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Abstract The intracellular pH (pp) of epithelial cells |ntroduction

from the endolymphatic sac (ES) of the guinea-pig was

measured microfluorometrically with the pH-sensitiv€he endolymphatic sac (ES) epithelium of the mammali-
fluorescent dye, 'Z"-bis(carboxyethyl)-5(6)-carboxyflu- an inner ear is presumed to absorb endolymphatic fluid
orescein (BCECF) to examine the presence of &HNa generated from the stria vascularis in the cochlea and the
exchanger (NHE) in the ES epithelial cells.;pétovery dark cells in the vestibule organ, to regulate endolymph
from acid loading with an NJjt-prepulse in a nominally volume and to maintain homeostasis of the endolymphat-
HCOs-free solution was dependent on extracellular N& system [2, 9, 12]. It is reported that the cation concen-
([INa*],) and was inhibited by amiloride and its analogueations in the ES endolymph are close to those in the
ethylisopropylamiloride (EIPA), suggesting that a deerilymph, rather than those in the cochlea and vestibule
creased pHnduced by an acute acid load may be equi[it4, 15]. An in vivo experiment [14] suggests the pres-
brated by a NHE. In the steady-state, amiloride had ¢ace of an active Nauptake mechanism across the api-
effect on pH indicating that the NHE activity is low atcal membrane of the ES epithelial cells from the endo-
the resting pH However, the intracellular acidificationlymph towards the blood. Nabsorption is achieved by
induced by the removal of [Ny was inhibited by the si- the entry of Nainto cells across their apical membrane,
multaneous application of amiloride Hefflux rate ¢, through an amiloride-sensitive Nahannel, and then ex-
mean activity of NHE), which was calculated as theacross the basolateral membrane in exchange for K
product of the recovery rate (dgét) from the acid load- via the Na-K+-ATPase. K is recycled across the baso-
ing and the intrinsic buffering capacit@( at the corre- lateral membrane through*kchannels or it leaves the
sponding pkl was decreased as pias increased. Thecell via K* channels in the apical membrane. Recent in-
concentration/response curve for the inhibition of initigkestigations of ion transport in the ES epithelium have
Jy by EIPA revealed an apparent 50% inhibitory constaotated a N&K+ATPase at the basolateral membrane
(K; ) of 0.85 pM. Kinetic analysis of initial, as a func- [13, 21, 27], a K conductance at the basolateral and api-
tion of [Naf], revealed a Michaelis-Menten constardal membranes [26] and an amiloride-sensitive: &m-
(K of 24.14 mM for Na-dependent Hefflux. The re- ductance at the apical membrane [16, 20]. These results
sults indicate that NHE in the ES epithelium belongs $aggest that Natransport may play a crucial role in the

an amiloride-sensitive subtype. absorption of endolymph in the ES.

Nat+ absorption via epithelial cells is pH sensitive, be-
Key words Amiloride - BCECF - cause apical NaH* exchange is coupled to €GHCO;-
Ethylisopropylamiloride (EIPA) - Hefflux rate - exchange [10]. The N&H* exchanger (NHE) in the
Intracellular pk: mammal is an electroneutral transporter protein, which

moves extracellular Nanto cells in exchange for intra-

cellular H with a stoichiometry of 1:1. NHE, which is

inhibitable by the diuretic amiloride, functions in the

. control of intracellular pH (ppl and cellular volume, it
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ty for amiloride and amiloride analogues, such as ethyias dissociated carefully from the connective tissue fomped-
isopropylamiloride (EIPA) [28]. surement. .
'?hep%rqvestigatiorg of N?—I[E c]haracteristics in ES epithgi This research was approved by the Animal Care and Use Com-

. ; . ; .nittee of Kagawa Medical University under the heading, “Electro-
lium may improve the understanding of transepithelighysiological and Morphological Study of the Endolymphatic Sac

Nar transport in the ES. We monitored gkl ES epithe- in the Guinea-pig”, and carried out in accordance with the Decla-
lium of the guinea-pig using a pH-sensitive fluoregation of Helsinki.

cent dye, 27-bis(carboxyethyl)-5(6)-carboxyfluores-

cein (BCECF), and characterized NHE in the ES epith@aasurement of pH

lium of guinea-pig by: (1) examining Naependent pH

recovery from intracellular acidification with the prepapH; in ES epithelium was monitored using the pH-sensitive fluo-

; i i ; _ rescent dye BCECF by the method similar to that previously de-
ration bathed in a nominally HGGfree solution, (2) ex scribed [22]. A BCECF- loaded epithelium containing 30-40 cells,

amining the sensitivity of NHE to amiloride and EIPAyhich was pretreated with Cell-Tak for 20 min, was attached to
(3) examining the kinetics of pldecovery with the prep- the glass coverslip. The coverslip was then attached to the base of
aration bathed in solutions of various *Neoncentra- a 120 pl Perspex perfusion chamber mounted on the stage of an in-

i i itivi verted microscope (TMD-EF, Nikon, Tokyo, Japan). Thereatfter,
tions, and (4) measuring the sensitivity of NHE tq.pH the epithelium was continuously superfused at 37°C with the solu-
tion perfusion at a rate of 2 ml/min. Complete exchange occurred
within several seconds. During the experiment the epithelium was
Materials and methods illuminated alternately at excitation wavelengths of 490 and
450 nm, which were selected by the bandpass filters (band
width=10 nm) mounted on a rotating wheel. Excitation light
source was provided by a 100-W mercury arc lamp. A neutral den-

BCECF acetoxymethyl ester (BCECF-AM) was purchased frﬁy filter was inserted in the excitation light path to decrease pho-

Molecular Probes (Eugene, Ore.. USA). Amiloride hydrochlori bleaching. The excitation light was directed to the objective

. SRS h A ikon 40x, oil immersion, numerical aperture: 1.30) by a dichro-
dihydrate, nigericin ant\-2-hydroxyethylpiperaziné¢'-2-ethane- % mirror centered at 510 nm. The fluorescence emitted from epi-

Chemicals and solutions

sulphonic acid (HEPES) were obtained from Sigma (St. Lou elial cells was collected b : P X
h : h y the above-mentioned objective, fil-
Mo., USA). EIPA was obtained from RBI Research Biochemicalg . | by a 530-nm barrier filter, and monitored by a low-light, sili-

g\least'e%kr'd':/l ?ggdfgrgAlz/la%g” LagAyail|03fé?%%£ﬁ{2a%0&ae?grgfn n-intensified target (SIT) camera (C-2400-7, Hamamatsu Pho-
alytical grade and were obtained from Wake Pure Chemicals ( pics KK, Japan). The fluorescence images for each excitation
kyo, Japan). Stock solutions of BCECF-AM (4 mM in dimethyl velength were acquired at 10-s intervals. After subtraction of
sul ‘hoxide). amiloride (1 M in dimethylsulphoxide), EIP the background fluorescence, the ratio values of fluorescence im-

P i yisulp ’ ge were analysed by dividing the value for the 490 nm image by

\(,?é)rén;\iloirrégi;rge_t?glsglphoxide) and nigericin (10 mM in ethano at for the 450 nm image (490/450 nm) with an image processor

A nominally HCO,~free perfusion solution buffered with (Argus-50, Hamamatsu Photonics).
HEPES had the following composition (in mM): 140 NacCl, 1.6
K,HPO,, 0.4 KH,PO,, 1.13 CaCJ, 1.2 MgCl, 10 HEPES and 5 ; _
D-glucose. The Nafree solution was prepared by replacing Nacﬁ:alculatlon of phirecovery rate and Hefflux rate
with N-methyl-b-glucamine chloride (NMDG-CI). The Nj&I so-
lution was prepared by substituting 20 mM @ for 20 mM
NaCl when no intrinsic buffer capacitie})vere determined. The
high-K*/nigericin calibration solution, whose pH was adjusted =pH,—(pH,— ) exprkt 1
between 6.4 and 8.0, consisted of (in mM): 140 KCI, 1.13 g;acilﬂ—lt P (.p pHm'f'a') d _ _ )
1.2 MgCl,, 10 HEPES and B-glucose. Nigercin was added to thévhere pHis pH at timet, pH, is steady-state pHpH, is pH
high-K* solution to a final concentration of 10 pM. All solutiongt the beginning of recovery, ardis the rate coefficient deter-

were equilibrated with 100% £and the pH was adjusted to 7.4 afnined from the slope of a least-squares regression plot against
37°C. time. Initial rate of pHrecovery from an acid load was derived

from the expressiok (pH,—pH,,iia)- Because the pithange after
intracellular acidification is dependent on ;pkhe rate of change

Tissue preparation and loading with BCECF-AM in pH,, dpH/dt, at a given pliwas calculated as:
= _pH ... kt

Healthy albino guinea-pigs (300-400 g weight, Preyer reflex pcngHi/dt_k (PHe—PHnicar) €XP 2)

itive) of either sex were anaesthetized by inhalation of diethiyt-efflux rate,J,,, was calculated at a given pipH,

ether and decapitated. The temporal bones were quickly removed

and placed in the extracellular solution containing (in mM): 14@=(dpH; /dt)(B;) 3)

NaCl, 5.4 KCI, 1.13 CaGJ 1.2 MgC}, 10 HEPES, ®-glucose; ! it ; ; ;

pH was adjusted to 7.4 with NaOH at 24°C. The bony shell w[lSrees[ﬁtrirbeepdr%i/ewgr:;lleeltnztirlln[szlg]bufferlng capacity at a givep pH

tween the ES and the endolymphatic duct was peeled off careful- ) ’

ly, using a microelectric drill, and then the ES and the endolym-

phatic duct were picked up with fine forceps with the aid of a ste- = )

reomicroscope. Thereafter the intermediate portion of the ES \aatistical analysis

separated by cutting the endolymphatic duct, and was suspended ) o

in the extracellular solution containing 4 uM of the AM form oPata are presented as means + SE in the text and SE is indicated

BCECF and incubated for 60 min at room temperature. The AW a vertical bar in figures. Comparison between mean values was

form of BCECF readily enters the cells where the ester is cleaveade by Student'stest for unpaired and paired daR0.05 was

by nonspecific esterases, yielding the impermeant, fluoresce@fsidered significantly different.

form of the dye [8, 22]. After the loading period, the tissues were

washed twice in the dye-free extracellular solution for 30 min at

24°C to remove the extracellular dye. A patch of ES epithelium

To quantify the rate of pHecovery after intracellular acidificat-
ion, the traces were fitted to an exponential function of the form:
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Fig. 1A, B In situ calibration of BCECF fluorescence ratio foFFig. 2A, B Measurement of intrinsic buffering capacitg,)( A
measurement of intracellular pigH;) in endolymphatic sad5€§ One experiment to measuBefrom a patch of epithelium in Na
epithelium.A Calibration was performed in situ by preincubatinfree solution with various concentrations of NHndicated by
the epithelium with high-K/nigericin solutions. The epithelium horizontal frame barsA decrease in bath NHconcentration in-
was exposed to superfusates of various pH for periods indicatieded a stepwise reduction in pB The relationship between pH
by horizontal frame barsThe BCECF fluorescence ratio was reand 3;. Data gathered into intervals of 0.2 pH units are shown as
corded for the excitation wavelengths of 490 and 450 nm at thean + SE{=9). Thecontinuous linevas fitted with a second-or-
emission wavelength of 530 nrB. The relationship between theder polynomial functio

measured BCECF fluorescence ratio in the epithelium and the pH

of the perfusate. Data are means + 8ELg) and the line was fit-

ted with a linear regression equation

Results Intrinsic buffer capacity

Calibration To allow calculation ofd,, B; was measured with the
preparation bathed in Ndree solutions in which Na
Calibration was performed in situ by permeabilizing theas replaced by NMDG This procedure reduces the
epithelium with 10 uM nigericin in high-Ksolutions [18, steady-state pHvalues by blocking Nadependent pro-
22] at the end of each experiment. The fluorescence ratio extrusion. NECI was then added to the perfusion so-
signals (490/450 nm) were then determined by varyihgion at an initial concentration of 20 mM by substituting
the pH of the perfusate (Fig. 1A). Figure 1B shows the rguimolar NMDG-CI. This induced pl¢nhancement by
lationship between the measured fluorescence ratios apgroximately 1.0 unit. The concentration of )i was
pH of the perfusate. A plot of fluorescence ratio agairgtepwise reduced to 10, 5, 2, 1 and 0 mM as shown in
pH over a pH range of 6.4-8.0 was linear, and then ffig. 2A. 3, was calculated at each mid-point of the result-
fluorescence ratio signals (490/450 nm) were converied step changes in pHdpH) as B;=A[NH,],/dpH,
to pH. Recently, it has been reported that the hightK where A[NH,*]; is the change in the intracellular )+
gericin technique for calibrating intracellular BCECEoncentration. Assuming that [NHis equal to the ex-
produces systematic errors in estimating steady-state whcellular NH concentration, and thakg of NH,Cl is
[5], and that the correction to the nigericin-calibrated pB.9 at 37°C [19], [NH]; was calculated from the known
increases from zero &i6.0 to [D.2 at steady-state pHpH, using the Henderson-Hasselbalch equation [4]. The
and to[D.3 at alkaline pH[6]. Although these errors data for(; against pHwere fitted with a second-order
must be considered in measurements qf ¢ value of polynomial expressionf;=78.502(pK)*-1137.492(pk)
pH; in the present study was not corrected for errors pre#127.061 (Fig. 2B). The relationship between phd
duced by the nigericin calibration curve. B; indicates thap; increases with decreasing piSimilar
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Fig. 4 Effects of [Na], and amiloride on the steady-state; pli-
tracellular acidification induced by switching from the standard
B external solution to Nafree solution was inhibited by the addition

NH, 0Na* NH, of 1 mM amiloride:

I:
:
E

7.4 (- L .
! covered to the initial value from the first control NH

induced acute acid load, addition of amiloride at 1 mM
pH. 68 | concentration to the standard perfusion solution follow-
' ing the second Njt prepulse increased the degree of in-
tracellular acidification and inhibited the rate of;ph-
62 Smin covery. However, the removal of amiloride from the bath
— solution rapidly induced pHo return to its initial level.
The average value of initial pias 7.12+0.02 pH units
Fig. 3A, B Amiloride-sensitive and Nadependent recovery fromin ten ES epithelia. The initial acidification under the
an NH;*-induced acute acid load. After pH, recovered to the ini- control condition was 0.49+0.02 pH units, which was in-

tial value following the first control Njf-induced acute acid load, . N
addition of amiloride at 1 mM concentration to the standard per reased to 0.65+0.03 pH in the presence of amiloride.

sion solution following the second NHprepulse increased intra- | N@ _average initial J; in control condition was
cellular acidification and inhibited pHecovery.B After pH, re- 16.07+1.11 mM/min when pHvas 6.63+0.02 pH units.

covered to the initial value following the first control BHN-  The average initial,, in the presence of amiloride was

duced acute acid load, removal of extracellulat Biéer the sec- : :
ond NH,* prepulse increased intracellular acidification and almo t54io'39 mM/min when pHvas 6.47+0.02 pH units.

completely inhibited pHrecovery, which rapidly recovered to a Figure 3B shows Nadependent pHecovery from an
steady-state level by re-addition of extracellular :a acid load in an ES epithelium. When,p¥4s recovered to

the initial value from the first control NHinduced acute
acid load, removal of [N, following the second Nt
observations have been reported in studies of other cptispulse increased the degree of intracellular acidification
[4, 11, 23, 24]. and almost completely inhibited the rate of, pttovery.
Re-addition of [N&], rapidly led pHto return to the ini-
tial level. The average value of initial pHwvas
pH; recovery from an NEt-induced acute acid load 7.13%£0.03 pH units in nine ES epithelia. The initial acid-
ification under control conditions was 0.46+0.02 pH units,
This series of experiments were performed to test tihich was increased to 0.62+0.04 pH undet-fdee con-
presence of NHE in the ES epithelium. If it is presemtitions. The average initial, under control conditions
pH, recovery from an acid load should be inhibited byas 16.54+1.20 mM/min when phkivas 6.62+0.02 pH
amiloride and dependent on [Na pH recovery from units. The average initialy in Na*-free solution was
an acid load in the absence of inhibitor was monitored ®y'5+0.16 mM/min when phivas 6.48+0.02 pH units.
using the NH* prepulse technique as shown in Fig. 3
(also shown in Fig. 5A). Application of 20 mM N8I in
the perfusion chamber induced a prompf pée from an Influences on the steady-state; @firemoving
average value of 7.12+0.02 pH units, ranging from 7.@4tracellular Naand applying amiloride
to 7.26 pH unitsr=19) due to the rapid influx of N§i
followed by a slow decline in pHesulting from the Figure 4 shows that removal of [Naunder steady-state
slow influx of NH,* and other acid-loading processesonditions induced a pHlecrease from 7.10+0.05 to
Withdrawal of NH,CI elicited pH to decrease quickly 6.59+0.04 pH unitsr=6), and that the addition of amilo-
below the initial pHbecause intracellular NHis disso- ride to the perfusate induced no change in. gt
ciated into NH and H, NH; abruptly leaves the cells,slightly decreased from the control value to 7.03+0.05
and H is trapped inside [3]. pHapidly recovered from (n=6) in Na-free solution in the presence of 1 mM ami-
this acid load to the initial level. loride. The addition of amiloride to the preparation when
Figure 3A shows the effect of amiloride on,pkeicov- bathed in N&free solution significantly changed pH
ery from an acid load in an ES epithelium. When pg+  (P<0.05).
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Fig. 5A, B Effect of ethylisopropylamiloride HIPA) on pH re- 2{6 0.1 .2 3.4 .56
covery from an NH-induced acute acid load The typical re- 0 1/[Na,
sponses of pHecovery from an NEt-induced acute acid load in 0 20 40 60 80 100120140
presence of 0, 0.1, 1.0 and 10 pM EIBAConcentration/response
curve was fitted with a modified Michaelis-Menten equation: [Na‘], (mM)
Jy=Jhmax(1+EIPAK;). The apparent 50% inhibitory constait)(
obtained from this fit was 0.85 1\ Fig. 6A, B Kinetics of Na-dependent recovery from an in-

duced acute acid loadh Responses of pHecovery from an
o NH,*-induced acute acid load in the presence of 140, 18, and
NHE inhibited by EIPA 1.8 mM Na following a short Na-free periodB Initial J,, versus
[Na*], following an NH,*-induced acute acid load. Lineweaver-
As described in the Introduction, two types of NHEs Burk plot revealed apparei,, of 24.14 mM andJypsy of 16.
one sensitive to amiloride, the other not — can be distis-"M/Min shown innsetof Fig. 68
guished by their sensitivity to amiloride and its analogue,
EIPA [28]. Figure 3A shows that amiloride at 1.0 mMpparentK,, of 24.14 mM for N& and aJy pnax Of
concentration inhibited pHecovery from an acid load.16.95 mM/min were obtained from the Lineweaver-Burk
Further distinction was performed by inhibition usinglot (inset, Fig. 6B).
EIPA at different concentrations. The effect of different
EIPA concentrations on gldecoveries from an Ni-in-
duced acute acid load was examined in the presence @&pendence o, on pH
0.1, 1.0, 10, 25 and 50 uM EIPA during recovery phase
(Fig. 5A). A dose/response curve for inhibition of initiabince Na-H* exchange is activated at lower ;p&ihd is
Jy by EIPA following an NH*-induced acute acid loadinactive near physiological pHJ,, following an acid
is shown in Fig. 5B. The appareiit for EIPA obtained load can be considered to be a reflection of NHE activity.
from this curve fit was 0.85 pM. To quantitatively analyse the relationship between NHE
activity and pHin ES epitheliumJ, was measured as a
function of pH during the recovery phase after an NH
Kinetics of NHE prepulse-induced acid load under control conditions, as
illustrated in Fig. 31§=19). Recovery rates of pHom
The kinetics of N&dependent recovery from an acutan acid load were determined at intervals of 0.05 pH
acid load were examined by changing fNdrom 140 to units by Eq. 2.J,, was then calculated as a product of
54, 18, 6 and finally 1.8 mM after a short*Neee peri- dpH/dt andf;; obtained from a second-order polynomial
od as indicated (Fig. 6A). The initial dptit can be cal- expression shown in Fig. 2B. Figure 7 shows thatle-
culated at the pffter the acid load],, as a function of creased with a pHncrease, and that it was near zero
[Nat], displayed simple saturation kinetics (Fig. 6B). Awhen pHwas above 7.2 pH units.
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guished pharmacologically bl; analysis of amiloride
254 £ 25 and its analogue such as EIPK; for EIPA is about
E %(5) 1 puM as an operational criterion for these two types of
E 201 % 10 NHEs [7]. NHE1 and NHE2 belongs to the amiloride-
£ Z 5 sensitive category, whereas NHE3 is amiloride insensi-
~ 15 . e . tive [17]. The sensitivity of the NHE in ES epithelium to
= .5 1 1.5 225 3 3.5 EIPA (K=0.85 pM) suggests that it is of the amiloride-
E 10; HY * 107 sensitive type. The results of the present experiments,
T 5 H, M performed in the absence of HEOdo not allow ade-
1 quate clarification of the in vivo functional role of NHE
0- in the ES. Further investigations are required to charac-
terize the NHE in ES epithelium in terms of subtype, lo-

6.5 6.6 6.7 68 69 7.0 7.1 7.2
pH

calization and function.
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