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Cellular/Molecular

Endolymphatic Sodium Homeostasis by Extramacular
Epithelium of the Saccule

Sung Huhn Kim and Daniel C. Marcus
Cellular Biophysics Laboratory, Department of Anatomy and Physiology, Kansas State University, Manhattan, Kansas 66506-5802

The saccule is a vestibular sensory organ that depends upon regulation of its luminal fluid, endolymph, for normal transduction of linear
acceleration into afferent neural transmission. Previous studies suggested that endolymph in the saccule was merely derived from
cochlear endolymph. We developed and used a preparation of isolated mouse saccule to measure transepithelial currents from the
extramacular epithelium with a current density probe. The direction and pharmacology of transepithelial current was consistent with
Na " absorption by the epithelial Na " channel (ENaC) and was blocked by the ENaC-specific inhibitors benzamil and amiloride. Involve-
mentof Na *,K “-ATPase and K * channels was demonstrated by reduction of the current by ouabain and the K * channel blockers Ba**,
XE991, and 4-AP. Glucocorticoids upregulated the current via glucocorticoid receptors. Dexamethasone stimulated the current after 24 h
and the stimulation was blocked by mifepristone but not spironolactone. No acute response was observed to elevated cAMP in the
presence of amiloride nor to bumetanide, a blocker of Na *,K *,2Cl ~ cotransporter. The results are consistent with a canonical model of
corticosteroid-regulated Na * absorption that includes entry of luminal Na * through apical membrane Na * channels and active baso-
lateral exit of Na " viaa Na " pump, with recycling of K " at the basolateral membrane via K *-permeable channels. These observations
provide our first understanding of the active role played by saccular epithelium in the local regulation of the [Na "] of endolymph for

maintenance of our sense of balance.

Introduction

The saccule and utricle are vestibular organs that transduce linear
acceleration to nerve impulses, which propagate to the brain and
contribute to balance. The saccule is situated in the endolym-
phatic system between the base of the cochlea and the rest of the
vestibular labyrinth (Fig. 1). Acceleration produces movement
relative to surrounding structures of the otoconial membrane,
which is coupled to the stereocilia of the hair cells in the maculae.
Displacement of the stereocilia modulates transduction channels
near the tips of the stereocilia, which results in receptor potential
changes at the base of the hair cells that modulate transmitter
release into the synapses with the vestibular nerve (Moser et al.,
2006). K™ (~150 mM) is the most abundant ion in the luminal
fluid (endolymph) of the saccule and is many times higher than in
the basolateral fluid (perilymph; ~5 mm). In contrast, the other
major cations in saccular endolymph, Na™ (~3 mm) and Ca**
(~90 um) (Sellick and Johnstone, 1972; Salt et al., 1989), are
much lower than in perilymph (150 mm Na " and 0.7 mm Ca")
(Wangemann and Schacht, 1996).

The production and maintenance of these ion concentration
differences is essential for normal function of the vestibular or-
gans. Although K * is the primary current-carrying ion species for
transduction, Na™ and Ca®" concentrations in endolymph
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must be maintained for control of hair cell function since the
transduction channels are cation permeable, but not K™ selec-
tive (Jorgensen and Kroese, 1994). Flooding or fluctuations of the
hair cell cytosol with Na ™ and Ca** would be expected to lead to
cellular dysfunction and vertigo.

It is well established that the utricle, ampullae, and common
crus of the semicircular canals all contain vestibular dark cell
epithelia that secrete K, while the saccule is devoid of vestibular
dark cells (Kimura, 1969; Burnham and Stirling, 1984; Marcus
and Shen, 1994; Marcus and Shipley, 1994). In fact, the saccular
epithelium, outside of the sensory macular area, has been reported to
consist of a single, simple cuboidal cell type (Smith, 1970). Based on
these and other observations (Sellick and Johnstone, 1972), it was
proposed that saccular endolymph originates from the cochlea by
longitudinal flow and/or diffusion and is not produced in this
organ. However, [Na *] in saccular endolymph (~3 mwm) is dif-
ferent from other inner ear organs: higher than in the cochlea
(~1 mm) but lower than in the endolymphatic sac (~129 mm)
and utricle (~10 mm) (Sellick and Johnstone, 1972; Wangemann
and Schacht, 1996), suggesting that the saccule may have its own
[Na *] regulatory mechanism.

We hypothesized that saccular extramacular epithelium is re-
sponsible for active Na™ absorption from endolymph. We
sought functional evidence of electrogenic transepithelial ion
transport by extramacular epithelium of adult mouse saccule and
examined whether it is controlled by glucocorticoids via the glu-
cocorticoid receptor (GR) and/or the mineralocorticoid receptor
(MR) by electrophysiologic and pharmacologic means. The ex-
perimental strategy used in the current study of transepithelial
transport by the saccule is based on that used for the study of Na *
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Figure 1. Structure of the inner ear. The inner ear comprises the endolymphatic space and
perilymphatic spaces, which are filled with endolymph ([K 1= ~150mm; [Na *] = ~1-10
mu) and perilymph ([K *] = ~5 mu; [Na "] = ~150 m), respectively. The saccule (S) is
situated in the endolymphatic system between the base of the cochlea and the rest of the
vestibular labyrinth [utricle (Ut), ampulla (A), and semicircular canals (SCC)]. ES, Endolymphatic
saG; ED, endolymphatic duct; OW, oval window; RW, round window; ME, middle ear. Endolymph
composition of the saccule was previously thought to be completely derived from cochlear
endolymph by longitudinal diffusion; the present study demonstrates that at least Na * com-
position of the saccule is requlated locally by absorptive transport. The drawing was adapted
with permission from Lim (2002) (their Fig. 2—4).

transport across many epithelia, including others in the inner ear
(Pondugula et al., 2004; Pondugula et al., 2006; Kim et al., 2009).

Materials and Methods

Tissue preparation. C57BL/6 mice (4—8 weeks old) were anesthetized
with 4% tribromoethanol (0.016 ml/g of body weight, i.p.) and killed by
decapitation under a protocol approved by the Institutional Animal Care
and Use Committee of Kansas State University. The cochlea was removed
from the temporal bone and the whole membranous labyrinth of the
vestibule was carefully removed (Fig. 2A). The saccule was separated
with microscissors from the utricle (Fig. 2 A, B), and saccular extramacu-
lar epithelium was carefully separated from the saccular macula with one
side remaining attached to the longest edge of the macula (Fig. 2B, C).
The tissue was then folded with the apical side of the epithelium facing
outward (Fig. 2C,D). The tissue was mounted in a perfusion chamber on
the stage of an inverted microscope (Axiovert 200; Carl Zeiss) and con-
tinuously perfused at 37°C at an exchange rate of 1.1 times/s (Fig. 2 E).
For investigation of the effect of dexamethasone via GR and/or MR,
dissected saccules were divided into four groups and incubated for 24 h in
DMEM-F12 medium (Invitrogen) supplemented with 100 U/ml penicil-
lin (Sigma) and 100 ug/ml streptomycin (Sigma) at 37°C in a 5% CO,
atmosphere with saturated humidity. Each of two groups was incubated
in the presence or absence of 100 nm cyclodextrin-encapsulated dexa-
methasone (Sigma), a concentration that corresponds to the physiolog-
ical and therapeutic concentration of dexamethasone (Balis et al., 1987;
Braat et al,, 1992) and to the concentration that produced a peak re-
sponse from semicircular canal epithelial cells (Pondugula et al., 2004).
The other two groups were treated with 100 nm dexamethasone in the
presence and absence of either the GR antagonist mifepristone (100 nm,
Sigma) or MR antagonist spironolactone (100 nm, Sigma). Inhibitors of
the receptors were added concurrently with the agonist for 24 h. After
24 h, incubated saccules were prepared for current density measurement
as described above.

Voltage-sensitive vibrating probe. The vibrating probe technique was
chosen to measure transepithelial current under short circuit conditions
because of the small dimensions of saccular extramacular membrane.
The technique was identical to that described previously (Lee et al.,
2001). Briefly, current density was monitored by vibrating a platinum-
iridium wire microelectrode that was insulated with parylene-C (Micro
Probe) and coated with Pt black on the exposed tip. The electrode tip of
the probe was vibrated at two frequencies between 400 and 700 Hz along
horizontal (x) and vertical (z) axes by piezoelectric bimorph elements
(Applicable Electronics) and was positioned at 4 = 2 wm from the apical
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surface of the saccular extramacular membrane. The x-axis was perpen-
dicular to the face of the epithelium. A platinum-black electrode served
as reference in the bath chamber. The signals from the oscillators driving
the probe were also connected to a dual-channel phase-sensitive detector
(Applicable Electronics) and the signals from the phase-sensitive detec-
tors were digitized (16 bit) at a rate of 0.5 Hz. The electrode was posi-
tioned where current density showed a maximum x value and
minimum z value; data are derived from the x direction current den-
sity and were plotted with Origin software, version 7.0. (OriginLab
Software).

Solutions and chemicals. In all electrophysiological experiments, both
sides of the epithelium were perfused with a perilymph-like physiologic
saline containing (in mm) 150 NaCl, 3.6 KCl, 1 MgCl,, 0.7 CaCl,, 5
glucose, and 10 HEPES, pH 7.4. Amiloride, benzamil, ethylisopro-
pylamiloride (EIPA), forskolin, 3-isobutyl-1-methylxanthine (IBMX),
ouabain, bumetanide, glibenclamide, clotrimazole, iberiotoxin, mife-
pristone, and spironolactone were all purchased from Sigma and dis-
solved in dimethylsulfoxide (DMSO; Sigma), which were then diluted
to 0.1% DMSO or less in the physiologic saline before application.
DMSO at this concentration had no effect on the current density.
Dexamethasone (Sigma), 8-bromoadenosine 3',5'-cyclic monophosphate
(bromo-cAMP; Sigma), 8-bromoguanosine 3',5'-cyclic monophosphate
(bromo-cGMP; Sigma), tetra-ethyl-ammonium chloride (TEA; Sigma),
4-aminopyridine (4-AP; Sigma), apamin (Sigma), BaCl, dihydrate
(Fluka), and XE991 (Tocris Bioscience) were directly dissolved in phys-
iologic saline just before use. TEA-Cl was substituted equimolar for NaCl
and current density was corrected for the 4.5% increase in the resistivity
of the solution. The effect of TEA-CI (30 mm) was compared with that of
equimolar NMDG-CI (Fluka) to control for any effect of the reduced
concentration of Na . The current density measured with NMDG-CI
was corrected for the 6.8% increase in the resistivity of the solution. For
pH values <6, MES buffer was substituted equimolar for HEPES buffer,
and pH was adjusted to pH 6, 5, and 4, respectively.

Data analysis. Data are presented as averaged recordings over time
with the SE indicated at intervals for clarity and as mean values of each
experimental condition = SE from n observations. The tabulated
currents for each condition were obtained by averaging samples (col-
lected at 2 Hz) over 15 s, beginning 30 s before changes in perfusion or
before the end of the drug washout. The control values before and after
drug perfusion were averaged when treatments were clearly reversible to
compensate for possible drift (e.g., see Figs. 4, 5B, 6 A-D, 7A). Signifi-
cance of current density changes between the control and individual
experimental conditions were calculated with the paired 7 test. Signif-
icance among the control, dexamethasone-treated, dexamethasone +
mifepristone-treated, and dexamethasone + spironolactone-treated
groups was calculated with one-way repeated-measures ANOVA and
Holm-Sidak posttests. Differences were considered significant for p <
0.05. Concentration dependence of the effects was analyzed using the Hill
equation: I =1 [C"/(ICE, + C")] + I g where I, is current in the
presence of saturating concentration of drug, IC,, is the concentration
that produces a half-maximal effect, C is the concentration of drug, h is
the Hill coefficient, and I ., is the residual current during maximal
inhibition by the drug. Data were fitted for each experiment separately,
and then the mean values = SE were estimated.

Results
The current from the apical side of saccular extramacular epithe-
lium in physiologic saline was —18.6 = 1.1 uA/cm?® (n = 82),
which could be accounted for by cation absorption and/or anion
secretion.

Amiloride-sensitive current

Perfusion of amiloride and its analogs (benzamil and EIPA) de-
creased current density in a dose-dependent manner, with a po-
tency order of benzamil > amiloride >=> EIPA (Fig. 3A—C). The
concentration—response curves were fitted with the Hill equation
(Fig. 3D; supplemental Table S1, available at www.jneurosci.org
as supplemental material). The IC,, values for amiloride and
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vibrating probe.

benzamil are 0.3 and 0.04 um, with I ., for benzamil of 2.6%.
The fit of EIPA inhibition to the Hill equation was not well
defined, but clearly showed a low sensitivity of the currents
(IC5o = ~25 uM) to this drug. These data provide a pharma-
cologic fingerprint for Na™ absorption mainly via ENaC
(Kleyman and Cragoe, 1990; Garty, 1994). The benzamil data
suggested that there was a small amiloride-insensitive residual
current at high drug concentration. To examine the contribu-
tion of cyclic nucleotide-gated (CNG) cation channels in
amiloride-sensitive Na ¥ transport, the tissues were perfused
with bromo-cGMP (300 uM). Perfusion of bromo-cGMP
caused no significant change of the current (—16.0 * 2.1 to
—15.1 = 2.6 pA/cm?, n = 3).

Test for cAAMP-mediated current

The tissues were superfused with bromo-cAMP (500 uMm), fors-
kolin (10 um), an agonist for adenylyl cyclase, and IBMX (125
M), an inhibitor of phosphodiesterase, in the continued pres-
ence of apical amiloride (10 uMm) to elevate cytosolic cCAMP levels
in the absence of interfering Na ™ currents. Superfusion of bro-
mo-cAMP/forskolin/IBMX for 2.5 min did not cause a signifi-

Apical side of extrasensory epithelium

Preparation of saccular extramacular membrane for the measurement of current density. 4, Separated membranous
labyrinth of vestibule. The saccule is separated with microscissors from the utricle (red dotted line). B, Isolated saccule and
separation of extramacular membrane from saccular macula. The extramacular membrane is separated along red dotted line with
one side attached to the longest edge of the macula. (, Tissue folding. The tissue is folded along the yellow dotted line with the
apical side of the epithelium facing out. D, Prepared tissue before mounting on stage of microscope. E, Photo of mounted tissue for
current measurement. S, Saccule; Am, ampulla; Ut, utricle; CC, common crus; SCC, semicircular canal; *otoconia of saccule; VP,
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cant change of current density (—2.5 =
1.4to —2.9 * 1.4 uA/cm?, n = 5) (Fig. 4).
The best-characterized and molecularly
identified Cl~ channel that is stimulated
by cAMP via protein kinase A is CFTR.
We found no evidence for cAMP-
stimulated anion currents in saccular ex-
tramacular epithelium.

Contributions of Na*,K"-ATPase and
Na™,K",2CI™ cotransporter to current density.
We investigated whether a ouabain-sensitive
Na *,K "-ATPase and a bumetanide-sensitive
Na™,K*,2Cl~ cotransporter could be in-
volved in Na™ absorption via saccular ex-
tramacular epithelium.

Functional Na ",K "-ATPase consists
of an awand a 3 subunit, of which there are
four « and three B subunits (Kim et al.,
2009). Different combinations of iso-
forms display a range of affinities for their
substrates Na™ and K™ and a wide range
of affinities for the specific inhibitor
ouabain (Segall et al., 2001; Pierre et al.,
2008). Further, individual tissues can ex-
press more than one o and more than one
B isoform; for example, in the ear it was
observed that Reissner’s membrane ex-
presses al, a2, B1, B2, and B3 (Kim et al.,
2009). To test for the functional contribu-
tion of any isoforms of Na*,K *-ATPase,
we used a concentration of ouabain, 1
mM, that is known to block even the rel-
atively insensitive inner ear ion trans-
port system in vestibular dark cells of
the utricle (Marcus et al., 1987). Perfu-
sion of ouabain (1 mMm) for 6 min caused a
decrease of current density by 60.0 *=
7.2% (—10.0 = 0.9 to —4.0 = 0.6 pA/
cm?, n = 8) (Fig. 5A).

Bumetanide is the most potent in-
hibitor available of the Na™,K*,2Cl~
cotransporter and is highly effective in
the ear and other epithelial and neural systems at the concen-
tration (10 wMm) we used (Chen and Sun, 2005; Marcus et al.,
1987). Higher concentrations are known to be capable of
blocking some Cl ~ channels (Reddy and Quinton, 1999) and
K*-Cl~ cotransporters (Payne, 1997). Perfusion of bumet-
anide (10 puMm) for 3 min caused no change of current density
(—135*19to —13.4 + 1.9 pA/cm?, n = 8) (Fig. 5B). These
results demonstrate the involvement of Na*,K "-ATPase but
not Na*,K*,2Cl ™ cotransporter in Na " transport.

Saccular macula

Effects of K* channel blockers
A spectrum of inhibitors of K™ channels, ranging from highly
specific (e.g., iberiotoxin) to those with broad effect (e.g., Ba’™)
were tested for their effectiveness in reducing the current density
from saccular extramacular epithelium. There were agents at
both ends of the spectrum that were effective and ineffective
(Table 1). The results argue for the participation of a limited
number of candidate K channels in saccule ion transport, al-
though specific isoforms were not identified.

Three K™ channel blockers used in this study were effective,
although none blocked the current from saccular extramacular
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epithelium >20%.Ba?" (1 mm) and 4-AP
(1 mm), which are nonspecific K™ chan-
nel blockers, decreased current density by
11.6 = 4.7% (—20.1 = 2.9to —17.7 £ 2.7
wA/cm?, n 10) and 11.3 * 6.8%
(—15.0 = 1.9 to —13.6 + 2.2 pwA/cm?,
n = 6), respectively (Fig. 6A,B). XE991
(100 wm), which blocks KCNQ channels
(Moser et al., 2008), decreased current
density by 19.4 * 3.1% (—14.5 £ 1.0 to
—11.9 = 1.3 pA/cm?, n = 11) (Fig. 6C).

Other K" channel blockers [gliben-
clamide for K, channel (10 um, n = 11)
(Quayleetal., 1997); apamin (100 nM, n =
6), clotrimazole (10 um, n = 4), iberio-
toxin (100 nMm, n = 4) for K, channels
(Devor et al., 1997; Stocker, 2004; Tanaka
et al., 2004); acidic physiologic saline (pH
6, n = 5) (Fig. 3E) for some K,, channels
(Duprat et al., 1997, 2005; Rajan et al,,
2000, 2005; Morton et al., 2005)] did not
cause significant changes in current. Per-
fusion of pH 5 and pH 4 physiologic saline
slowly decreased current by 33.0 £ 5.9%
(—=20.1 = 3.9 to —13.5 * 2.6 uAlcm?,
n=4)and 68.3 = 4.7% (—13.1 £ 2.4 to
—4.1 + 1.5 pA/cm?, n = 4), respectively
(Fig. 3E). The slow response of the cur-
rent to acidic pH steps suggests action
via a change in intracellular pH, which
would be consistent with inhibition of
ENaC (Chalfant et al., 1999). Another
nonspecific K* channel blocker TEA (30
mM) decreased current density by 25.2 *+
11.3% (—37.7 £ 6.6 to —28.3 = 6.8 nA/
cm?, n = 5) (Fig. 6 D); however, substitu-
tion of 30 mM NMDG-CI for NaCl also
decreased the current density by 33.7 =
9.0% (—40.7 £ 7.6 to —27.5 £ 7.3 pA/
cm?, n = 5) (Fig. 6 D), which is not signif-
icantly different from the effect of
equimolar TEA. Therefore, the decrease in current density could
be accounted for by low [Na ] rather than TEA.
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Genomic effect of dexamethasone on transepithelial

Na™ transport

Acute application of dexamethasone (100 nM for 3 min) did not
cause a significant change of current density (—18.4 * 4.16 to
—17.1 * 3.66 uA/cm?, n = 4) (Fig. 7A). However, current den-
sity increased significantly after 24 h incubation of the tissue in
the presence of dexamethasone (100 nm) (control: —12.9 = 2.2
wA/cm?, n = 5; with dexamethasone: —21.4 * 3.4 uA/cm? n =
5) (Fig. 7B). The GR antagonist mifepristone (100 nM) signifi-
cantly reduced the current density from dexamethasone-treated
saccular extramacular epithelium, whereas the MR antagonist
spironolactone (100 nm) had no significant effect (control:
—12.9 + 2.2 uA/ecm?, n = 5; with dexamethasone + mifepris-
tone: —12.2 + 2.2 pA/cm? n = 5; with dexamethasone + spi-
ronolactone: —22.4 = 2.6 wA/cm?, n = 5) (Fig. 7B). Application
of amiloride (1 uMm) decreased the current density of each group
>60% (control: 69.9 * 4.3%; with dexamethasone: 64.6 * 2.9%;
with dexamethasone + mifepristone: 76.2 = 2.4%; with dexa-
methasone + spironolactone: 64.4 = 1.3%) (Fig. 7B), which
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(n = 5). D, Concentration—response relationships. E, pH 6, 5, and 4 and 1 um amiloride (n = 4); bars show the duration of
perfusion at the pH values in the bar. Amiloride (Amil; 1 um) was perfused at pH 7.4. Graphsin A-Cand E are derived from averages
at each time point at 500 ms intervals of all experiments; the SE bars are drawn only at larger intervals for clarity.
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Figure 4.  Effect of stimulators of cAMP-dependent chloride transport on current from sac-
cular extramacular epithelium. Recording is digital averages of all experiments; SE is drawn only
at intervals for clarity; n = 5. The following concentrations were used: cAMP (bromo-cAMP),
500 rum; forskolin (Forsk), 10 wum; IBMX, 125 pm.

demonstrates that current increased by dexamethasone is pri-
marily Na*-dependent current via amiloride-sensitive Na™
channels. These findings suggest that dexamethasone increases
the transepithelial Na ¥ transport via genomic regulation selec-
tively via GR and not via MR.
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mineralocorticoids. These results provide an understanding of an
important transport function of the saccule in the homeostasis of
endolymphatic Na™. Na™ homeostasis in the vestibular laby-
rinth is essential for maintaining endolymph volume and hair cell
function since elevation of luminal [Na ] would be expected to
increase endolymph volume by osmotic driving force and to load
the sensory hair cells with Na™ through the cation-permeable
transduction channels, leading to cell swelling, dysfunction, and
balance disorder. The maintenance of saccular [Na*] is chal-
lenged by passive diffusion of Na* from perilymph through
paracellular pathways in the epithelium and by diffusion within
the endolymph along the lumen from the endolymphatic sac and
utricle and from the cochlea (Fig. 8).

Na™ entry across the apical membrane

The epithelial Na ™ channel (ENaC) is likely the primary molec-
ular entity that conducts Na™ into the cell. It is conceivable,
however, that additional amiloride-sensitive channels are also
expressed in saccular extramacular epithelium since the Hill co-
efficients for amiloride and benzamil are <1 (~0.7) and the IC;,
value of amiloride (~0.3 mM) is slightly higher than that of het-
erologously expressed afy-ENaC (~0.1 uM) (Canessa et al.,
1994).

Nonselective cation channels may coexist with ENaC in the
saccular extramacular epithelial cell as recently reported in
H441 cells that contain both a nonselective cation channel of
unknown molecular identity (but not CNG channels) and

showed a similar (composite) IC;, value
of amiloride (~0.6 uMm) (Albert et al.,

A 5 B 0- 2008). We examined if amiloride-sensitive
— — CNG channels contribute to Na " transport
E <10+ E -51 in saccular extramacular epithelium using
< 15 21 10. a membrane-permeable analog of cGMP,
> > but could not find functional evidence
G 5. b 45 for those channels. It is also conceivable
2 2 that SGK, which regulates corticosteroid-
2 .25 £ 204 dependent ENaC expression (Lang et al.,
2 g 2006), increased the ICs, of amiloride as
3 -30- 3 -25- reported previously (Béhmer et al., 2000)
1 min 1 min since Na ™ transport in saccular extramacu-
-35- -30- lar epithelium is glucocorticoid-dependent
C . D . gnd i§ likely to express the common signal-
ing kinase SGK.
§ -51 § 10 [TEA | [NMDG | Na* exit and K* recycling across the
2 2 .20 basolateral membrane

2 104 2 The driving force for Na™ absorption in
% g -30+ saccular extramacular epithelium is gen-
Q -15- ] erated by basolateral Na™ K "-ATPase.
E g 401 K™ brought into the cell by Na*,K*-
5 -20- 3 50 ATPase would then be recycled via K*
2 i o - channels in the same membrane. The
251 —/= 601 —=¢ molecular identities of the K™ channels
cannot be unambiguously determined
Figure 6. Effectof K channel blockers on current from saccular extramacular epithelium. Current changes after perfusion of  gince the current was not inhibited fully by

Ba’" (A:n= 10), 4-aminopyridine (4-AP) (B; n = 6), XE991 (C; n = 11), tetra-ethyl-ammonium (TEA; 30 mm), and NMDG (30

mm) (D; n = 5) are shown.

Discussion

We demonstrated for the first time Na ™ absorption by mouse
saccular extramacular epithelium that is mediated by apical
ENaC, basolateral Na *,K "-ATPase, and K " -permeable chan-
nels (Fig. 8), and that is regulated by glucocorticoids and not by

any of several K™ channel blockers and
because of the poor selectivity of most of
the effective inhibitory agents. Nonethe-
less, the constellation of effective and ineffective agents (Table 1)
suggests the contribution of Kv channels (including KCNQs)
blocked by 4-AP and XE991, Kir channels (not K,p channel)
blocked by Ba*", and some K, channels that are not blocked by
acidic pH.
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Our observations argue against the participation of K p, K
and some acid-sensitive K, channels such as KCNK1, KCNK3,
KCNKS5, KCNK9, and KCNK17, considering the ineffectiveness
of the drugs glibenclamide (Quayle et al., 1997), clotrimazole
(Devor et al., 1997), iberiotoxin (Tanaka et al., 2004), apamin
(Stocker, 2004), and pH 6 solution (Duprat et al., 1997, 2005;
Rajan etal., 2000, 2005; Morton et al., 2005). The findings that the
K™ channel inhibitors together blocked no more than 42% of the
current may point to a nonselective cation channel or K *,Cl~
cotransporter in the basolateral membrane through which K™
recycled.

Absence of electrogenic PKA-activated Cl ~ secretion

The direction of current measured from the apical side of saccular
extramacular epithelium could be accounted for by cation ab-
sorption and/or anion secretion. The majority of current was
decreased by amiloride analogues where the order of potency was
benzamil > amiloride >> EIPA, which suggests that transepithe-
lial Na* transport via ENaC mostly contributes to the current.
Some Na*-absorbing epithelia, including semicircular canal
duct, are capable of bidirectional salt transport and secrete Cl ~
under stimulation of the cAMP signaling pathway (Mall et al.,
1999; Reddy et al., 1999; Chan et al., 2000; Kunzelmann et al.,
2000; Milhaud et al., 2002; Choi et al., 2006). In contrast, no
immediate response of current to a mixture known to raise intra-
cellular cAMP levels was observed from the saccule. This result
suggests that the majority of the transepithelial current from sac-
cular extramacular epithelium is derived solely from Na™ ab-
sorption via ENaC.

Regulation by corticosteroid receptors
Corticosteroid receptors have been re-
ported in several inner ear epithelia
(Rarey and Luttge, 1989; Pitovski et al.,
1993a). The mineralocorticoid signaling
system has perhaps received the most
attention with respect to regulation of
epithelial Na™ transport genes in the
kidney and other tissues (Bhargava and
Pearce, 2004). Indeed, there have been
studies that have investigated this path-
way in the inner ear (ten Cate and Rarey,
1991; Pitovski et al., 1993b; Trune et al.,
2006).

Recently, glucocorticoids were re-
ported to regulate ion homeostasis of
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Figure 7.  Dexamethasone acts at GR to regulate current density in saccular extramacular

epithelial cell. A, Test for nongenomic (acute) effect of dexamethasone (Dex; 100 nm).
B, Changes of current density under the conditions of control, dexamethasone (Dex; 100 nm),
dexamethasone + GR antagonist mifepristone (Mif; 100 nu), and dexamethasone + MR an-
tagonist spironolactone (Spi; 100 nm). Values are means = SE; n = 5. NS, Not significant,
dexamethasone versus dexamethasone + spironolactone. *p << 0.05, control versus dexa-
methasone, dexamethasone versus dexamethasone -+ mifepristone, and before amiloride ver-
sus during amiloride (1 wum) in all conditions.

Perilymph
~150 mM Na*

saccular
endolymph

~3 mM Na*

inner ear fluids via genomic pathways in
semicircular canal (Pondugula et al.,
2004, 2006), Reissner’s membrane (Kim
et al., 2009), and nongenomic pathways
in stria vascularis (Lee and Marcus,
2002). In the present report, Na™ ab-
sorption in saccular extramacular epi-
thelium was found to be stimulated by
glucocorticoids via genomic regulation
through GR, not through MR, as deter-
mined by the long time scale of stimula-
tion and the differential effects of GR
and MR antagonists.

Figure 8. Model of Na ™ absorption by saccule extramacular epithelium. The saccule is bounded by an epithelial monolayer
with one tubular connection that bifurcates to the endolymphatic sac (es) and utricle (u) and another tubular connection to the
cochleavia the ductus reuniens (dr). Na * movesinto and out of the saccule by at least four routes (red arrows). 1,Na ™ is removed
from the lumen by active transepithelial transport asillustrated in the expanded cell (upper left). 2, Na ™ diffuses in from the utricle
and sac, which have [Na™ ] higher than the saccule. 3, Na ™ diffuses into the saccule from the cochlea, which has a slightly lower
[Na *]than the saccule, but also a large positive voltage with respect to the saccule. The net electrochemical driving force on Na *
is in the direction cochlea to saccule, but the magnitude of the flux is expected to be small due to the low [Na ]. 4, Na ™ diffuses
between the epithelial cells from the perilymph to the saccular endolymph. Na * from endolymph moves into the cells through Na * -
permeable channels in the apical membrane. This pathway has the pharmacological fingerprint of ENaC, but may include other channels.
Na ™ exits the cell at the basolateral membrane by active extrusion via the Na *-pump, Na * K *-ATPase.K ™ broughtinto the cell on the
Na *-pump leaves the cell across the same membrane by electrodiffusion via K * -permeable channels. The rate of absorptionis stimulated
by activation of glucocorticoid receptors (GR). Candidate isoforms of the transporters are discussed in the text.

The similar transport systems and regulation by glucocorticoids
in saccule, Reissner’s membrane and semicircular canal supports the
importance of this regulatory pathway throughout the inner ear
since the cochlea, saccule, and utricle/canals constitute three an-

atomically distinct parts of the endolymphatic system despite the
fine tubular connections among them (Fig. 1). Treatments based
on glucocorticoid administration would therefore be expected to
have beneficial effects throughout the ear.
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Table 1. Effect of K* channel inhibitors on current density
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Drug Target Conc. () Effect Reference
BaZ* K, and others 1073 —12% 1
4-Aminopyridine K, 103 —11% 2
XE991 KCNQ 10~ —19% 3
Glibenclamide Ka7p channel 10°° NC 4
Apamin sK channels 107 NC 5
Clotrimazole K, 0°° NC 6
Iberiotoxin K, channels 1077 NC 7
Extracellular low pH Some K, channels 10 % (pHe) NC 8
TEA Many K * channels 3X1073 NC 9

NG, No change; Conc., concentration.

1, Krapivinsky etal. (1998); 2, Wang et al. (2009); 3, Moser et al. (2008); 4, Quayle etal. (1997); 5, Stocker (2004); 6, Devor et al. (1997) and Dutta et al. (2009); 7, Tanaka et al. (2004); 8, Duprat et al. (1997, 2005), Rajan et al. (2000, 2005),

and Morton et al. (2005); 9, Safronov et al. (1996), Cai et al. (1998), and Hadley et al. (2000).

Similarities and differences among ENaC-mediated

transport epithelia

Despite the similar ENaC-mediated transport among the sac-
cule, Reissner’s membrane, and canal duct, these cells are not
identical and therefore not merely the same cell type growing
in different inner ear organs. The properties of the mouse sac-
cular extramacular epithelium in transepithelial Na ™ transport
established in the present study are similar to those of mouse
Reissner’s membrane epithelium (Kim et al., 2009), although
there are differences in the K™ channel pharmacologic finger-
print (supplemental Table S2, available at www.jneurosci.org as
supplemental material). Mouse Reissner’s membrane is insensi-
tive to 4-AP but sensitive to acidic extracellular pH. The rat semi-
circular canal duct epithelium is also insensitive to 4-AP
(supplemental Table S2, available at www.jneurosci.org as sup-
plemental material). Further, there are differences among these
epithelia in the fingerprint for Cl~ secretion via the cAMP-
stimulated CFTR Cl ~ channel. The transepithelial current across
both the saccule and Reissner’s membrane is acutely insensitive
to elevation of cAMP, in contrast to the semicircular canal duct,
which has both amiloride-sensitive currents and cAMP-
stimulated Cl~ secretion. Consistent with that observation, the
CFTR stimulator genistein increased the current from the canal
duct cells (Milhaud et al., 2002). All three of these Na™-
absorptive inner ear epithelia are regulated by glucocorticoids.

Physiological significance

Na™ homeostasis in the vestibular labyrinth is thought to be
essential for maintaining endolymph volume and hair cell func-
tion as described above. Swelling of the endolymphatic space
(hydrops) is often associated with Meniere’s syndrome, which is
characterized by vertigo, hearing loss, and tinnitus. Saccular dys-
function, such as Tumarkin crisis or vestibular drop attack, in
Meniere’s syndrome has been observed by vestibular evoked
myogenic potentials (Timmer et al., 2006; Ozeki et al., 2008) and
is associated with saccular hydrops (Lin et al., 2006).

Our findings of steroid-regulated transepithelial Na ™ absorp-
tion in saccular extramacular epithelium suggest that the epithe-
lium is likely to contribute to the maintenance of the low
concentration of Na™ in saccular endolymph and may partly
explain the success in many Meniere’s syndrome patients of local
treatment by synthetic glucocorticoids (Barrs et al., 2001).

Insight into the relevance of the transepithelial currents
reported here can be gained by calculating the corresponding
Na ™ flux and estimating the resulting decrease in saccular Na ©
concentration ([Na *]) and volume over time. Using reasonable
assumptions, we estimated (supplemental material, available at
www.jneurosci.org) a transport rate that would reduce endolym-

phatic [Na™] at the rate of 6 mm/h. A presumed pathologically
high [Na ] of 21 mmM (Silverstein and Takeda, 1977; Morgenstern
et al., 1984) could be reduced to normal (3 mmMm) (Sellick and
Johnstone, 1972) in only 3 h and the volume of saccular en-
dolymph would be reduced at the rate of 4%/h.
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