
Permeation in Shaker K+ Channels

0.2 pA (near +80 mV), whereas the data ofHeginbotham and
MacKinnon (1993) show that the Rb+ current-voltage rela-
tion is nearly linear. More data on Rb+ permeation (e.g., with
elevated Rb+ concentrations) may help to refine the Rb+
energy profile to provide a more accurate simulation of the
experimental data. In particular, it is necessary to know if
the barriers and wells for Rb+ (and other permeant ions) are

located at the same position as are the K+ energies.

Model simulations of Cs+ block

We next attempted to determine whether the model could
simulate the observed Cs' block of Shaker K channels. The
computations illustrated in Fig. 9 show that the model was

able to reproduce this aspect of permeation in the Shaker K
channel pore. The model parameters for K+ ions are those of
Fig. 7, and the Cs+ ion parameters are listed in the legend of
Fig. 9. Part A of this figure shows simulated current-voltage
relations in the absence (solid line) and the presence of
10 mM (dotted line) and 40 mM (dashed line) external Cs+.
The control and 40 mM simulations are quite similar to the
data illustrated in Fig. 5 A. We computed the fraction
of channels not blocked from the currents of Fig. 9 A, and
these are shown in part B of the figure. The simulations of
Fig. 9 A appear quite similar to those of Fig. 6, including the
steeper voltage dependence of block in the higher Cs' con-

centration.

Limitations of the model

Although the computations for the model were reasonably
successful in simulating much of the experimental data (es-
pecially on K+ permeation), the particular model parameters
likely are not unique. For example, a very different set of K+
and Cs+ energy profiles have been used to simulate some of
the properties of permeation through the pore of squid axon

K channels (Begenisich and Smith, 1984). A notable dif-
ference between the two models is the inclusion of ion-ion
repulsion in the model of Begenisich and Smith (1984). Al-
though there is evidence that this phenomenon may exist in
Shaker channels (Newland et al., 1992), more experiments
are needed on this issue.

In the model used here, we chose not to include the ad-
ditional parameter of ion repulsion. Furthermore, we chose
the spacing of the barriers and wells to approximate a par-

ticular (f3-barrel) model of pore structure and made no effort
to obtain a "best-fit" set of parameters. Nevertheless, with the
K+ parameters chosen, we were able to duplicate with sur-

prising accuracy all of the available K+ permeation data,
including a rather subtle asymmetry in the dependence of
inward and outward currents on K concentration. The suc-

cess of these simulations suggests that it could be worthwhile
to attempt to determine whether the predicted decrease in K+
conductance at high K+ concentrations actually occurs.

But the modeling effort also underscores the need for more
experimental data. As described above, the issue of ion-ion
repulsion within the pore needs more extensive study. Flux

ratio exponent data for K+ (and for Rb'!) would be invalu-
able in setting constraints on the number of ions in the pore
and providing additional information on the energy profile.
Experiments also need to be designed to address the issue of
whether, for example, a barrier for one ion is located at the
same position as that of another ion. Although obtaining such
experimental data may lead to more refined models, the
results presented here show that the pore of Shaker K
channels has multi-ion characteristics and that these char-
acteristics can be simulated by a 4-barrier 3-site model for
ion permeation.
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Dark Cell K Secretion by Vibrating Probe
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FIGURE 3 Representative record of the effect of basolateral bumetanide
(50 ,LM) on Iscprobe at a fixed position over the apical surface of the dark cell
epithelium.
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FIGURE 4 Representative record of the effect of basolateral ouabain (1
mM) on Iacp,-b at a fixed position over the apical surface of the dark cell
epithelium.
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FIGURE 5 Representative spatial distribution of the magnitude of the
voltage difference of the vibrating K+-selective electrode PK+ pwbC), ob-
tained by passing the tip of the electrode at a constant height over the VDC
epithelium (as in Fig. 1). Dashed vertical lines indicate the edges of the dark
cell epithelium, which was centered over the aperture of the chamber. Each
point is the mean ± SE of 20 measurements at each position.
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parameters due to ouabain were not significantly different in
unpaired samples.

DISCUSSION

We have shown directly for the first time that the VDC epi-
thelium from the gerbil ampulla produces a luminally di-
rected transepithelial K+ flux. The current density and K+
gradient scans over the tissue confirmed that the currents
were from the tissue rather than being generated by spurious
sources (e.g., K+ gradients produced by convective flow in-
duced by evaporation and/or thermal gradients) within the
chamber. Inhibition of the current and flux by bumetanide
and ouabain further strengthen this point.

Dark cells were previously thought to secrete K+ based on
a variety of observations. The presence of a high density of
basolateral membrane infoldings, mitochondria, and
(Na' +K+)-ATPase activity were suggestive of a high solute
transport rate by these cells (Kimura, 1969; Schulte and
Adams, 1989). An oil-blocked tubular preparation of the
nonsensory region of gerbil utricle (approximately 60% dark
cells) secreted K+ at a sufficient rate to account for the lu-

FIGURE 6 Representative record of the effect of basolateral bumetanide
(50 ,uM) on JK+ at a fixed position over the apical surface of the dark
cell epithelium.

minally directed transepithelial equivalent short circuit cur-

rent (ISC = transepithelial voltage/transepithelial resistance)
(Marcus and Marcus, 1987). This electrogenic secretion was
inhibited by ouabain and bumetanide. K+ secretion was dem-
onstrated in the entire isolated frog ampulla, and this was

shown to be inhibited by ouabain and bumetanide (Bernard
et al., 1986; Ferrary et al., 1989). The authors ascribed all
changes in cation flux to the VDCs despite the presence of
several other cell types.
The only in vitro preparation consisting almost solely of

dark cells that has been used for transport studies is that from
the ampulla (Marcus et al., 1994; Marcus et al., 1992;
Wangemann and Marcus, 1990). With this preparation it was
shown that dark cells produced an ISC directed from the ba-
solateral to the apical side under symmetrical conditions.
This voltage was stimulated by raising the basolateral [K+]
and was inhibited by basolateral perfusion of bumetanide or

ouabain (Marcus et al., 1994). We have used those obser-
vations as a means to validate the new application of the
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FIGURE 7 Representative record of the effect of basolateral ouabain (1
mM) on JK+ PS,, at a fixed position over the apical surface of the dark cell
epithelium.

vibrating probe technique to this preparation. Indeed,
we found the same response to these maneuvers of the
current density magnitude over the apical membrane of the
dark cells.
At present there are clearly quantitative limitations of both

the voltage-sensitive and ion-selective vibrating probe tech-
niques as applied to the inner ear tissue mounted in the micro-
Ussing chamber. The basolateral application of elevated K+,
ouabain and bumetanide produced qualitatively the same ef-
fects on ISC and Isc,prob' although ISC was stimulated or inhibited
to a greater degree than ISc probe. The increase due to 25 mM
K+ was 164 ± 8% (N = 43) of ISC and 35% of Isc,probe whereas
the decrease due to bumetanide was 95 ± 1% (N = 15) of
isc and 55% of Isc,probe and that due to ouabain was 94 ± 2%
(N = 14) of Isc and 39% of Isc,probe (Marcus et al., 1994). These
discrepancies can be accounted for by the difference in the
orientation of the epithelium in the chamber. For the present
experiments it was necessary to mount the tissue with the
basolateral side against the aperture. The reduced inhibition
by bumetanide and ouabain was most likely due to dilution
of the drug by a variable, unquantifiable leak from the apical
bath laterally through and around the connective tissue into
the perfused basolateral solution. By contrast, the apical
membrane has no other structure to interfere with the seal to
the edge of the aperture during measurements of ISC.
The inhibition OfJK+ probe by ouabain was indistinguishable

from that of Isc,probe. It is not clear why bumetanide inhibited
JK+,probe more than Iscprobe (but to a similar extent as ISC) It is
most likely that this discrepancy is due to greater success in
sealing the subpopulation of tissues used in that series of
measurements with the K+-selective vibrating probe.
The observations of potassium flux in the present experi-

ments and its inhibition by bumetanide and ouabain are con-
sistent with the earlier findings in the utricle (Marcus and

Marcus, 1987). Although the absolute K+ flux at the surface
of the tissue in the present study could not be quantitatively
evaluated, in several tissues it was possible to estimate the
K+ flux (JK+)' assuming an infinite flat sheet of epithelium.
In three tissues JK+ was 27 ± 4 NA/cm2 (at 48 ± 8 ,m above
the epithelium), which compares favorably with the average
ISC,probe of 43 NA/cm2 found for the vibrating voltage-sensitive
probe. The calculated JK+ is expected to be lower than the K+
flux at the surface of the epithelium due to the "efficiency
factor" of the electrode (see Methods) and due to lateral dif-
fusion ofK+ between the epithelial surface and the electrode.
The present findings therefore substantiate the supposition
that dark cells produce a K+ flux and qualitatively support
the correlation between this flux and the transepithelial
current.
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