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Abstract. The outer sulcus epithelium was recently short-circuit current measured by the vibrating probe and
shown to absorb cations from the lumen of the gerbilcaused a transient outward current. We conclude that the
cochlea. Patch clamp recordings of excised apical memNSC channel is C& activated, voltage-insensitive and
brane were made to investigate ion channels that particinvolved in both constitutive K and N& reabsorption
pate in this reabsorptive flux. Three types of channelfrom endolymph while the BK channel might participate
were observed: (i) a nonselective cation (NSC) channelin the K" pathway under stimulated conditions that pro-
(i) a BK (large conductance, maxi K or &) channel duce an elevated intracellular €aor depolarized mem-
and (iii) a small K channel which could not be fully brane potential.
characterized. The NSC channel found in excised inside- . .
out patch recordings displayed a linear current-voltagé<ey wqrds: BK chgnnel n Nonselectl\_/e cation channel
(I-V) relationship (27 pS) and was equally conductive for™_ Cation a_bsor_ptlon — Inner ear epithelium — Patch
Na" and K, but not permeable to Clor N-methylo- clamp — Vibrating probe — Gerbil
glucamine. Channel activity required the presence o
Céa* at the cytosolic face, but was detected af 'Gaon-
centrations as low as I0m (open probability P,) = The response of the cochlea to sound depends on the
0.11 + 0.03,n = 8). Gadolinium decreasel, of the  modulation of a standing current through the hair cells.
NSC channel from both the external and cytosolic sideThis current is predominantly carried by"Kons from
(IC5,00.6 uM). NSC currents were decreased by amilo-the luminal compartment, which has a content of about
ride (10pum — 1 mm) and flufenamic acid (0.1 m). The 160 nm K™ and 1 nm Na*. Maintenance of these cation
BK channel was also frequently (38%) observed in ex-levels is important for normal cochlear function (Marcus,
cised patches. In symmetrical 150niKCl conditions, 1997). K is secreted into the lumen from the lateral
thel-V relationship was linear with a conductance of 268wall by the stria vascularis while cations leave the lumen
pS. The Goldman-Hodgkin-Katz equation for currentthrough the hair cells and the parasensory outer sulcus
carried solely by K could be fitted to thé-V relationship  epithelium (Marcus & Chiba, 1999).
in asymmetrical K and N4 solutions. The channel was Absorptive transport of cations was demonstrated in
impermeable to Cland N-methylp-glucamine.P, of  the outer sulcus by measurements of relative short-circuit
the BK channel increased with depolarization of thecurrent with a vibrating current-density probe. This cur-
membrane potential and with increasing cytosoli¢Ca rent was inhibited by gadolinium (8 and by ouabain,
TEA (20 mm), charybdotoxin (100m) and B&* (1 mm)  the latter demonstrating its dependence on’,K&
but not amiloride (1 m1) reducedP, from the extracel- ATPase activity. Nonselective cation (NSC) channels
lular side. In contrast, external flufenamic acid (0@)  were found in the apical membrane that were also sen-
increased®, and this effect was inhibited by charybdo- sitive to high concentrations of Gt suggesting that
toxin (100 mv). Flufenamic acid inhibited the inward these channels participated in the transepithelial absorp-
tion of cations (Marcus & Chiba, 1999).

In the present study, we looked in some detail at the
- characteristics of the NSC channels and investigated
Correspondence tdD.C. Marcus other channels also present in the apical membrane. The
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Table. Composition of bath and pipette solutionsMjn

Solution Bath Pipette

Bl B2 B3 B4 B5 B6 B7 B8 P1 P2 P3
NacCl 150 150 115 150
KCI 3.6 150 150 35 150 150
MgCl, 1 1 1 1 1 1 1 1 1.04
Mg(SO,), 1 1
CaCl, 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.272
Glucose 5
HEPES 10 10 10 10 10 10 10 10 10 10 10
EGTA 1 1
Na-gluconate 150
K-gluconate 150
Ca-gluconate 4
NMDG-CI 150
pH 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.2

NMDG: N-methyl-p-glucamine

NSC channels were found to be sensitive ta*Gidom epithelial cells. The pipette was connected to a patch amplifier (Dagan
both sides of the membrane, insensitive to voltage and@900 or Axon Instruments 200A). Recordings were made at room
stimulated by cytosolic &4 Another channel perme- temperature or at 37°C, as indicated in the Results, with continuous

able to K* was observed that had the characteristics of &erfusion at a rate which exchanged the bath 0.8 times/sec.
Iarge conductance BK channel The polarity of the voltage of excised membrane patches was that

of the cytosolic face with respect to the extracellular face. Outside-out
patches were formed by first establishing the whole-cell configuration
followed by excision of the membrane. Since the procedure for form-
ing inside-out patches can occasionally lead to the formation of an
outside-out patch (e.g., if the cell membrane ruptures spontaneously
just prior to excision), the configuration was checked by application of
low-C&* solution in the bath prior to testing of putative inhibitors.
Outer sulcus epithelium varied in its features according to locationBoth NSC and BK channels were found to be activated by @ad
along the place-frequency map of the cochlea (Spicer & Schulte, 1996)nactivated by low C& at the cytosolic face (vide infra).

In the 0.5-2 kHz frequency region of the cochlea, the Claudius cells ~ The conductanceg] of single channel current-voltagé-\) re-

and spiral prominence epithelium are separated by outer sulcus epithéationships was derived from the slope of a least squares fit to liiéar

lial cells that border the luminal (endolymphatic) surface. Gerbils werefunctions. The corresponding permeabilities were estimated as de-
deeply anesthetized with sodium pentobarbital (50 mg/kg, i.p.) andscribed previously (Marcus etal., 1992). The permeabilities under con-
sacrificed using a protocol approved by the Institutional Animal Care ditions leading to nonlinedrV relationships were determined by fitting
and Use Committee. The temporal bone was removed and spiral ligathe data using a nonlinear regression algorithm to the Goldman-
ment from the 2nd and 3rd turn was dissected at 4°C as describefflodgkin-Katz (GHK) current equation. Corrections were applied to
previously (Marcus & Chiba, 1999). A piece of spiral ligament con- the measured voltages during ionic replacement experiments to com-
taining outer sulcus cells and stria vascularis was folded into a loopPensate for liquid junction potentials that were obtained by measure-
such that the outer border was formed by the apical membrane of th1€nts against a flowing saturated KCI electrode. Open probabilities
outer sulcus cells and stria vascularis. This tissue was mounted in ¥ere calculated as fractional open times.

bath chamber on an inverted microscope (Nikon, Diaphot). The edge  Vibrating probe measurements were carried out as before (Mar-
of the fold was brought into focus so that gigohm seals could be formecfus & Chiba, 1999). Briefly, current densiti.{ ,o,d Was monitored
between the patch pipette and the apical membrane under visual coly vibrating a platinum-iridium wire microelectrode with a Pt black tip

trol. The stria vascularis was removed for measurements of shortfor an excursion of about 2pm along both a horizontalXj and
circuit current with the vibrating probe. vertical £) axis. TheX-axis was perpendicular to the face of the epi-

thelium. The probe was positionéd 0 .m from the apical surface of

the epithelium with computer-controlled, stepper-motor manipulators
DATA ACQUISITION AND ANALYSIS (Applicable Electronics, Forestdale, MA) and specialized probe soft-

ware (ASET version 1.0, Science Wares, East Falmouth, MA). The
Patch clamp recordings were made using methods previously estalsignal from the probe was led to the input of a dual channel phase-
lished in this laboratory (Marcus et al., 1992; Takeuchi, Marcus & sensitive detector. The bath references were 26-gauge Pt-black elec-
Wangemann, 19%9. Patch pipettes were pulled in two stages from trodes.
borosilicate glass capillaries (TW150-4, WPI, Sarasota), heat polished, Calibration was performed in control solution (B1, Table) using a
filled with electrolyte solution (P1, P2 or P3, Table) and had a resis-glass microelectrode (tip <gm OD) filled with 3 m KCI as a point
tance of around 1&1€). High-resistance seals (2—-&0)) were formed source of current (Scheffey, Shipley & Durham, 1991). The frequen-
between the patch pipette and the apical membrane of outer sulcusies of vibration were in the range of 200-800 Hz and were well

Materials and Methods

PREPARATION
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separated for the 2 orthogonal directions. The signals from the two R

oscillators driving the probe served as references for the dual detectors. 150 NaC'/( 150 NaCl
The quadrature signal of each channel was minimized by adjusting the" m (mV)
driving frequency to be near resonant. Asymmetry of the probe design

yielded different resonant frequencies for the two directions of vibra- 0

tion. The signals of th& andZ detectors were connected to a 16-bit
analog-to-digital converter (CIO-DAS1602/16, ComputerBoards, c—

Mansfield, MA) in a 233 MHz pentium computer. Recordings were
made at room temperature by averaging samples taken for 200 msec §@4O } Mh e ﬂ W b M P\
200 Hz with 20 msec between averaging periods. The electrode was C—

__I 4 pA

positioned near the center of the fold in the epithelium such thaZ the

component was typically small compared to teomponent. The

component, rather than the magnitude of the vector, is shown in order 1s
to preserve the sign of the current. 0 c— o e

SOLUTIONS AND DRUGS cC—
. . . . . -40
Tissues were initially bathed in solution B1 (Table). Solutions were

made with different free G4 concentration in order to determine the c—

sensitivity of the NSC and BK channels toLat their cytosolic face.

For NSC channels, Gaand M@* concentrations were varied in so- 80

lution B2 in order to obtain the free €aconcentrations desired while

maintaining M&* at 1 mv (Schoenmakers et al., 1992). For the de-

terminati‘on of the depgndence of the BK channel on the intracellularFig_ 1. Single channel recordings of the nonselective cation (NSC)
free calcium concentrat|or_1, the bath solutions coptamedl@(]xml, 10 channel in excised inside-out patches. Recordings were made from
mm HEPES, 120 m mannitol, were buffered by either urNTA (for apical membrane of an outer sulcus epithelial cell under symmetrical
Ca* concentrations from 6 to 10° m) or 1 mu EGTA (for C&"  Nacl conditions at 37°CV,, membrane potentiaE -V, (pipette
concentrations from I8 to 107 m), pH 7.4 (Takeuchi et al., 1992 P
The final C&" activity was checked in each solution with a®Ga
selective microelectrode (WPI, Sarasota, FL). The monovalent cation

concentration was lower than that used in other solutions in order to . d tch It | b d that | d
reduce interference with the €aelectrode measurements, thereby in- cised paiches. was also observe at large conduc-

creasing our confidence in the calibration procedure. Amiloride andt@nce K’ channels were in many of the excised patches.
flufenamic acid were predissolved in dimethylsulfoxide (DMSO, The large K channel was found to be of the BK (maxi
Sigma, St. Louis, MO) to a final concentration of 0.1% DMSO. K; K..) channel type from its voltage, €aand drug
Barium, charybdotoxin, gadolinium (84 and tetraethylammonium  gensitivities.

chloride (TEA-CI) were dissolved directly into aqueous solution.

Charybdotoxin, amiloride, flufenamic acid and TEA-CI were pur-

chased from Sigma and barium chloride from Fisher Scientific (Fair NonsELECTIVE CATION CHANNEL

Lawn, New Jersey). All other chemicals were purchased from Sigma

or Fluka (Ronkonkoma, NY).

potential); C, closed channel level.

In 52 out of 70 (74%) excised apical membrane patches,
single-channel activity of NSC channels was observed.
DATA PRESENTATION AND STATISTICS Figure 1 shows a typical recording of NSC channel ac-
All data in the text are given as mearsgm. The number of observa tivity in an excised inside-out patch with 15avNaCl
tions (n) is equal to the number of cells. Studenttest of paired and In bOt.h the _plp_ette and the bath (P1, B2; .Table)' Current
unpaired samples, as appropriate, was applied and a lefekd.05 transitions indicated that the patch conta_1|r_1ed at least two
taken as statistically significant. individual channels. Patches often exhibited more than
one current level (3.0 + 0.2 channels/patch= 52),
although this number was derived from traces in which
Results distinct current level transitions could be dis-
cerned. There also were many recordings which ap-
Single channel events were observed in both the on-cefpeared to be a relatively smooth continuum due to a
and excised patch configuration. Previously, nonselectarger number of channels in the patch. Thérelation-
tive cation (NSC) channels were found to carry much ofships of single channels in outside-out patches were lin-
the transepithelial current and an example recording withear with NaCl in the pipette and either NaCl, KCI or
resultingl-V relationship was shown (Marcus & Chiba, Na'-gluconate in the bath (Marcus & Chiba, 1999). The
1999). In the present study, on-cell recordings of NSCp, /P, ratio was 0.96 + 0.02n( = 6), indicating that the
channels with NaCl pipette solution (P1, Table) showedchannel did not discriminate betweeri Knd N4.
a single-channel conductance of 28.2 + 0.7 pS=(18). The channel was found to be impermeable to the
The NSC channel was characterized more fully in ex-arge cation N-methyb-glucaminé (NMDG). I-V rela-
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Fig. 2. Representativé-V relationships of NSC channel in excised
inside-out patch recordings. The pipette contained 150NaCl (P1,
Table) and the bath NaCl (B2, Table), Na-gluconate (B6, Table) or
NMDG-CI (B4, Table). Thd-V relationship was linear with Nan the
bath (28 pS) but nonlinear with NMDG. The dotted curve is the best fit
to the Goldman-Hodgkin-Katz current equation for'Na measured with the vibrating probe technique and NSC
channel currents. It was of interest to learn the sensitiv-
ity of the current to G& and if GE* blocked more
tionships obtained at 37°C when Nan the bath was strongly from one side of the membrane or the other.
substituted by NMDG (P1, B4; Table) could be closely The effect of GA" was tested (P1, B2; Table) at
fitted by the Goldman-Hodgkin-Katz (GHK) equation 37°C on excised outside-out patches with a high NSC
under the assumption that Navas the only conducting channel activity. G&" inhibited NSC channel current in
ion species (Fig. 2). When the assumption was relaxed concentration-dependent manner within the range from
to include NMDG as a permeant species, the GHK equai0 ’ m to 103 m (Fig. 54). The half-maximal inhibitory
tion yielded a permeability raticPiypc)/Pna Of 0.09 £ concentration (IG,) of Gd®" on the NSC channel from
0.03 = 7), confirming the very low permeability of the extracellular side was estimated from a fit to the Hill
NMDG. equation to be 5.8 x T0m (n = 8). G&* also inhibited

The open probability of the NSC channel was mea-NSC channel current from the cytosolic side in a
sured in symmetrical NaCl (P1, B2; Table) at 37°C overconcentration-dependent manner (Fig).5The 1G, of
a range of applied voltages and found to not be correlateGd® on the NSC channel from the cytosolic side was
with the voltage (Fig. 3). This finding is consistent with estimated to be 6.0 x I0wm (n = 12). The data were
the on-cell observations that this channel is active undefrom patches held between —-40 to -80 mV; the mean
near-physiologic conditions of a highly polarized mem- current in the presence of &dwas normalized to that in
brane. the absence of Gd for each patch.

By contrast to voltage, cytosolic €awas found to Amiloride is known to inhibit a variety of cation
be a strong activator of the NSC channel. Eight excisedransport processes and was tested for its effect on the
inside-out patches at 37°C with symmetrical NaCl (P1,NSC channels in the apical membrane of outer sulcus
B2; Table) were highly active when excised into a bathepithelial cells. In symmetrical NaCl (P1, B2; Table) at
of 0.7 mv C&*. The channel activity was decreased 37°C, amiloride reduced the NSC current although not as
when the C&" concentration at the cytosolic face (bath) strongly as Gd"; the effects were reversible (FigAp
was reduced to I8 m or less (Fig. 4). Strikingly, sig- Amiloride at 10° m inhibited the mean current of
nificant channel openingP{ = 0.11 + 0.03,n = 8)  outside-out patches to 75.1 + 5.9% & 11) of the
were still observed at I0 m, a level typical of resting control level at membrane potentials between —60 and
cells. These observations demonstrate that intracellular60 mV. Amiloride at 1 nw inhibited the current to 59.0
Ca" activated this NSC channel, but that the?Ca +8.4% ( = 11) of the control level while 10m Gd&®*
threshold for channel opening was in the physiologicin the same series of experiments reduced the current to
range. 35.8 + 10.5% of control (Fig. B).

Our previous report (Marcus & Chiba, 1999) dem- The effect of flufenamic acid on NSC channel cur-
onstrated that high levels (1nm of Gd®* inhibited both  rents was investigated in outside-out patches devoid of
cation reabsorption by the outer sulcus epithelial regiorBK channels or in which BK channels had been inacti-

Fig. 3. Effect of membrane voltagé/[,) on the open probabilityR)
of the NSC channel. Mean ¢em (n).
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Fig. 4. Activation of NSC channel by cytosolic calciumA)(Repre- 207
sentative recording was made from inside-out excised patch under sym-
0

metrical NaCl conditions at a membrane potential of +40 mV. Three
channels were open under initial conditions of 0.7 <310 cytosolic
Ca* but 107 m cytosolic C&* decreased the open probabilitys) (
Summary of Qﬁ*—depgn_dence d?,. Channel activity was still signifi- Fig. 5. Inhibition of NSC current by bath gadolinium (&9. Top
cant at a calcium activity of 10 m. Mean sem (n). panel,outside-out patchn(= 8); bottom paneljnside-out patchn =

12. Membrane voltage —40 to -80 mV; currents normalized to value

vated by a combination of low [éé] at the cytosolic before addition of G&. Curves are best fit to Hill equation with an
face (P3, Table) and negatively polarized membrane pg2Tset term to account for leak currents. Mearsea
tentials. A recording from a membrane patch with low . i
C&" at the cytosolic face is shown in FigA7 The cur-  Flufenamic acid (0.1 m) reduced ths mean current
rents at all membrane voltages between -90 and +90 mhen the current was carried by Nar K™ from the bath
were reduced by flufenamic acid (1g0v). The aug- Put not when the bath contained NMDG as the primary
mented current seen at large positive voltages (FAg. 7 cationic species (Fig.Q).

andB) is likely due to an additional Kconductance in

the membrane which is also inhibited by flufenamic acid. BK CHANNEL

Although the slow kinetics of the additional componentBK channels were identified by their large single-

are suggestive of the ISK/KvLQT1 Kehannel complex channel amplitude when there was a high concentration

(Marcus & Shen, 1994), that channel, by contrast, is FK* ilabl h In 58 ised apical
stimulated by fenamates (Busch et al., 1994). 0 available to carry the current. In 58 excised apica

membrane patches, BK channel activity was observed in

The ionic species responsible for the inward curren o o
inhibited by flufenamic acid was investigated by holdingzg)pi:]c:r?ﬁe(f?eéégt 3\;2' fﬁSn%ve;:?eagii\%ég sa?ci( No

the membrane at —90 mV with either N&* or NMDG . .
) g channel activity was observed for the BK channel in

as the primary cation in the bath. In the absence of fluf- ; . ) I

: . on-cell patch recordings with the pipette potential in the
enamic acid, the mean current at room temperature Was e of +60 mV
26.1 + 5.6 pA ( = 5) when the current was carried by 9 - ’
Na* (B2, Table), 18.9 + 4.6 pAr( = 6) when the current Excised Patch Recordings
was carried by K (B3, Table; no significant difference
to Na) and reduced to 4.8 + 1.9 pAn(= 6) when Patches often exhibited more than one current level of

NMDG (B4, Table) was the primary cation in the bath. equal magnitude, which most likely represented multiple

8 7 6 5 4 3 2
-log [Gd] (M)
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A erage permeabilities to Kunder these conditions were

found to be 6.6 + 0.5 x I8° cm¥/sec and 7.3 x 10°
cm’/sec, respectively, which were not significantly dif-
ferent. The channel is therefore highly permeable o K
and does not significantly conduct anions.

To test for permeability to Na the other prevalent
monovalent cation, Kwas replaced with Naor NMDG.
When the bath contained NaCl solution and the pipette
KCI solution, thel-V relationship was described by the
GHK current equation under the assumption thatas
the sole conductive ion (Fig. 9). The permeability of the
channel to K under these conditions averaged 7.1 + 0.5
x 102 cm/sec f = 9) which was not significantly
different from the value obtained under symmetrical K
B conditions. To get a good estimate of the permeability

ratio of K* to Na', an intermediate condition was tested,
100+ 35 mm K* + 115 nm Na' in the bath (B8, Table) (Fig. 9).
* The mean permeabilities obtained by fitting the curve to
75. I the GHK current equation for Kand N& were 7.0 + 0.6
x 103 cm¥sec f = 5) and 6.0 + 0.2 x 10 cm?¥/sec,
respectively, and permeability ratios of ko Na" aver-
aged 17.4 £ 5.8.

The observation that the channel was highlygé-

254 lective was further supported by substituting the large
cation NMDG in the bath; thé-V relationship was in-
distinguishable from that with NaCl in the bath (Fig. 9).
Control Amil Amil Gd The average permeability to*Kunder these conditions
(10 uM) (1 mM) (100 uM) was 6.4 + 0.5 x 10" cm¥sec @ = 4) which is not
significantly different from those found for NaCl in the
Fig. 6. Summary of effect of amiloride (I8 and 10° wm) at the ex- bath. . o
tracellular face on NSC channel currents. Outside-out membrane ~ 1h€ open probability of the channel in inside-out
patches were exposed to symmetrical NaCl (P1, B2, Table). The effectpatches was found to increase with membrane depolar-
of amiloride were compared to that of gadolinium §GdL00 um). (A) ization and with increasing free €aconcentration at the
Recording of patch current at +60 mV. Effects were reversible duringcytosonc face. The free G4 concentration in the bath
washout after GY. (B) Summary of results from 11 patches held at was changed in decade steps from® to 103 min 4
-60 mV (h = 5), -40 mV f = 4) and +60 mV § = 4); mean 1sem, -
N= 11 * P <0.05 patches. At every tested €aconcentration the open
' probability increased monotonically with depolarization
(Fig. 10). For membrane voltages between —60 and +40
channels per patch rather than multiple-state channelsnV the channel was regulated by a free?Ceoncentra-
However, distinct subconductance states were occasiotion in the range of 17 to 10° m (Fig. 10).
ally observed. Channel activities in inside-out patches  Several agents known to inhibit BK channels were
observed at every membrane potential between —40 anigsted for their effect on the large conductance channel
+40 mV in the presence of 0.7nmC&* at the cytosolic  (Fig. 11). Addition of TEA (2 x 10% m) on the extra-
face (P2, B3, Table) were abolished when the bath wasellular face of the membrane significantly reduced the
perfused with low C&' solution (B5, Table), demonstrat- open probability reversiblyn( = 4; Fig. 11). No effect
ing that the BK channel is G4 dependent (Fig. 8). was observed when TEA (2 x 10v) was applied to the

The ion selectivity of these channels was determinedytosolic side § = 4). Charybdotoxin (10 wm), a
by measurement dfV relationships with K on one side  known BK channel blocker, significantly decreased the
of the membrane and various monovalent cations on thepen probability t = 4; Fig. 11) from the extracellular
other side (P2, B2/3/4/7/8, Table). When membraneside of the membrane but had no effect when added to
patches were exposed to KCI on one side and either KGhe cytosolic sideR, = 0.92 to 0.89n = 1). The K
or K-gluconate solution on the other side, th¥ rela-  channel blocker barium (I8 m) significantly reduced
tionship was linear (conductance 268 + 20 piS={ 9)  the open probabilities from both the cytosolic and extra-
and 294 = 15 pSn( = 4) respectively, not significantly cellular sides (Fig. 11).
different) and passed nearly through the origin (reversal ~We further tested amiloride (I® m), which is
voltage 0.1 1.2 mVif = 9)and 2.5+1.0 mVi{ = 4),  known to cause a reduction of the basolateraldén-
respectively, not significantly different; Fig. 9). The av- ductance of outer sulcus cells (T. Chiba and D.C. Mar-
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Fig. 7. Inhibition of NSC current by 0.1 m flufenamic acid (Fluf). A) recording of currents from an outside-out patch in the presence and absence
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absence of flufenamic acid with various cations in the bath. Currents expressed as percent of controlsevegn= 5-6); *, P < 0.05;ns, not
significant; not corrected for leak currents.
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Fig. 8. Excised inside-out patch recordings of BK channels. Record-
ings were made under symmetrical KCI conditidy, membrane po-
tential; C, closed channel level. Depolarization activates channel and
C&*-free solution inhibits channel.

cus, unpublished observationsand vestibular transi- L-15
tional cells (Wangemann & Shiga, 1994), on the extra-
cellular side of the membrane. Amiloride (fov) had
no effect on the activity of the apical BK channets
4; Fig. 11).

Fig. 9. I-V relationship of the BK channel with KCl in the pipette. Bath
contained different ion compositions as indicateeigTable). Lines are
best fit to Goldman-Hodgkin-Katz (GHK) current equation. All data
shown from one representative membrane patch.
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129 enamic acid (10Quv) (B1, Table) was found to abruptly
decrease the absorptive current but continued on to make
1.0 4 an “overshoot” which led to transient secretion, followed
%4 Z 71 71 5 by abolition of the current (Fig. 12).
0.8 4 % ; % 4 This multiphasic response was further investigated
s U f f % by patch clamp recordings from outside-out patches of
0.6 ; ? ; % 9 ; apical membrane from outer sulcus epithelial cells. Fluf-
0? 1 % % V] enamic acid (10@uv) in solution B2 (Table) was applied
% # f % % f to the extracellular side while the pipette contained KClI
0.4 ? g9 W7 ; ; ; and 107 m C&* (P2, Table). A representative recording
% f % ; % * V] of the effect of flufenamic acid on BK channels is shown
0.24 [/ v f % f f in Fig. 13. The recording was made at a holding mem-
V] ¢ 4 . j ; ; brane potential of +20 mV. Application of flufenamic
0.0 Zr 6 /) V] - acid increased th®, of BK channels and subsequent
" TEAo0 TEAj CTXo CTXi Bao Bai Amilo addition of charybdotoxin (CTX), a potent blocker of this

. _ channel, decreasd?]. The effect of flufenamic acid was
Fig. 11. Summary of pharmacological effects on BK channel. Hashedrayersible. These data demonstrated that external appli-

bars, control; solid bars, drug; outside;i, inside. Tetraethylammoni- : : ; : :
) cation of flufenamic acid reversibly activated BK chan-
um (TEA, 20 mm); charybdotoxin (CTX, 100 m); Ba?* (1 mm); nels y

Amiloride (amil, 1 mm). All recordings were made at 0 mV, NaCl . .
pipette (P1, Table) and KCl bath (B3, Table).P < 0.05. A small K" channel was clearly observed in 8 ex-

cised patches. In one patch where the single-channel
currents were clearly present at both positive and nega-
Flufenamic acid was found to decrease the NSCiive membrane voltages and with asymmetrit & the
channel current (above) and was therefore expected tmembrane (B1, P3; Table), theV relationship was
reduce the transepithelial short circuit current, quasilinear in the range 60 mV (Fig. 14). The single-
lsc.proneWas measured with the vibrating probe and fluf- channel conductance was 6.6 pS and the extrapolated
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Fig. 12. Effect of flufenamic acid (0.1
mm) on absorptive current{; ) at the
apical surface of outer sulcus epithelium.
Inward current changes transiently to an
outward current, followed by total
inhibition. (mean £sem, N = 9; room
temperature).

Fig. 13. (A) Effect of flufenamic acid on open
probability (P,) of BK channels in a representative
recording. Recording was made from an excised
outside-out patch at +20 mV, KCI, 10m Ca*
pipette (P3, Table), NaCl bath (B2, Table). Lower
horizontal bar indicates application of flufenamic
acid (0.1 nm), and upper horizontal bar indicates
addition of charybdotoxin (CTX, 100M). Lower
traces(a, b, 9 show the details of single channel
activities on an expanded time scale duriaj (
control, () flufenamic acid andd) flufenamic

acid + CTX. @) Bar graph,summary of the effect
on open probability R,) of flufenamic acid in the
absence and presence of CTiX £ 6) at 37°C.

control

reversal voltage was —118 mV. The equilibrium poten-eral morphologic observations led to speculations that
tial for K™ was about —94 mV, suggesting that the chan-these cells participated in cation reabsorption from en-
nel would rectify slightly at the more polarized voltages dolymph Geereview: (Kucuk & Abe, 1990)). Our pre-

seen under physiologic conditioms situ. The channel

was not characterized further.

Discussion

vious study (Marcus & Chiba, 1999) was the first to

directly demonstrate cation reabsorption in this region of
the cochlear duct using the vibrating probe technique.
The purpose of this study was to investigate ion channels
of the apical membrane of outer sulcus epithelial cells in
the upper cochlear turns that could account for the ob-

The outer sulcus epithelial cells directly border the co-served cationic reabsorption. This report describes the
chlear lumen in the upper cochlear turns, as describedharacterization of NSC channels and of BK channels in
previously (Duvall, 1969; Spicer & Schulte, 1996). Sev-the apical membrane.
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A the inner ear (Marcus et al., 1992; Takeuchi et al., 1992

. ‘ Sunose et al., 1993; Van den Abbeele et al., 1994; Yeh et
+60 ¢ _WWWW*MWM al., 1998) and in other preparations (Ling & O’Neill,

1992; Popp & Gogelein, 1992; Nonaka et al., 1995;

Korbmacher et al., 1995; Vandorpe et al., 1997).
+20 c —Mmmm A wide range of sensitivity to the cytosolic €a

activity has been described for the activation of NSC

Mo channels. Some NSC channels do not requiré’ @ar
=20 C — i i activation (Yeh et al., 1998) while others require at least
l 2 pA 10°° m cytosolic C&" for observable activation (Marcus
et al., 1992; Van den Abbeele et al., 1994), suggesting
B0 ¢ — I Sy that those channels requiring high cytosolicCeevels
TS make little or no significant contribution to membrane
conductance under undisturbed conditions. In our prepa-
ration, channel activity was significant with cytosolic
Céa* as low as 10’ m. This activity at low C&" levels
B 12' coupled with the high density of this channel in the api-
] cal membrane suggests a major physiological signifi-
104 cance.
] The NSC channel reported here was insensitive to
0.8 membrane voltage, similar to NSC channels in the anti-
< 06_‘ luminal membrane of rat cerebral capillary endothelial
= cells (Popp & Gogelein, 1992) and in the luminal mem-
2 04- brane of vestibular dark cells (Marcus et al., 1992). By
3 contrast, the activity of NSC channels in rat inner med-
024 ullary collecting duct cells and in the apical membrane of
0.0 ,/ Vr=118mv — epithelial cells of Reissner's membrane were suppressed
7400 -75 -50 -25 0 25 50 by hyperpolarization (Nonaka et al., 1995; Yeh et al.,
-0.24 V (mV) 1998) while NSC channels in bovine aortic endothelial

, , , _ _ cells were stimulated by membrane hyperpolarization
Fig. 14. Single channel recordings of a smalf khannel in an excised ,ﬁ'—ing & O'Neill, 1992).

inside-out patch. Recording was made from apical membrane of a . i
outer sulcu’; epithelial cell ugnder asymmetrical K’():I conditions (B1, P3; Gado“”'_um (Ga ) Is_known as a blocker of NS_C
Table) at room temperatureA Representative traces at +60 mv; ¢, channels (Ling & O’Neill, 1992; Popp & Gogelein,
closed channel level Bj I-V relationship of single channel currents. 1992; Marunaka et al., 1994; Nonaka et al., 1995; Hoyer
Solid line is least squares best fit to the data; dashed line shows interet al., 1997). Although Gt was an effective inhibitor
section at equilibrium potential for of NSC channels at submicromolar levels {40.6 um),

the slope of the concentration-response curve was rela-

tively shallow so that the full effect requiredwievels of
PROPERTIES OF THENONSELECTIVE CATION CHANNEL Gd®*. This is in contrast to some NSC channels such as

stretch-activated channels found ¥enopusoocytes
The single-channel current events were identified agYang & Sachs, 1989) and aortic endothelial cells (Ling
originating from NSC channels by the observations tha®& O’Neill, 1992) which are fully inhibited by 10um
(i) the I-V relationships were linear and passed throughGd®*, but similar to others such as stretch-insensitive
or near the origin in all cases in which monovalent cat-NSC channels irXenopusoocytes (Reifarth, Clauss &
ions such as Kand N& were present on both sides of Weber, 1999).
the membrane in equal concentrations, (ii) thé rela- Amiloride fully inhibits epithelial N& channels at
tionship was not altered by replacement of bathw@ith 10 wm and N&/H exchange at 1 m (Frelin et al., 1987).
gluconate but was altered by replacement of NaCl byThe effect on NSC channels is quite variable among
NMDG-CI. The single channel conductance of 27 pS,types and therefore constitutes a distinguishing charac-
C&" sensitivity from the cytosolic side, linedV rela-  teristic. The NSC current in outer sulcus epithelial cells
tionship and poor discrimination between™md K" are  was only slightly inhibited by 1@um amiloride and more
similar to those properties of the family of €eaactivated  strongly inhibited by 1 m amiloride. This sensitivity to
nonselective cation channel (CAN) as reported previ-high concentrations of amiloride is characteristic of the
ously (Partridge & Swandulla, 1988). Similar observa- stretch-activated NSC channels of A6 cells (Marunaka et
tions of NSC channels were reported in various cells ofal., 1994) andXenopus laevi®ocytes (Reifarth et al.,
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1999), but contrasts to the amiloride-insensitive NSCcluding flufenamic acid activated €aactivated potas-
channels of mouse cortical collecting duct cells (Korb-sium currents with both perforated patch and conven-
macher et al., 1995) and rat inner medullary collectingtional whole-cell recording (Greenwood & Large, 1995),
duct cells (Nonaka et al., 1995). On the other hand, arand the authors proposed that fenamates would interact
NSC channel in fetal lung epithelium was inhibited by directly with calcium-activated potassium channels to
amiloride with an IC50 of <lum. This channel, how- activate IK(Ca) and their action might modify the bind-
ever, was not operant at physiological intracellulafCa ing of C&" to the channel protein.
concentrations (Marunaka, 1996). The finding that flufenamic acid initially reversed
Flufenamic acid caused a partial inhibition of NSC the direction ofl, followed by a decline to zero (Fig.
currents in outer sulcus epithelial cells. Such a block12) can most simply be explained by the following. In
was also found in M-1 mouse cortical collecting duct the absence of flufenamic acid, the cytosolicTis kept
cells where the inhibition was found to be voltage- slightly above electrochemical equilibrium by the activ-
dependent (Korbmacher et al., 1995). By contrast, théty of the basolateral NaK*-ATPase, with K leaving
stretch-activated NSC channels in Reissner’'s membranthe cell across the basolateral membrane. The basolat-
were insensitive to fenamates (Yeh et al., 1998). eral membrane is known to be dominated by adén-
ductance of a type different from the BK channah{
published observatiohs
PROPERTIES OF THEBK CHANNEL Addition of flufenamic acid to the bath had two
simultaneous effects. The apical” Konductance was
The conductance of the BK channel in symmetrical KClgreatly increased via stimulation of the BK channels and
solution was 268 pS and occasionally showed a subcorthe Na conductance was substantially diminished by
ductance state as has been reported for BK channels inhibition of the apical NSC channels. The large in-
vestibular dark cells (Takeuchi et al., 1892nd in co-  crease in apical Kconductance led to the transient net
chlear efferent nerve terminals (Wangemann & Takeu-secretion (reversal df to positive values). The dimin-
chi, 1993). The characteristics of the large-conductancéshed influx of N& deprived the NjK*-ATPase of a
K* channels observed in the apical membrane of theequisite transport substrate, reducing its transport activ-
outer sulcus epithelial cells are similar to those of BKity. With the cells now nearly symmetric in permeability
channels in other cells including those of the inner eato K™ on the apical and basolateral membranes and the
(Takeuchi et al., 1992 Wangemann & Takeuchi, 1993; Na" pump inhibited, the cells lost their ability to support
Takeuchi & Irimajiri, 1996; Gribkoff et al., 1996): (i) vectorial transport. This interpretation is supported by
high selectivity for K over N&, (ii) open probability the observation of increased chanfglin the presence
(P,) increased with depolarization, (iifp, was depen- of flufenamic acid and the prevention of that effect by the
dent on cytosolic-free Ga concentration, (iv)P, was  BK channel blocker charybdotoxin.
reduced by B, external TEA and low concentrations
of charybdotoxin. It was not possible in this study to
determine which alpha and beta subunit isoforms of BKPHYSIOLOGICAL SIGNIFICANCE
channels are present in this tissue (Fettiplace & Fuchs,
1999). Maintenance of the unusual ionic composition of endo-
In addition to these features, largé Khannels ob- lymph in the cochlea is now known to be the net result of
served in the apical membrane of the outer sulcus episecretory and absorptive processes contributed by sev-
thelial cells were stimulated by flufenamic acid, which is eral cell types. The strial marginal cells secretewhile
known as an inhibitor of Cl channels (Weber et al., the sensory hair cells and the parasensory outer sulcus
1999, b) and nonselective cation channels (vide infraepithelial cells absorb cations. Nabsorption by the
and (Popp & Gogelein, 1992; Van den Abbeele et al. hair cells is thought to be relatively low compared to that
1994; Korbmacher et al., 1995)). Ottolia and Toro by the outer sulcus cells (Marcus & Chiba, 1999), and
(1994) suggested the hypothesis that large conductandhe overall Nd absorption rate by the cochlear duct is
calcium-activated K channels possess at least one fenaonly about 1% of the K secretion rate (Sellick &
mate receptor based on the observations that externdbhnstone, 1975).
niflumic, flufenamic and mefenamic acid application ac- The electrodiffusive entry pathways for cations
tivated large calcium-activated*kchannels in coronary across the apical membrane of outer sulcus epithelial
smooth muscle membrane and external niflumic acidcells were identified as NSC channels and BK channels.
caused left-shifting of both voltage- and calcium- The apical membrane sustains an electrical potential dif-
activation curves without major changes in the slopes oferencein vivo of about 170 mV, cell negative, due to the
the curves. Further, stimulation of cloned Koy fluf- transepithelial voltage of +80 mV (Marcus, 1997) and
enamic acid was also reported (Gribkoff et al., 1996).the basolateral potential difference of about —-90 mV (T.
In rabbit portal vein smooth muscle cells, fenamates in-Chiba & D.C. Marcusunpublished resuljs The cyto-
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solic [K‘”] is thought to be about the same as that in calcium-activated potassium channeléol. Pharmacol.50:206—
endolymph (based on the highly negative basolateral po- 217 _ . _
tential) and the cytosolic [Nis thought to be about one HoYe": J.. Kohler, R, Distler, A. 1997. Mechanosensitive cation chan-
d de higher than that of endol h di t nels in aortic endothelium of normotensive and hypertensive rats.
ecaae nig e_r an_ _a Of endolympn, corresponding to Hypertensior80:112-119
60 mV chemical driving force outward for NaThere Korbmacher, C., Volk, T., Segal, A.S., Boulpaep, E.L., Fromter, E.
are therefore large electrochemical driving forces for the  1995. A calcium-activated and nucleotide-sensitive nonselective
entry of both N& (110 mV) and K (170 mV) from the cation channel in M-1 mouse cortical collecting duct cellsviem-
lumen into the cell across the apical membrane. The brane Biol.14629-45
NSC and BK channels described here are thereforé“C“k' B., Abe, K. 1990. Scanning electron microscopy of the con-
poised to participate in carrying and regulating the trans- nective tissue along the lateral wall of the mouse cochlear duct with

. . . special reference to the external sulcus ceich. Histol. Cytol.
epithelial absorption of Naand K'. 52:297_305 y

The NSC channels are likely to be important playersiing, B.N., O'Neill, W.C. 1992. C&"-dependent and G&permeable
in the absorptive processes since they occur at a high ion channels in aortic endothelial celtsm. J. Physiol263:H1827—
density, as manifest in the many membrane patches con- 38
taining multiple channels, and since their sensitivity toMarcus, D.C. 1997.AL_Jditor)_/Transductidn.' Cell Physiology Source
cytosolic C&* occurs in a physiologically relevant range. . Book- N- Sperelakis, editor ,

Further, these channels may have provided the epitopd2cus: D-C.. Chiba, T. 1999.Kand Nd absorption by outer sulcus

. . ;i o L . . epithelial cells.Hear. Res134:48-56
for antibodies against amiloride binding sites which werey,.cus p.c.. shen, z. 1994. Slowly activating, voltage-dependént K
found to bind to the apical membrane of these cells (Mi-  conductance is apical pathway fof iecretion in vestibular dark
zuta et al., 1995) since we found a weak inhibition of  cells. Am. J. Physiol267:C857-C864
NSC channel activity by amiloride. Marcus, D.C., Takeuchi, S., Wangemann, P. 1992 @ativated non-

The significance of the BK channels in the apical  Selective cation channel in apical membrane of vestibular dark
membrane is more difficult to assess. Our voltage- and _Cells-Am- J. Physiol262.C1423-C1429

+ . arunaka, Y. 1996. Amiloride-blockable €aactivated N&-permeant
Ca —dependence data suggest that if the BK Channely channels in the fetal distal lung epitheliurRfluegers Arch.

are to become activen vivo, that another modulating 431748-756

factor must come into play. Itis likely that such @ modu- marunaka, Y., Tohda, H., Hagiwara, N., Nakahari, T. 1994. Antidi-

lating factor exists in these cells since the channels are uretic hormone-responding nonselective cation channel in distal
present in a relatively high density as judged by their nephron epithelium (A6)Am. J. Physiol266:C1513-C1522

high frequency of occurrence Compared to BK channeldVizuta, K., lwasa, K.H., Tachibana, M., Benos, D.J., Lim, D.J. 1995.

in other inner ear epithelial cells (Takeuchi et al Amiloride-sensitive N& channel-like immunoreactivity in the lu-
1992 b) v minal membrane of some nonsensory epithelia of the inner ear.

Hear. Res88:199-205.
Nonaka, T., Matsuzaki, K., Kawahara, K., Suzuki, K., Hoshino, M.
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