris base. In experiments performed to measure divalent permeation
through the channel, the patch pipette solution consisted of (in mM) 10
HEPES, and 105 chloride of one of the following divalent cations:
Ca2+, Mg2+, Ba2+, Sr2+, and Mn2+, pH 7.4 adjusted with Tris base and
at ∼1000 mmol/kg osmolarity adjusted with glucose.

All inorganic salts were obtained from Fisher Scientific. All or-
ganic chemicals were obtained from Sigma Chemical except for
HEPES, which was obtained from Research Organics.

Results

As shown previously (Zhainazarov & Ache, 1995a), Na+

directly and reversibly activated unitary currents when
applied to the intracellular side of the membrane (Fig. 1A
andB), and did so without desensitization (Fig. 1C). Of
81 patches tested in this study, 65 showed Na+-activated
channel activity. The majority of these contained mul-
tiple channels (range 1–9, mean 6), as determined by
counting multiple openings at a high [Na+] i (210 mM).
Ten of the patches contained only one channel by this
criterion and were used for dwell-time analysis.

AMPLITUDE OF Na+-ACTIVATED CHANNEL OPENINGS

In the presence of Na+, the channel opened to a single
level of −5.82 ± 0.35 (SD) pA at −60 mV (Fig. 2A) in all
but one of the 65 patches with Na+-activated channel
activity. In one patch a second substate opening with an

Fig. 1. Na+ directly activates a channel in an inside-out patch from the
soma of a cultured lobster olfactory receptor neuron. (A) Inside-out
patch bathed in 0 mM NaCl/210 mM LiCl solution had no channel
activity, but showed reversible channel activity when transferred into
210 mM NaCl/0 mM LiCl solution. The patch contained only one Na+-
activated channel. Time course of solution change is shown by solid
arrows above the current trace. (B) Segments taken from the trace in A
(a and b) and shown on an expanded time scale. Channel openings
appear as downward deflections. (C) frequency of Na+-activated chan-
nel openings as a function of time. [Na+] i , 210 mM. Frequency was
calculated over a time interval lasting 100 msecA and C are from
different patches. Membrane potential, −60 mV. Low-pass filtered at 2
kHz (−3 dB).
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amplitude of −1.10 ± 12 (SD) pA at −60 mV (Fig. 2B)
was seen, but was not analyzed further due to its rare
occurrence. The amplitude distribution of channel open-
ing at 210 mM Na+ and −50 mV could be fit with a single
Gaussian function with parameter of −5.00 ± 0.14 (mean
± SD) pA (Fig. 2C). The current-voltage relationship of

open channel current amplitude was linear over negative
membrane potentials and showed slight inward rectifica-
tion at positive potentials (Fig. 2D). The slope conduc-
tance of the channel was 103.9 ± 5.2 (SD) pS (n 4 5)
between −90 and 10 mV, with a reversal potential of
−0.4 ± 0.1 (SD) mV.

Fig. 2. Single-channel current traces from inside-out patch containing only one Na+-activated channel at different membrane potentials. Value of
membrane potential is shown near each trace. Baselines are depicted by dashed lines. [Na+] i , 210 mM. [Na+]o, 210 mM. The current traces were
low-pass filtered at 2 kHz (−3 dB). (B) In one patch 90 mM Na+-activated reversibly a channel with a substate opening in addition to the main open
one. The solid line above the current trace indicates time course of solution change. Arrows indicate putative substate openings. Membrane, −60
mV. Low-pass filtered at 2 kHz (−3 dB). (C) Amplitude histogram of 1754 openings longer than 0.332 ms obtained from the same patch as shown
in A. The solid line is the fit of one Gaussian function with following parameters of (mean ±SD): −5.00 ± 0.14 pA. Membrane potential, −50 mV.
(D) Current-voltage relationship of single Na+-activated channel current amplitude. The mean single channel current amplitude at each membrane
potential was obtained from single Gaussian fit to the amplitude histogram. Points are given as the mean ±SD (n 4 5). [Na+] i , 210 mM. [Na+]o,
210 mM.
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CONCENTRATION DEPENDENCE OF THE

OPEN PROBABILITY

Channel activity increased in concentration-dependent
manner as [Na+] i was increased from 30 to 210 mM (Fig.
3). Channel openings were grouped into bursts even at
low [Na+] i. The channel continued to show such burst-
ing behavior at higher [Na+] i, although the bursts of
openings were separated by much shorter periods of
channel closings than at low [Na+] i (Fig. 3). It is un-
likely that such bursting behavior resulted from divalent
ion block since in all our solutions free Ca2+ concentra-
tion was buffered at 10 nM by 11 mM EGTA, and the
solutions contained no added Mg2+.

The open probability of the channel (Po) calculated
as the proportion of total time spent in the open state
increased from 0.02 ± 0.01 (SEM) to 0.54 ± 0.02 (SEM) (n
4 6) at −60 mV as the [Na+] i was elevated from 30 to
210 mM (s points, Fig. 4A). The data could be fit by the
Hill equation:

Po = Po, max [Na+] i
n/(Kn

1/2 + [Na+] i
n), (3)

wherePo, max(0.58 ± 0.03 (SEM)) is an asymptotic value
of channelPo, n is the Hill coefficient (3.10 ± 0.09
(SEM)), andK1/2 is a half-effect concentration (89.2 ± 4.2
(SEM) mM).

When the patch was voltage-clamped at +40 mV,
the open probability of the channel increased from 0.07
± 0.02 (SEM) at 30 mM Na+ to 0.96 ± 0.02 (SEM) (n = 6)
at 210 mM (• points, Fig. 4A). The Hill equation fit to
the data points gave the following parameters.Po, max

increased from 0.58 at −60 mV to 0.96 ± 0.01 (SEM) at
+40 mV, indicating that the fully ligand-bound channel
has a higher open probability at positive potentials. At
both negative and positive membrane potentials the Hill

coefficient value was greater than 3 (3.25 ± 0.21 (SEM) at
−60 mV and 3.10 ± 0.09 (SEM) at +40 mV). K1/2 de-
creased from 89.2 ± 4.2 (SEM) at −60 mV to 45.3 ± 1.1
(SEM) at +40 mV, suggesting that the rate constants of the
Na+ binding stages of the channel are also voltage-
dependent.

VOLTAGE DEPENDENCE OF THEOPEN PROBABILITY

The channelPo clearly increased when the membrane
potential was gradually changed from negative to posi-
tive potentials, even if [Na+] i was at saturating level (210
mM) (• points, Fig. 4B). For example,Po was 0.21 ±
0.02 (SEM) at −90 mV and 0.94 ± 0.03 (SEM) (n 4 6) at
+60 mV, suggesting that the fully ligand-bound channel
has a higher open probability at positive potentials. The
solid line through the data (• points, Fig. 4B) was drawn
according to the Boltzmann equation:

Po = Po, max/(1 + exp((V1/2 − V)/k), (4)

whereP’o, max is the asymptotic value ofPo, V1/2 is the
membrane potential at which half ofP’o, max is reached,
and k is the slope factor describing the steepness of the
relationship. At saturating [Na+] i (210 mM) the fit pa-
rameters werePo, max1.00 ± 0.03 (SEM), V1/2 −42.1 ± 3.4
(SEM) mV, and k 36.6 ± 3.2 (SEM) mV.

When the inside of the patch was bathed in a non-
saturating [Na+] i (90 mM), the channel activity was still
voltage-dependent (s points, Fig. 4B). The channelPo

increased from 0.05 ± 0.03 (SEM) at −90 mV to 0.86 ±
0.03 (SEM) (n 4 6) at +60 mV. P’o, max (0.96 ± 0.07
(SEM)) and k (29.0 ± 4.7 (SEM) mV) did not change in
comparison with their values at 210 mM [Na+] i. In con-
trast,V1/2 changed considerably (−11.7 ± 7.3 (SEM) mV),

Fig. 3. (A) Samples of single Na+-activated
channel currents at various [Na+] i (30 mM to 210
mM). (B) Segments taken from the traces inA
shown on an expanded time scale. Baselines are
depicted by dashed lines. Channel openings are
shown as downward deflections. The patch
contained only one Na+-activated channel.
Membrane potential was clamped at −60 mV. The
currents were low-pass filtered at 2 kHz (−3 dB).
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presumedly reflecting voltage dependency of rate con-
stant(s) of Na+ binding.

DEPENDENCE OFCHANNEL KINETICS ON [Na+]i

AND VOLTAGE

Distribution of Open Time

The distribution of the apparent open times at −60 mV
and 90 mM Na+ could be fitted by a single-exponential
function with time constant of 4.09 msec (Fig. 5A). This
relationship held from 30 to 210 mM Na+ and the open-
time constant showed no considerable dependence on
[Na+] i (Fig. 5B). Average time constant over all [Na+] i

tested was 6.37 ± 0.43 (SEM) msec. At +40 mV, the
distribution of apparent open times could still be fitted by

a single-exponential function, but the open time constant
increased to 23.72 ± 0.93 (SEM) msec (data not shown).
Overall, the open time constant increased from 2.91 ±
0.04 (SEM) msec at −90 mV to 31.93 ± 2.29 (SEM) msec
at +60 mV (Fig. 5C). The solid line through the data
points in Fig. 5C is drawn according to the following
equation:

Fig. 4. (A) Relationship between [Na+] i and open probability of single
Na+-activated channels at two different membrane potentials (s, −60
mV; d, +40 mV). InA the solid lines were drawn according to the Hill
equation with parameters of: the asymptotic value of open probability
Po, max(0.96 ± 0.01, +40 mV; 0.58 ± 0.03, −60 mV), the Hill coefficient
n (3.10 ± 0.09, +40 mV; 3.25 ± 0.21, −60 mV), and the half-effect
concentrationK1/2 (45.3 ± 1.1, +40 mV; 89.2 ± 4.2, −60 mV). (B)
Voltage dependence ofPo measured at two different value of [Na+] i (s,
90 mM; d, 210 mM). Membrane potential ranted from −90 mV to +60
mV. In B solid lines show the fit of the Boltzmann equation (see text)
to the data. Fit of Boltzmann equation to data points yieldedP8o, max4

1.02 ± 0.03,V1/2 4 −42.1 ± 3.4 mV,k 4 36.6 ± 3.2 mV ([Na+] i 4 210
mM) andP8o, max4 0.96 ± 0.07,V1/2 = −11.68 ± 7.3 mV, k4 29.0 ±
4.3 mV ([Na+] i 4 90 mM). Points shown and parameter estimates are
given as the mean ±SEM (n 4 6).

Fig. 5. (A) Distribution of open times of a single Na+-activated channel
(1975 openings). The distribution was fitted with a single exponent
function with time constant 4.09 msec [Na+] i, 90 mM. Membrane po-
tential, −60 mV. (B) Mean time constant of open duration distribution
as a function of Na+ concentrations at −60 mV (d) and +40 mV (s).
The dashed lines were drawn by hand. (C) Mean time constant of
apparent open durations as a function of voltage. [Na+] i , 90 mM. The
solid lines through the data points were drawn according to the Eq. (5)
in the text with parameters ofto, o 4 10.51 msec andz 4 0.45. Points
shown are the mean ±SEM of the results from five different patches.
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To = To, o exp(zFV/RT), (5)

whereTo, o is the value ofTo at 0 mV,z is the valence of
the gating charge that moves across the membrane po-

tential dropV during channel activation,T is the absolute
temperature.F and R are the usual physical constants.
The fit yielded the parameters ofTo, o 4 10.51 msec and
z 4 0.45

Distributions of Closed Times

The closed time durations were dramatically decreased
by membrane potential depolarization and increased
[Na+] i (Fig. 2A, and 3). the distribution of all closed time
durations at 180 mM Na+ and −60 mV could be fitted by
the sum of the four exponential components with param-
eters (mean time constant (relative area)) of:T1 4 0.20
msec (28%),T2 4 1.46 msec (22%),T3 4 8.92% (48%)
andT4 4 69.9 msec (2%) (Fig. 6A). Due to the low-pass
filtering properties of the recording system (2–4 kHz)
and the finite duration of current traces (30–60 sec) used
to compile the closed-time distribution, some of the very
short-lived and long-lived closed time durations might be
underrepresented in the distribution.

Only the three longer time constants decreased with
[Na+] i (30 to 210 mM) (Fig. 6B). There was no clear
indication that the relative areas of all four time constants
were dependent on [Na+] i (data not shown). Five
patches had closed time distribution parameters (mean ±
(SEM) (relative area)) of:T1 = 0.19 ± 0.09 msec (27 ±
5%), T2 4 7.76 ± 2.00 msec (24 ± 5%),T3 4 80.8 ±
10.4 msec (44 ± 5%),T4 4 895.6 ± 23.1 msec (5 ± 3%)
at 30 mM Na+ andT1 4 0.18 ± 0.01 msec (23 ± 5%),T2

4 1.09 ± 0.05 msec (22 ± 5%),T3 4 7.94 ± 1.24 msec
(55 ± 2%),T4 4 27.2 ± 10.1 msec (3 ± 1%) at 210 mM

Na+. The distribution mean decreased from 246.1 at 30
mM Na+ to 9.1 msec at 210 mM Na+.

All four time constants of the closed time distribu-
tion decreased as the membrane potential was increased
from −90 to +60 mV, while the [Na+] i was held at 90 mM
(Fig. 6C), although the relative areas in the distribution
did not vary (data not shown). Five patches had closed
time distribution parameters (mean ±SEM (relative area))
of: T1 4 0.40 ± 0.05 msec (53 ± 4%),T2 4 11.44 ± 0.40
msec (25 ± 6%),T3 4 94.0 ± 8.7 msec (21 ± 3%),T4 4
2.31 ± 0.05 msec (2 ± 3%) at −90 mV andT1 4 0.12 ±
0.02 msec (58 ± 6%),T2 4 1.17 ± 0.30 msec (24 ± 7%),
T3 4 4.27 ± 0.74 msec (19 ± 4%),T4 4 25.14 ± 6.4
msec (2 ± 3%) at +60 mV mM. The distribution mean
decreased from 604.3 at −90 mV to 7.7 msec at +60 mV.

Burst Duration

Unlike the distributions of the open and the closed time
durations, the distribution of the burst durations is rela-
tively insensitive to the filtering properties of the record-
ing system (Colquhoun & Sigworth, 1995). The distri-
bution of the burst durations (critical time, 0.42 msec) at
−60 mV and 150 mM Na+ could be fitted with a single-
exponential function with mean time constant of 7.87

Fig. 6. Distribution of all closed times longer than 50msec in duration
(1975 closing events). The distribution was fitted with the sum of four
exponential components with parameters of (mean time constant (rela-
tive area)): 0.20 msec (28%), 1.46 msec (22%), 8.92 msec (48%), 69.9
msec (2%). Membrane potential, −60 mV. [Na+] i , 180 mM. (B) Rela-
tionship between the mean time constants of the distribution of all
closed times and Na+ concentration. (C) Mean time constants of all
closed time distribution as a function of membrane potential. [Na+] i , 90
mM. In B andC the time constants are shown as the mean ±SEM (n 4

5) d, ., j andm refer to the first, second, third and fourth compo-
nents of all closed time distributions, respectively. The records were
low-pass filtered at 2 kHz (−3 dB).
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msec (Fig. 7A). As shown by Colquhoun and Hawkes
(1982), although theoretically the number of exponential
components in the distribution of burst durations should
equal the sum of the number of open and closed states
within the burst, in many cases the burst duration distri-
bution could be fitted by a single exponential function
due to the inability to resolve short-lived closed periods
within burst. Burst duration was not affected by change
in [Na+] i (data not shown), but when the membrane po-
tential was changed from −60 to +40 mV, the burst du-
ration increased from 7.26 ± 0.26 (SEM) msec to 31.32 ±
0.59 (SEM) msec (n 4 5) (Fig. 7B). The solid line in Fig.
7B is the fit of Eq. (5) to the data points with parameters
of Tb, o 4 12.22 msec andz 4 0.57.

RELATIVE PERMEABILITIES OF THE Na+-ACTIVATED

CHANNEL TO Na+
AND Cl−

Current through single Na+-activated channels in patches
excised from the plasma membrane of the soma of cul-

tured ORNs reversed sign near zero (+0.1 ± 0.3 mV
(SEM; n 4 10) in symmetrical NaCl (210 mM). Chang-
ing the Cl− concentration on the cytoplasmic side of the
patch to approximately 1/20 of its normal value by sub-
stituting with sodium sulfate did not shift the reversal
potential of the single-channel. Under these conditions
([Cl−]o, 210 mM; [Cl−] i , 12 mM), the single-channel cur-
rent continued to reverse near zero (+1.7 ± 0.3 mV (SEM;
n 4 3) (Fig. 8A), suggesting that the channel was sig-
nificantly more permeable to Na+ than to Cl−. The Gold-
mann-Hodgkin-Katz equation:

Er 4 (RT/F)ln{( PNa[Na+]o + PCl[Cl−] i)/
(PNa[Na+] i + PCl[Cl−]o)}, (6)

was used to estimate the relative permeability ratio to
these two ions, even though it assumes independent
movement of ions and a constant electrical field and may
not strictly apply. This approach estimated the perme-
ability of Cl− relative to Na+ (PCl /PNa) as 0.06.

The reversal potential of the Na+-activated single-
channel current depended on [Na+] i. Figure 8B illus-
trates the relation between [Na+] i and the reversal poten-
tial when the Cl− concentration was kept constant. The
data points are very close to the relationship predicted by
the Nernst equation for Na+ (solid line, Fig. 8B), consis-
tent with the idea that the channel is highly permeable to
Na+.

RELATIVE PERMEABILITIES OF THE Na+-ACTIVATED

CHANNEL TO ALKALI METAL CATIONS

The reversal potential of single Na+-activated channels
changed when the cytoplasmic side of the membrane was
bathed with solutions containing 210 mM Na+, compared
to when the bath contained 90 mM Na+ +120 mM of one
of the following alkali metal cations, Li+, K+, Cs+, and
Rb+ (Fig. 8C). The reversal potential determined under
these ionic conditions was +0.1 ± 0.3 (SEM; n 4 10) mV
for Na+, −1.6 ± 0.4 (SEM; n 4 3) mV for Li+, +11.4 ± 0.6
(SEM; n 4 3) mV for Rb+ and +15.4 ± 1.4 (SEM; n 4 5)
mV for Cs+, respectively. The permeability of these al-
kali metal cations relative to that of Na+ (PX/PNa), cal-
culated from the shift in reversal potential by using Eq.
(1), was Li+ (1.11) > Na+ (1.0) > K+ (0.54) > Rb+ (0.36)
> Cs+ (0.20).

CONDUCTANCE OF THENa+-ACTIVATED CHANNEL UNDER

PHYSIOLOGICAL EXTRACELLULAR IONIC CONDITIONS

Na+-gated channel activity can be evoked withPanulirus
saline in the pipette, even thoughPanulirussaline con-
tains high concentrations of both MgCl2 (9.8 mM) and
CaCl2 (13.6 mM) (Fig. 9A). This result is in contrast to

Fig. 7. (A) Distribution of burst durations (1718 bursts). The critical
time tc was set 0.42 msec. The distribution was fitted with a single-
exponential function with mean time constant of 7.87 msec (B) rela-
tionship between the mean time constant of the burst duration distri-
butions and the membrane potential. Points shown are the mean ±SEM

of the results from five different patches. The solid line was drawn
according to the Eq. (5) in the text with parameters ofTb, o 4 12.22
msec andz 4 0.57. [Na+] i , 210 mM.
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the effect of divalent cations on the cytoplasmic side of
the membrane, which completely block the channel at 1
mM (Zhainazarov & Ache, 1995a). The estimated slope
conductance of the channel under these conditions, how-
ever, was 25.7 ± 0.7 pS (SEM; n 4 5) between −90 and
−20 mV (Fig. 9B), suggesting that while the divalent
cations did not block the channel completely from the
extracellular side, the single-channel conductance was
still decreased considerably from that obtained in the
absence of extracellular divalents.

BLOCKING BY EXTRACELLULAR DIVALENT CATIONS OF

THE Na+-ACTIVATED CHANNEL

To study the blocking effect of divalent cations on the
single-channel current, 10 mM of MgCl2, CaCl2, BaCl2,

MnCl2, or SrCl2 was included in the pipette solution.
Under these conditions, the Na+ current was consider-
ably reduced in relative to that in the absence of divalent
cations at every membrane potential from −100 to +100
mV. These effects are illustrated in Fig. 10A which
shows the current-voltage relationships obtained in the
absence of divalent cations (1) and in the presence of 10
mM Mg2+ (2) in the pipette solution. In the presence of
10 mM Mg2+ the current-voltage relationship shows a
strong outward rectification in contrast to the slight in-
ward rectification observed in the absence of divalent
cations. The similar current-voltage relationships were
observed for all tested divalent cations indicating that the
blocking effect of these divalent cations is voltage-
dependent. The ratio of the single-channel current in the
presence of divalent cation relative to the current in its

Fig. 8. (A) Current-voltage relationships of single-channel currents activated by intracellular Na+. Twenty superimposed traces of a patch containing
two Na+-activated channels exposed to voltage ramp from −70 to +50 mV (300 msec). Pipette, standard pipette solution (Materials and Methods).
Bath (in mM): 100 Na2SO4, 10 NaCl, 11 EGTA, 1 CaCl2, 10 HEPES, and 696 glucose, pH 7.4 adjusted with Tris base. (B) Plot of the reversal
potential as a function of [Na+] i. Points shown are the mean ±SEM of 5–7 trials. The solid line represents the calculated Nernst potential for sodium,
and has a slope of 57 mV per 10-fold change in [Na+] i. Bath solution (in mM): 500 NaCl, 1 CaCl2, 11 EGTA, and 10 HEPES, pH 7.4 adjusted with
TRIS base. [Na+] i changed by replacing the part of the NaCl by an equivalent concentration of choline-Cl and adjusting the osmolarity to 1014
mmol/kg with glucose. Pipette, standard pipette solution (Materials and Methods). (C) Current-voltage relationships of a single Na+-activated
channel with different permeant monovalent cations. Pipette, the standard pipette solution. Bath solution (in mM): 90 NaCl and 120 one of the
following alkali metal chloride: NaCl, LiCl, KCl, RbCl, and CsCl. The value of reversal potential for the Na+-activated channel current is a potential
where the open channel current-voltage curve (o) intercepts the leakage current-voltage curve (c). The open Na+-activated channel current reverses
polarity at: −0.3 mV, NaCl (210 mM); −1.7 mV, LiCl (120 mM)/NaCl (90 mM); 7.0 mV, KCl (120 mM)/NaCl (90 mM); 11.2 mV, RbCl (120
mM)/NaCl (90 mM), and 14.0 mV, CsCl (120 mM)/NaCl (90 mM), respectively.
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absence as a function of membrane potential is shown in
Fig. 10B. The sequence of blocking efficiency (IY/I) for
divalent cations on the inward current at −60 mV was
Mn2+ (0.06) > Ca2+ (0.08) > Sr2+ (0.09) > Mg2+ (0.10) >
Ba2+ (0.23). If the divalent cation binding site is within
the channel pore and the blocking divalent cation does
not permeate through the channel, its blocking effect
must obey the Woodhull equation (Woodhull, 1973):

IY/I = K Y/{ KY + [Y]oexp(−2dFV/RT)}, (7)

whereV is the membrane potential,R the gas constant,F

the Faraday constant,T the absolute temperature,d the
electrical distance, [Y]o the extracellular concentration of
the blocking divalent cation,KY the dissociation constant
of the divalent cation-channel complex,IY and I the
single-channel current in the presence and the absence of
the divalent cation. The Woodhull equation predicts that
the blocking effect of the divalent cation will increase
steadily with negative membrane potential. But the data
shown in Fig. 10B demonstrate that the blocking effect of
all divalent cations is relieved at high negative potentials.
The most plausible explanation for such a discrepancy is
the permeation of the blocking divalent cations through

Fig. 9. Na+-activated channel activity in the presence of high extracellular divalent ions. (A) Traces of activity at the membrane potentials indicated
next to the traces. Pipette,Panulirus saline. Bath, 210 mM NaCl. This particular patch contained four Na+-activated channels. (B) Plot of the
current-voltage relation of the channel under these conditions. Each point is the mean (±SEM) of five different experiments. Slope conductance was
25.7 pS between −100 and −20 mV. Records low-pass filtered at 2 kHz (−3 dB). Channel openings are shown as downward deflections.

Fig. 10. The blocking effect of divalent cations on the Na+-activated channel current. (A) Current-voltage relationship of the Na+-activated channel
obtained in the absence of divalent cations (1) and in the presence of 10 mM Mg2+ (2) in the pipette solution. (B) The voltage-dependence of the
blocking effect of divalent cations. The ratioIY/I is plotted as a function of membrane potential for MgCl2 (d), CaCl2 (j), BaCl2 (.), SrCl2 (m),
and MnCl2 (l). Pipette solution in the absence of divalent cations (in mM): 210 NaCl, 0.1 EGTA, 0.1 EDTA, 10 HEPES, 686 glucose, pH 7.4.
Pipette solution in the presence of divalent cations (in mM): 190 NaCl, 10 Na acetate, 10 HEPES, 686 glucose and 10 of one of the following divalent
cations: MgCl2, CaCl2, BaCl2, SrCl2, and MnCl2. Bath, 210 mM NaCl.
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the channel. In the following section we will show that
divalent cations indeed permeate the Na+-activated chan-
nel.

The Woodhull equation also predicts that the block-
age by divalent cations should be relieved at positive
potentials. At +60 mV divalent cations still block the
channel with the blocking efficiency: Ca2+ (0.04) > Sr2+

(0.05) > Mn2+ (0.06) > Mg2+ (0.14) > Ba2+ (0.19). The
blocking effect was present even at membrane potential
of +100 mV (Fig. 10B). These results suggest that in
addition to the voltage-dependent blockage divalent cat-
ions can also block the channel in a non-voltage-
dependent manner by binding to a site at the extracellular
side of the channel which is not within the electric field
across the membrane.

Free Ca2+ concentration in the standard pipette
solution was typically buffered at 10 nM with high con-
centration of EGTA (11 mM). When lower concentra-
tions of EGTA (0.1–2 mM) were used, the amplitude of
single-channel current increased at all tested potentials
relative to those recorded with high concentration of the
buffer (Fig. 2D and 10A; see alsoFig. 13D). But the
current-voltage relationship of open channel current
again showed slight inward rectification at positive po-
tentials (Fig. 10A). We did not also observe any differ-
ence in the dwell-time characteristics of the channel
when low concentrations of the calcium buffer were
used. The slope conductance of the channel was 169.8 ±
5.4 (SD) pS (n 4 3) between −90 and 10 mV, with
reversal potential 0.6 ± 0.4 (SD) mV (n 4 3). It seems
that Ca buffer at high concentrations decreases the am-
plitude of single-channel current without affecting ap-

preciably other parameters. But we did not investigate
this effect in detail.

DIVALENT CATION PERMEATION THROUGH THE

Na+-ACTIVATED CHANNEL

Permeation of divalent cations through the Na+-activated
channel currents were determined with 105 mM chloride
and one of the following alkaline earth cations: BaCl2,
MgCl2, CaCl2, SrCl2 or MnCl2 in the pipette. The in-
ward current carried at −60 mV by the divalent cations
was −3.50 ± 0.31 pA (SD) for Ba2+, −2.19 ± 0.06 pA for
Ca2+, −2.17 ± 0.20 pA for Sr2+, −1.69 ± 0.22 pA for
Mg2+, and −0.97 ± 0.10 pA for Mn2+. The slope con-
ductance calculated in the range of membrane potential
from −100 to +20 mV was 43.4 ± 0.2 pS (SEM) for Ba2+,
27.7 ± 0.1 pS for Ca2+, 25.2 ± 0.7 pS for Sr2+, 19.1 ± 0.6
pS for Mg2+, and 11.9 ± 0.4 pS for Mn2+ (Fig. 11A).
The ratio of the inward current carried by the divalent
cations to that carried by Na+ (GY/GNa, conductance ra-
tio) at −60 mV gave the following selectivity sequence:
Na+ (1.0) > Ba2+ (0.57) > Ca2+ (0.36) > Sr2+ (0.35) >
Mg2+ (0.27) > Mn2+ (0.18).

To determine permeability of alkaline metal cations
relative to that of Na+ (PY/PNa) reversal potentials were
measured under above described bi-ionic conditions by
applying a voltage ramp from −70 +100 mV in duration
of 450 msec (Fig. 11B). The current through the channel
reversed at +39.5 ± 0.2 mV (SEM; n 4 4) in the presence
of extracellular 105 mM BaCl2 (210 mM NaCl intracel-
lular). Extracellular 105 mM CaCl2 shifted the reversal
potential to +53.6 ± 0.7 mV (SEM; n 4 3) mV, while 105
mM MgCl2 shifted it to +51.8 ± 0.7 mV (SEM; n 4 4) and

Fig. 11. Permeability of the Na+-activated channel to divalent cations. (A) Plot of the single-channel current-voltage relations of Na+-activated
channels in the presence of extracellular Mg2+ (s), Ba2+ (,), Ca2+ (h), Sr2+ (n), and Mn2+ (L). Pipette solution (in mM): 10 HEPES and 105 mM
chlorides of one of the following alkaline earth cations: BaCl2, CaCl2, SrCl2, MgCl2, and MnCl2. Bath, 210 mM NaCl. Points are the mean ±SD

of 4 different experiments. (B) Single-channel current traces evoked by a voltage ramps from −70 to 100 mV (450 msec). The trace is a superposition
of 30 ramps. Before and after voltage ramps the membrane was voltage-clamped to 0 mV. Pipette, 105 mM BaCl2. Bath, 210 mM NaCl.
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105 mM MnCl2 shifted it to +41.1 ± 0.5 mV (SEM; n 4
5). The permeability ratio sequence relative to Na+ (PY/
PNa), calculated using Eq. (2), was Ca2+ (39.0) > Mg2+

(34.1) > Mn2+ (15.5) > Ba2+ (13.8) > Na+ (1.0), indicat-
ing that the channel is considerably more permeable to
divalent cations than to Na+. This sequence differs ap-
preciably from the selectivity sequence (GY/GNa) based
on conductance measurements.

DEPENDENCE OF THECHANNEL CONDUCTANCE ON THE

PERMEANT ION CONCENTRATION

The conductance of the channel increases as a nonlinear
function of the concentration of the permeant ion (Na+)
on the cytoplasmic side of membrane (Fig. 12). The ob-
served concentration-response function could be fit by
the Michaelis-Menten equation with an apparent disso-
ciation constant for Na+ (KD) of 187.9 mM and a maximal
conductance (Ymax) of 193.3 pS (solid line, Fig.
12). Such a nonlinear relation between the channel con-
ductance and the permeant ion concentration suggests
that ion fluxes through the channel do not obey the con-
cept of independent movement of ions. It is believed that
saturation of ion fluxes takes place when the binding-
unbinding site(s) of permeation inside the channel pore
become rate limiting (Hille, 1992).

MOLE FRACTION BEHAVIOR OF THE SINGLE CHANNEL

CURRENT THROUGH THE Na+-ACTIVATED CHANNEL

To determine how many ions can occupy simultaneously
the permeation pathway of channel, i.e., the mole-
fraction behavior of the current (Hille, 1992), the con-
ductance and the reversal potential of the single-channel
current were measured in the presence of intracellular
solutions consisting of varying mixtures of Na+ and ei-
ther Cs+ (Fig. 13A) or Li+ (Fig. 13B). The single-channel
conductance and the reversal potential of the current in
both sets of conditions were monotonic functions of the
mole fraction [X+] i /([Na+] i + [X+] i), suggesting that the
channel is a single-ion pore with a simple saturating
binding site in the absence of divalent cations.

Many Ca channels typically reveal an anomalous
mole-fraction behavior of current, a channel passes lower
current in mixture of two divalent cations than in either
divalent cations alone (Hille, 1992). As the Na+-
activated channel shows very high relative permeability
to Ca2+ (PCa/PNa 4 39.0), it was interesting to look into
whether the channel shows an anomalous mole-fraction
behavior when the single-channel current is carried ex-
clusively by divalent cations. We measured the single-
channel current at −60 mV and the reversal potential of
the single-channel current when the pipette consisted of
varying mixture of Ca2+ and Ba2+ ([Ca2+]o + [Ba2+]o 4
105 mM) (Fig. 13C). The single-channel current and its
reversal potential indeed went through a minimum and
maximum, respectively, when extracellular Ba2+ was
gradually replaced with Ca2+ (Fig. 13C). This result sug-
gests that the channel behaves itself as a multi-ion pore
when the current is carried exclusively by divalent cat-
ions.

All the inward current through the channel is carried
by Na+ at low Ca2+ concentrations (ø10 nM). As [Ca2+]o

is increased, the inward current gradually decreases until
it reaches a minimum at 1 mM extracellular Ca2+ (Fig.
13D). Ca2+ decreases the inward current carried by Na+

presumedly by binding to a blocking site inside pore.
At Ca2+ concentrations above 1 mM the inward current
raises again, but now carried by Ca2+. Similar effects
observed in voltage-activated Ca channels have been ex-
plained as an anomalous mole-fraction effect in a multi-
ion (Almers & McCleskey, 1984; Hille, 1992).

Discussion

CHANNEL CONDUCTANCE

The lobster channel, like the previously reported Na+-
activated nonselective cation channels (Stuenkel et al.,
1990; Nouailhetas et al., 1995), appears to have a single
main conductance level. This is in contrast to Na+-

Fig. 12. Plot of the dependence of the slope conductance of the Na+-
activated channel on the [Na+] i. Membrane potential, + 50 mV. Patch
pipette, 210 mM NaCl. Bath, NaCl + choline chloride to provide the
sodium concentration indicated on the abscissa. Points are the mean ±
SEM of four experiments. The solid line through the data is drawn
according to the Michaelis-Menten equationg 4 Ymax/(1 + KD /
[Na+] i), whereY is the unitary conductance,Ymax is the value ofY at
saturating concentrations of Na+, andKD is the apparent dissociation
constant. The best fit to the data was obtained with parameters ofYmax

4 193.3 pS andKD 4 187.9 mM.
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activated K+ channels, which exhibit frequent openings
to variety of subconductance open states (see review
Dryer, 1994). The conductance of the lobster channel
(104 pS) is relatively close to that of the Na+-activated
cation channel from crab peptidergic nerve terminals (79
pS; Stuenkel et al., 1990), but differs from that of the
Na+-sensitive cation channel in mammalian intestinal
myocytes (12 pS; Nouailhetas et al., 1995). The conduc-
tance of the latter channel was determined in extracellu-
lar solution containing 1 mM Mg2+, however, so the re-
ported value might reflect Mg2+ block, since bathing the
extracellular side of the lobster channel with high diva-
lents (Panulirussaline), reduced the conductance of the
lobster channel to 25.7 pS.

EFFECT OFNa+ CONCENTRATION AND VOLTAGE ON

CHANNEL OPEN PROBABILITY

The lobster channel is strongly dependent on [Na+] i and
the sigmoidal nature of the relationship betweenPo and
[Na+] i with a Hill coefficient > 3 indicates that binding of
at least four Na+ is necessary to activate the channel.
No quantitative data are available on the Na+ concentra-
tion dependency ofPo for other Na+-activated nonselec-
tive cation channels, but thePo of Na+-activated K+

channels is also strongly dependent on [Na+] i with K1/2
ranging from 7.3 to 80 mM and Hill coefficients from 2.7
to 4.6 (see reviewDryer, 1994).

The voltage dependency of the gating of the lobster

Fig. 13. Mole-fraction behavior of the single-channel current. (A and B) Mole-fraction dependence of the conductance (open symbols) and the
reversal potential (closed symbols) of the single-channel current the Na+-activated channel with mixtures of Na+ and Cs+ (circles inA), and Na+

and Li+ (squares inB) to obtain the concentration ratio indicated on the abscissa. [Na+] i + [X+] i 4 210 mM. Pipette, [Na+]o 4 210 mM. Points shown
are the mean ±SEM of four experiments. (C) The single-channel current (L) measured at −60 mV and the reversal potential (l) of the current
through the Na+-activated channel as a function of mole-fraction in mixture of Ba2+ and Ca2+. [Ba2+]o + [Ca2+]o 4 105 mM. Bath, [Na+] i 4 210
mM. (D) Dependence of the current through the Na+-activated channel recorded at −60 mV as [Ca2+]o (d; no added Mg2+) is varied. Points shown
are the mean ±SEM of three experiments. [Na+] i 4 [Na+]o 4 210 mM. [Ca2+] i 4 10 nM. In D open (closed) circle points represent the single-channel
current at −60 mV recorded when [Ca2+] was buffered with high (low) concentration EGTA. [EGTA]high 4 11 mM. [EGTA]low ø 2 mM.
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channel by Na+ (Fig. 2A and 4) can be explained by a
combination of two distinct effects. First effect, the rate
constants of Na+ binding is voltage-dependent. Three
experimental observations implicate such a mechanism
for the lobster channel: (a) although the Hill coefficient
was not affected by membrane depolarization,K1/2 was
voltage-dependent; it is almost two times less at +40 mV
than −60 mV; (b) at nonsaturating [Na+] i (90 mM), when
the channel is not fully ligand-bound, the voltage depen-
dency of the channelPo shifted along the voltage axis
without changing the slope (Fig. 4B); (c) all four time
constants in the closed time distribution are decreased by
membrane depolarization (Fig. 6C), and at least some of
these should be related to the rate constants of the ligand-
binding stages. Second effect, the transmembrane elec-
trical field presumably can move charged components of
fully bound channels to change the gating of the channel.
This mechanism is also implicated in activation of the
lobster channel since the open probability at saturating

[Na+] i increased e-fold per 37 mV on membrane depo-
larization (Fig. 4B), suggesting that the rate constants of
the transitions of the fully ligand-bound channel between
open and closed states solely depend on membrane po-
tential. The voltage dependence of the rate constants of
Na+ binding could be interpreted in two different ways.
If ligand-binding sites are within the transmembrane
electrical field, presumably in the channel pore region,
soluble ions such as Na+ would have to move through the
transmembrane electrical field in order to reach those
binding sites, which would be expected to influence the
rate constants of Na+ binding. Alternatively, the Na+

binding site is not in the electric field (not in the channel
pore), but the electric field acts on the channel to influ-
ence the affinity and/or availability of the site. The latter
interpretation may be more appropriate to the lobster
channel since binding of four Na+ to the channel is re-
quired to activate the channel. If Na+ binding sites are
within the channel pore, the channel should demonstrate
multiple occupancy for monovalent cations, yet in the
absence of divalent cations the channel behaves as a
single-ion pore (Fig. 14A andB). The Na+-sensitive cat-
ion channel from guinea pig intestinal myocytes also
increases its open probability e-fold per 29 mV (Nouail-
hetas et al., 1994), although thePo of the Na+-activated
cation channel from crab peptidergic terminals (Stuenkel
et al., 1990) is largely independent of membrane poten-
tial. The voltage dependence of gating of Na+-activated
K+ channels is similarly variable in that those from chick
sensory ganglion neurons (Haimann et al., 1990), rat ol-
factory bulb neurons (Egan et al., 1992a), andXenopus
spinal neurons (Dale, 1993) show varying degrees of
increasedPo with membrane depolarization, while others
from guinea pig ventricular myocytes (Kameyama et al.,
1984) and chick midbrain neurons (Dryer et al., 1989)
are voltage-independent.

The significance of having such a dual dependency
of the open probability of the lobster channel on both
ligand concentration and membrane potential is unclear.
Presumably, if Na+-activated cation channels were acti-
vated by Na+ influx through nonselective cation channels
activated by neurotransmitters, the increased open prob-
ability at positive potentials would facilitate activation of
the channel. Such a dual dependency of the open prob-
ability on ligand (Ca2+) concentration and membrane po-
tential also occurs in the large Ca2+-activated K channel
(Gorman & Thomas, 1980; Pallota, Magleby & Barrett,
1981; Moczydlowski & Latorre, 1983), suggesting the
functional significance may be of general utility.

EFFECT OFNa+ CONCENTRATION ON CHANNEL KINETICS

We interpret the bursting behavior of the lobster channel
(Fig. 2A and 3) as fluctuation of the fully ligand-bound

Fig. 14. (A) Semilogarithmic plot of rate constantsa (d), b (.), and
k−4 (j) as a function of the membrane potential. The solid lines were
drawn through points according to the Eq. (5) with parameters of:ao 4

102.2 s−1 (z4 −0.36),b0 4 357.4 sec−1 (z4 0.27), andk−4, o 4 6765
sec−1 (z 4 0.22). (B) Mean burst duration as a function of the mem-
brane potential. The points (d) and (.) refers to the value of the mean
burst duration observed in the experiment and predicted from the ki-
netic model, respectively.
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channel between open and closed stages before losing
one of four bound Na+ and suggest that the rate constants
of these transitions are concentration-independent for the
following reasons. First, the distribution of the apparent
open times could be fit by a single-exponential function,
indicating that the channel has a single open state (Fig.
5A). The open time constant was independent of [Na+] i.
Second, the shortest time constants in the closed time
distribution did not vary with [Na+] i (Fig. 6B), indicating
that the lifetime of one of the closed states, which pre-
sumably corresponds to brief closings within bursts, is
independent of [Na+] i. Third, since increased [Na+] i did
not affect burst duration, it seems that channel transitions
within bursts are not associated with Na+ binding. The
distributions of closed and open time durations within
bursts were fit by single-exponential functions with time
constants close to the shortest time constant observed.
In contrast to openings and closings within bursts, the
three longer time constants in the closed time distribu-
tion, which presumably correspond to closings between
bursts, decreased with increasing of [Na+] i (Fig. 6B).
So the increase in thePo with increased [Na+] i was
mainly due to decrease of the average closed time dura-
tion between bursts.

This interpretation could be at least qualitatively il-
lustrated in the frame of the following minimal kinetic
model of channel activation based on the kinetic model
first suggested for activation of the nicotinic acetylcho-
line receptor channel (del Castillo & Katz, 1957;
Colquhoun & Sakmann, 1981, 1985):

C0 ⇀↽
k−1

k1@Na+#

C1 ⇀↽
k−2

k2@Na+#

C2 ⇀↽
k−3

k3@Na+#

C3 ⇀↽
k−4

k4@Na+#

C4 ⇀↽
a

b

O

whereCi represents the closed state of the channel with
i number of Na+ bound, O the open state of the channel.
A similar kinetic model of channel activation has also
been used to describe the gating of single cyclic nucleo-
tide-activated channels in retinal rods and cones (Karpen
et al., 1988; Haynes & Yau, 1990).

The five closed states in the model reflect our ob-
servation that binding of four Na+ to the channel is re-
quired to activate the channel. Bursts of openings ob-
served over a wide range of [Na+] i (Fig. 3) would be
represented in this model by multiple rapid transitions of
the channel betweenC4 andO states before losing one of
four Na+ bound and entering the stateC3. In this kinetic
model, the mean open time,To, the mean intraburst
closed time,Tc, the mean burst duration,Tb, are related
to the rate constantsa, b, andk−4 through the following
equations (Colquhoun & Hawkes, 1995):

To = 1/a (8)

Tc = 1/~k−4 + b! (9)

Tb = @~k−4 + b!2 + ba#/k−4a~k−4 + b! (10)

The models predict thatTo, Tc, andTb do not depend on
[Na+] i , in good agreement with the experimental obser-
vations. At saturating [Na+] i the channel would behave
as a two-state channel fluctuating between the statesC4

and O, with the channelPo given by the equation:

Po = b/(a + b) (11)

Comparative data on channel kinetics are not available
for other known Na+-activated nonselective cation chan-
nels, but Na+-activated K+ channels from guinea-pig
ventricular myocytes (Kameyama et al., 1984) and chick
midbrain ganglion neurons (Dryer et al., 1989) also open
in bursts separated by closures of short durations, while
adjacent bursts are separated by long closed intervals, as
in the lobster channel. In Na+-activated K+ channels
from guinea-pig ventricular myocytes, increase in [Na+] i

affects the time constants of the open time distribution,
and the fast and slow components of the closed time
distribution, but the predominant effect was to decrease
the interval between bursts (Kameyama et al., 1984),
similar to the kinetics of the lobster channel.

EFFECT OFVOLTAGE ON CHANNEL KINETICS

Our results indicate that the increase in the channelPo

with membrane depolarization was mediated by an in-
crease of both the mean channel open time and burst
duration and a decrease of both the averaged closed time
duration between bursts and the mean duration of the
brief closings within bursts. Such dependence of the
dwell-time characteristics on membrane polarity is con-
sistent with the idea discussed above that the ligand-
binding sites of the channel are within the transmem-
brane electrical field and the fully ligand-bound channel
undergoes voltage-dependent conformation change. In
terms of the minimal kinetic model, it would require
voltage-dependence of the rate constants of all channel
transitions. Using the Eq. (8), (9), (10), (11) and the
value of open probability measured at saturating [Na+] i

(Fig. 4B), we evaluated some of the rate constants,
namely,a, b, andk−4 in the kinetic model. At −60 mV,
a 4 185.7 sec−1, b 4 123.3 sec−1, and k4 4 2646.8
sec−1. Figure 14A shows the estimated values of these
three rate constants over range of membrane potential.
The rate constantsb andk−4 increased, buta decreased
with membrane depolarization (Fig. 14A).

We tried to evaluate the kinetic model by calculating
the mean burst duration at different membrane potentials
with the use of both Eq. (10) and the values of the rate
constants and comparing it with the mean burst duration
observed in the experiments (Fig. 7B). The results of
such an evaluation are illustrated in Fig. 14B. Although
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the predicted values are slightly less than observed at
positive potentials, the model makes relatively good pre-
diction of the mean burst duration. We conclude, there-
fore, that the kinetic model describes the gating of Na+-
activated channel with a reasonable degree of certainty.

CONDUCTION PROPERTIES

The conduction properties of the Na+-activated channels
from lobster ORNs are similar to those of other Na+-
activated (or -sensitive) cation channels in being highly
selective for cations over anions,Pcl /PNa 4 0.06 (lob-
ster)vs.0.07 (guinea pig intestinal myocytes; Nouailhe-
tas et al., 1994). The lobster channel appears to differ,
however, in its permeability sequence. The permeability
sequence of the lobster channel for alkali monovalent
cations (Li+ > Na+ > K+ > Rb+ > Cs+) corresponds to the
Eisenman sequence XI for strong field and strength site
(Hille, 1992), but differs from that of the Na+-sensitive
cation channel of guinea pig ileum myocytes (Li+ > Na+

4 K+) in that the latter has equal permeability Na+ and
K+ (Nouailhetas et al., 1994). The Na+-activated cation
channel from crab nerve peptidergic terminals also has
equal permeability to Na+ and K+ (PK/PNa 4 0.94), and
is impermeable to Cs+ as well (Stuenkel et al., 1990),
again unlike the lobster channel (PK/PNa 4 0.54).

It appears that extracellular divalent cations also per-
meate the lobster channel while they block partially the
channel by reducing its conductance to Na ions. The
sequence of blocking potency of divalent cations on the
inward Na+ current at −60 mV was Mn2+ > Ca2+ > Sr2+

> Mg2+ > Ba2+. The selectivity sequence of the lobster
channel determined for divalent cations from the ratio of
the currents carried by divalent cations over one carried
by Na+ (conductance ratio) was Na+ (1.0) > Ba2+ (0.57)
> Ca2+ (0.36) ù Sr2+ (0.35) > Mg2+ (0.27) > Mn2+

(0.18). This sequence differs significantly from that de-
termined from reversal potential measurements (perme-
ability ratio): Ca2+ (39.0) > Mg2+ (34.1) > Mn2+ (15.5) >
Ba2+ (13.8) > Na+ (1.0). Conductance and permeability
ratios are two different ways of determining selectivity
and they do not always give similar sequences (Hille,
1992). The difference between these two selectivity se-
quences for divalent cations might be the result of partial
saturation or blockage of the channel by the permeant
ions in conductance measurement experiments (Hille,
1992). Indeed, the conductance of the Na+-activated
channel depended on the permeant ion concentration,
and its concentration dependence followed the Micha-
elis-Menten equation (Fig. 6). It is interesting to note
that the Na+-activated channel behaves as a single-ion
pore with simple saturating binding site when the current
is exclusively carried by monovalent cations, but in the
presence of divalent cations at millimolar concentrations

it becomes a multi-ion pore channel with an anomalous
mole-fraction behavior. The sequence determined from
the reversal potential measurements may be a more ac-
curate representation of the lobster channel because
block and saturation by permeant ions should have a
little effect on the reversal potential (Hille, 1992). High
permeability of the lobster channel to Ca2+ would be
novel from other Na+-activated channels since the Na+-
sensitive cation channel from guinea pig myocytes is
equally permeable to Ca2+ and Na+ (PCa/PNa 4 1)
(Nouailhetas et al., 1994), and Ca2+ does not permeate
the Na+-activated channel in crab peptidergic nerve ter-
minals (Stuenkel et al., 1990). Although the lobster
channel’s relative permeability to Ca2+ (PCa/PNa 4
39.0), is high for this type of channel, it is still far less
than that of voltage-activated L-type Ca channels (PCa/
PNa ∼ 1000) (Hille, 1992). Nevertheless, it is consider-
ably higher than the relative calcium permeability of
many nonselective cation channels described so far in
various tissues (seereviews Patridge & Swandula, 1988;
Palmer, 1992, Kaupp & Altenhofen, 1992; Jonas & Bur-
nashev, 1995). High Ca2+-permeable nonselective cat-
ion channels have also been described in smooth muscle
cells isolated from rat portal vein (PCa/PNa 4 21; Loi-
rand et al., 1991) and in rat basophilic leukemia cells
(PCa/PNa 4 16; Obukhov et al., 1995). Among ligand-
gated channels a high Ca2+ permeability has been re-
ported for N-methyl-D-aspartate (NMDA)-activated cat-
ion channels from hippocampus and spinal neurons (PCa/
PNa 4 10.6; Mayer & Westbrook, 1987) and cAMP-
activated nonselective cation channel from bovine ORNs
(PCa/PNa 4 8; Frings et al., 1995).

The relatively high Ca2+-permeability of the lobster
channel may serve a specific regulatory function for the
channel. We have shown previously that the activity of
the lobster channel is downregulated by intracellular
Ca2+ starting at micromolar concentrations (Zhainazarov
& Ache, 1995a). In the absence of any downregulation,
the channel presumably would be self-reinforcing, i.e.,
opening of the Na+-activated channel would lead to an
increase in intracellular Na+ concentration that would
lead to further rise of the channel activity. Ca2+ influx
through the channel could provide important negative
feedback to prevent the otherwise runaway self-
activation of the channel by sodium.
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