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Abstract We examined the effect of the cytosolic Ca2?

concentration ([Ca2?]c) in marginal cells on the asphyxia-

or furosemide-induced decrease in the endocochlear

potential (EP) by perfusing the endolymph with or without

a Ca2? chelator or inhibitors of Ca2?-permeable channels

or Ca2?-pump during transient asphyxia or intravenous

administration of furosemide. We obtained the following

results. (1) Endolymphatic administration of SKF96365 (an

inhibitor of TRPC and L-type Ca2? channels) or EGTA-

acetoxymethyl ester (EGTA-AM) significantly inhibited

both the transient asphyxia-induced decrease in EP (TAID)

and the furosemide-induced decrease in EP (FUID). (2)

Endolymphatic perfusion with nifedipine significantly

inhibited the TAID but not the FUID. (3) The recovery

from the FUID was significantly suppressed by perfusing

the endolymph with EGTA-AM, nifedipine, or SKF96365.

(4) Endolymphatic administration of thapsigargin inhibited

both the FUID and TAID. (5) The recovery rate from the

FUID was much slower than that from the TAID, indi-

cating that furosemide may inhibit the Ca2?-pump. (6) A

strong reaction in immunohistochemical staining for TRPC

channels was observed in the luminal and basolateral

membranes of marginal cells. (7) A positive staining

reaction for the c subunit of epithelial Na? channels was

observed in the luminal and basolateral membranes of

marginal cells. (8) Positive EP was diminished toward

0 mV by the endolymphatic perfusion with 10 lM amilo-

ride or 10 lM phenamil. Taken together, these findings

suggest that [Ca2?]c regulated by endoplasmic Ca2?-pump

and Ca2?-permeable channels in marginal cells may reg-

ulate the positive EP, which is partly produced by the

diffusion potential of Na? across the basolateral membrane

in marginal cells.

Keywords Endocochlear potential � Intracellular Ca2? �
TRPC channels � ENaC

Introduction

Recent review articles have indicated that Ca2?-perme-

able channels, such as TRP channels, play an important

role in Ca2?-signal transduction in many cells, and that

malfunction of TRP channels, referred to as a channel-

opathy, is the direct cause of various diseases [1, 2].

Despite a few experiments with respect to the Ca2?-

permeable channels in the marginal cells of the stria

vascularis [3–7], the effect of these channels on the

regulation of the endocochlear potential (EP) has not

been precisely analyzed during anoxia or the adminis-

tration of diuretics.

EP playing an essential role in the transduction of sound

by hair cells has been considered to occur across the

marginal cells in the cochlear stria vascularis [8, 9]. As

regards the mechanisms for the generation of the EP,
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however, two hypotheses have been proposed over the past

20 years. The first hypothesis is that the basolateral

membrane of marginal cells is primarily Na? conductive

and is the source for the positive EP [10]. The second one

is that the K? diffusion potential across the inner mem-

brane of basal/intercalated cells produces EP; the intrastrial

space, i.e., the interstitial space between marginal and basal

cells, has a large positive potential with respect to the

perilymph [11, 12].

In preceding reports, we provided evidence that

nifedipine has the inhibitory effect on the transient

asphyxia-induced decrease in the EP (TAID) [4, 6], that

the L-type Ca2? channels are expressed in the basolateral

membrane in marginal cells, and that other Ca2?-perme-

able channels in marginal cells may also contribute to the

regulation of the EP [6]. Studies from our laboratory also

demonstrated that the endolymphatic application of

EGTA-acetoxymethyl ester (EGTA-AM) almost com-

pletely inhibited the furosemide-induced decrease in the

EP (FUID) but only partially inhibited the TAID [13].

These findings suggest that the FUID and TAID might be

caused by the increased influx of Ca2? into the endo-

lymphatic surface cells (ESC) through different

Ca2?-permeable channels, although a large increase in the

Ca2? concentration in the endolymph with a concomitant

fall in the EP might be induced by a decrease in the shunt

resistance in the ESC and/or a decrease in the EP

produced by transient asphyxia or the intravenous

administration of diuretics [6, 14].

On the other hand, it was earlier reported that Ca2?-

ATPase is abundant in the marginal cells [15–18], and

immuno-cytochemical and histochemical studies also

demonstrated significantly greater expression of plasma

membrane Ca2?-ATPase (PMCA) and endoplasmic retic-

ulum Ca2?-ATPase (SERCA) in the stria vascularis than in

the spiral ligament and the organ of Corti of the guinea pig

[16, 17]. Therefore, we consider that cytosolic Ca2? con-

centration ([Ca2?]c) regulated by the Ca2?-pump and

Ca2?-permeable channels in the marginal cells plays an

important role in maintenance of the EP.

The aim of the present study was to examine whether

Ca2?-permeable channels, such as L-type Ca2? channels or

TRPC channels, and SERCA in ESC co-operatively regu-

late the EP. Moreover, we analyzed the function of epi-

thelial Na? channels (ENaC) in the cells of the stria

vascularis because ENaC is known to be regulated by

[Ca2?]c [19] and is considered to produce the positive EP

[9, 20]. The present results indicate that maintaining the

[Ca2?]c at a suitable level via the Ca2?-pump and Ca2?-

permeable channels in the marginal cells may be a pivotal

factor for maintaining the large positive EP, which is partly

generated by Na? diffusion potential across the basolateral

membrane in the marginal cells.

Methods

Animal preparation and recording system

Experimental methods are similar to those described in

preceding papers [6, 13, 14]. Guinea pigs with a normal

Preyer reflex and weighing between 300 and 400 g were

anesthetized by an intraperitoneal injection of pentobarbital

sodium (28 mg/kg) and were artificially respired with room

air through a tracheal cannula after the intramuscular

injection of suxamethonium chloride (50 mg/kg). The ECG

was monitored to check the circulatory condition of the

experimental animals. The tympanic bulla was exposed,

and a conventional microelectrode filled with 0.5 M KCl

was inserted into the scala media at the second turn.

Transient asphyxia was induced by interruption of the

artificial ventilation for *100 s, and long-term asphyxia

was induced by stopping the artificial ventilation. Furose-

mide was administered via a jugular vein over a period of

60 s (total dose, 60 mg/kg). Tubocurarine (4 lM) was

added to the animal to eliminate nerve-induced twitching

of skeletal muscles and associated tissue movement. At the

completion of all experimental protocols, the animals were

given a lethal dose of pentobarbital sodium (i.v.).

The endolymphatic perfusion was conducted with

solutions containing nifedipine (1 lg/ml, Sigma-Aldrich,

St. Louis, MO), SKF96365 (100 lM, Calbiochem, San

Diego, CA), 3,5-bistrifluoromethyl pyrazole derivative

(BTP2, 100 lM, Calbiochem), thapsigargin (1 lM, Cal-

biochem), phenamil (10 lM, Calbiochem), amiloride

(10 lM, Calbiochem), EGTA (Nacalai Tesque, Kyoto,

Japan), or EGTA-AM (Calbiochem), while keeping the

flow rate at 80–120 nl/min. The EGTA-containing solu-

tion was composed of 134 mM KCl, 25 mM KHCO3,

0.1 lM M Ca2? (adjusted with 0.1 or 1 mM EGTA), and

5 mM HEPES bubbled with 5% CO2, 5% O2, and 90%

N2. Although we discarded the data showing less than

?70 mV of EP without endolymphatic perfusion as due

to the damage to the stria vascularis, we collected some

of the EP data with a value of less than ?70 mV with

endolymphatic perfusion because we found that endo-

lymphatic perfusion with nifedipine or EGTA with

EGTA-AM solution induced an increase (or recovery) of

the EP to more than ?70 mV.

The microelectrode for the measurement of the EP was

connected to an electrometer (FD-223, WPI, Sarasota, FL)

via a microelectrode holder (MEH1SF, WPI), and the
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output was recorded by a U-638 recorder (Nippon Denshi

Kagaku, Tokyo, Japan) and MacLab 8 s (ADInstruments,

New South Wales, Australia). The indifferent electrode

was an Ag/AgCl wire connected via a KCl/agar bridge to a

saline-soaked cotton wick placed on the exposed neck

muscles. The rectal temperature of the animals was kept at

37�C. The results are expressed as the mean ± SD. Sta-

tistical significance was assessed by using the ANOVA

test. P values\0.05 were considered to be significant. The

care and use of animals in this study were approved by the

Animal Care and Use Committee of Osaka Medical

College.

Immunohistochemistry

Inner ear tissue from guinea pigs (n = 5, weighing 150–

200 g) was used. The animals were deeply anesthetized by

an intraperitoneal administration of sodium pentobarbital

(0.5 mg/g body wt) and perfused via the heart with Ring-

er’s solution and then with 4% paraformaldehyde and 0.1%

glutaraldehyde in 0.1 M phosphate-buffered solution (PBS,

pH = 7.4) [6, 21–23]. The inner ears were removed and

postfixed for 2 h in the same fixative at 4�C. The speci-

mens were then immersed in 10% EDTA-4Na (pH = 7.4)

for 1 week at room temperature. After being briefly rinsed

three times with PBS, the specimens were immersed in

30% sucrose in PBS overnight at 4�C. Sections (12-lm

thick) were cut with a cryostat and air-dried at room

temperature.

For immunohistochemical analysis of TRPC3/6/7

channels or ENaC, sections were incubated with Block Ace

(Dainippon Pharmaceutical, Osaka, Japan) containing

0.1% Tritron X for 1 h at room temperature to control

nonspecific reactions. They were then incubated with rabbit

anti-TRPC3/6/7 channels (diluted 1:100; Santa Cruz Bio-

technology, Santa Cruz, CA), anti-a or b subunit of ENaC

(diluted 1:100; Chemicon International, Temecula, CA) or

anti-c subunit of ENaC (diluted 1:300; Alomone Labs,

Jerusalem, Israel) for 18 h at 4�C. The sections were then

rinsed three times in PBS for 15 min at 4�C and incubated

for 2 h with Alexa Fluor 488-conjugated goat anti-rabbit

IgG (diluted 1:300; Molecular Probes, Eugene, OR) in

1.5% normal goat serum. The sections were finally exam-

ined with a confocal laser scanning microscope (LSM 510,

Carl Zeiss, Oberkochen, Germany) equipped with 409

Plan-NEOFLUOAR (NA, 0.75) and 639 Plan-APO-

CHROMAT (NA, 1.40 oil) objectives. Immunoreactivity

of each antibody was visualized as green fluorescence

excited with a 488-nm argon laser, and nuclear staining

with propidium iodide was visualized as red fluorescence

obtained with a 543-nm HeNe laser. These two images

taken from a single section (\*1.7 lm thickness) were

merged to make one picture. As a negative control for

immunostaining, other sections were incubated with IgG of

nonimmune sera from the same species used for the pri-

mary antibody.

Results

Effect of endolymphatic perfusion with EGTA-AM,

nifedipine, or SKF96365 on TAID or FUID

In a previous report, we indicated that endolymphatic

perfusion with EGTA-AM inhibited the TAID or FUID

[13]. Here, we again examined the effect of the endolym-

phatic application of EGTA-AM on the TAID and FUID.

Application of EGTA-AM partially, but not completely,

inhibited the TAID and FUID (Fig. 1a, b).

Fig. 1 Typical recording of the EP after transient asphyxia or

intravenous injection of 60 mg/kg furosemide with or without

endolymphatic administration of 300 lM EGTA-AM. a Transient

asphyxia for about 100 s or the intravenous administration of

furosemide produces a rapid decrease in the EP. b After administra-

tion of EGTA-AM to the endolymph, the asphyxia- or the furose-

mide-induced decrease in the EP is significantly suppressed
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The endolymphatic perfusion with nifedipine, an

inhibitor of L-type Ca2? channels, strongly inhibited the

TAID and the recovery from the FUID, but only slightly

reduced the FUID, which was not significantly different

from that in the absence of nifedipine (Fig. 2a, see also

Figs. 4, 5). By contrast, endolymphatic perfusion with

SKF96365, an inhibitor of both L-type Ca2? channels and

TRPC channels, produced a large inhibition of both the

TAID and FUID (Fig. 2b).

These inhibitory effects of EGTA-AM, nifedipine, and

SKF96365 on the TAID are summarized in Fig. 3, and

those on the FUID in Fig. 4. The slight increase in the EP

during the initial phase of endolymphatic perfusion

throughout these experiments might have been due to the

perfusion pressure, as reported previously [4, 6, 24, 25].

EGTA-AM, nifedipine, and SKF96365 significantly

diminished the TAID, whereas the maximum value of

FUID with nifedipine was significantly smaller than that

with EGTA-AM or SKF96365. The inhibitory effect of

EGTA-AM on the TAID was not different from that of

nifedipine or SKF96365. Moreover, EGTA-AM and

SKF96365 significantly diminished the FUID compared

with the control value (only furosemide injection), and the

mean diminution of the FUID was 74.6 or 82.4%, respec-

tively, at 2.7 min after the furosemide injection. In con-

trast, nifedipine did not significantly affect the FUID at

2.7 min after the furosemide injection (see also Fig. 5).

These results indicate that the FUID might be produced by

the activation of SKF96365-sensitive channels (probably

TRPC channels), but not nifedipine-sensitive channels. The

maximum change in the FUID was observed at 2.7 min

after the intravenous injection of furosemide (Fig. 4). No

significant difference was observed between the value of

maximum change in FUID and the recovery change in

FUID at 30 min after the maximum change in FUID,

indicating that the EP was almost recovered at *30 min

after the intravenous injection of furosemide.

The changes in the FUID at 2.7 min and the recovery

change in FUID at 30 min after the maximum change in

FUID with the endolymphatic perfusion of EGTA-AM,

nifedipine, or SKF96365 are also summarized in Fig. 5. As

indicated there, in the presence of endolymphatic

Fig. 2 Recording of the EP after transient asphyxia or intravenous

injection of 60 mg/kg furosemide with endolymphatic administration

of 1 lg/ml nifedipine or 100 lM SKF96365. a Administration of

nifedipine into the endolymph significantly suppresses the TAID, but

only slightly reduces the FUID. b Administration of SKF96365 into

the endolymph significantly suppresses both the TAID and FUID

Fig. 3 Summarized data on the changes in the decrease in EP

induced by transient asphyxia with or without the endolymphatic

administration of drugs. Administration of EGTA-AM, nifedipine, or

SKF96365 into the endolymph significantly suppresses the asphyxia-

induced decrease in EP. *P [ 0.05, **P [ 0.01, ***P [ 0.005

indicate significant differences from the corresponding data for the

control experiment
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EGTA-AM, nifedipine, or SKF96365, the recovery from

the FUID was suppressed, although the most inhibitory

effect on the recovery change in the FUID was observed in

the presence of nifedipine (P \ 0.001, see also Figs. 2a, 4).

These results suggest that in the presence of nifedipine,

Ca2?-pump might be suppressed, or Ca2? influx through

the nifedipine-insensitive Ca2?-permeable channels was

enhanced by furosemide administration in the ESC.

To assure the effects of furosemide on TRPC channels,

we examined the effects of BTP2, which has a more spe-

cific inhibitory effect than SKF96365 on TRPC channels

[26]. As shown in Fig. 6, BTP2 inhibited the FUID, indi-

cating that furosemide may activate TRPC channels.

Effect of thapsigargin on TAID and FUID

It has been also reported that BTP2 is a useful tool to identify

the function of store-operated Ca2? entry [26]. In the next

experiments, therefore, we examined the effect of thapsi-

gargin on the TAID and FUID because BTP2 inhibited the

TAID or FUID. If the TAID or FUID was caused by the

store-operated Ca2? influx through the activation of Ca2?-

permeable channels in the ESC, application of thapsigargin

may enhance the decrease in EP. After the initial increase in

the EP induced by the endolymphatic perfusion, a small

biphasic change in the EP (from a to d in Fig. 7) produced by

an unknown mechanism was always observed in the endo-

lymphatic perfusion with thapsigargin. However, the endo-

lymphatic application of thapsigargin itself did not cause a

decrease in EP after perfusion of 30 min (data are not

shown). Furthermore, it partially inhibited the TAID by

*50% at the peak value and the FUID by *30% at the peak

value (Fig. 7). At *30 min after the infusion of furosemide,

the value for the EP with thapsigargin was ?35 mV, which

Fig. 4 Summarized data on the changes in the decrease in EP

induced by furosemide infusion with or without the endolymphatic

administration of EGTA-AM, nifedipine, or SKF96365. Administra-

tion of EGTA-AM or SKF96365 into the endolymph significantly

suppressed the FUID, but nifedipine did not. Moreover, in the

presence of nifedipine, the recovery rate from the FUID was

significantly retarded. *P [ 0.05, **P [ 0.01, ***P [ 0.005 indicate

significant differences from the corresponding data for the control

experiment

Fig. 5 Summarized data on the maximum change in FUID and the

recovery from it. The maximum change in FUID at 2.7 min after the

furosemide injection was not significantly different from the recovery

change in the FUID at 30 min after the maximum change in FUID.

The recovery from FUID was significantly suppressed by the

endolymphatic perfusion with EGTA-AM, nifedipine, or

SKF96365, indicating that all of these drugs directly or indirectly

suppress the Ca2?-pump in the ESC

Fig. 6 Effect of endolymphatic application of 100 lM BTP2 on

TAID and FUID. Endolymphatic administration of BTP2 suppresses

both the TAID and FUID and also suppresses the recovery from FUID

J Physiol Sci (2009) 59:355–365 359

123



is significantly lower than that without thapsigargin

(?60 mV). In the presence of thapsigargin, the FUID

recovered quickly by *15 mV, suggesting that PMCA or

some other Ca2? extrusion system in the ESC might have

been activated under this condition. Furthermore, the grad-

ual decrease in the EP (base line in the EP from c to d in

Fig. 7, not TAID) as observed in Figs. 1b, 2a, b (from a to b)

indicated that the Ca2?-pump in the ESC might have been

suppressed. In any case, TAID, FUID, and recovery rate

from the FUID were inhibited in the presence of thapsigar-

gin, but we do not have any explanation for this presently.

All of the above results indicate that keeping the [Ca2?]c at a

suitable level in the ESC may be a pivotal factor for main-

taining the large positive EP.

Immunohistochemistry

In the next step, using an immunohistochemical method,

we examined the existence of TRPC channels and ENaC in

the cells of the stria vascularis.

TRPC3/6/7 channels

Strong immunoreactivity for TRPC channels was detected

in the luminal side of the stria vascularis (Fig. 8). Fur-

thermore, we also observed significant immunoreactivity

for TRPC3/6/7 channels in the luminal and basolateral

membrane of the marginal cells, whereas the intermediate

cells and basal cells appeared to show faint immunoreac-

tivity or failed to stain at all (Fig. 9). These results indicate

that TRPC3/6/7 channels reside on the plasma membrane

of marginal cells, but not on that of the intermediate or

basal cells in the stria vascularis.

ENaC

We also examined the existence of ENaC in the stria

vascularis. As is shown in Fig. 10, significant immunore-

activity for the c subunit of ENaC was seen in the luminal

and basolateral membrane of marginal cells. However, the

intermediate cells and basal cells appeared to show only

faint immunoreactivity (Fig. 10). The a or b subunit of

ENaCs failed to be specifically stained in the cells of the

Fig. 7 Effect of endolymphatic application of 1 lM thapsigargin on

the TAID and FUID. Endolymphatic administration of thapsigargin

suppresses both the TAID and FUID and also suppresses the recovery

from FUID

Fig. 8 Expression of TRPC3/6/7 channels in the stria vascularis of

cochlea. a Control. b Strong and significant immunoreactivity

indicating TRPC3/6/7 channels (green) is seen in the luminal side

in the stria vascularis

360 J Physiol Sci (2009) 59:355–365

123



stria vascularis (data are not shown). These results indicate

the presence of ENaC in the marginal cells.

Effect of amiloride or phenamil on the EP

To confirm the presence of ENaC in the endolymphatic

surface cells, especially in the marginal cells, we

endolymphatically perfused amiloride or phenamil, an

inhibitor of ENaC. As shown in Fig. 11, the EP was

decreased toward 0 mV at *5 min after the perfusion with

amiloride or phenamil, indicating that the positive EP was

generated by the ENaC in the basolateral membrane of the

marginal cells. After the initial increase in the EP induced

by the endolymphatic perfusion of amiloride or phenamil, a

small biphasic change in the EP was always observed.

Discussion

The present study demonstrated that (1) endolymphatic

perfusion with EGTA-AM, nifedipine, or SKF96365

inhibited both the TAID and FUID, (2) the recovery from

the FUID was largely inhibited by endolymphatic appli-

cation of nifedipine, and significantly inhibited by that of

SKF96365 or EGTA-AM, (3) endolymphatic perfusion

with thapsigargin inhibited both the TAID and FUID and

suppressed the recovery rate from the FUID, (4) the

recovery rate of the FUID was much slower than that of the

TAID, indicating that furosemide itself may inhibit the

Ca2?-pump in the cells of stria vascularis, and (5) TRPC3/

6/7 channels and the c subunit of ENaC were strongly

stained immunohistochemically in luminal and basolateral

membranes of marginal cells. These findings suggest that

the cytosolic Ca2? regulated by SERCA and Ca2?-per-

meable channels in marginal cells may play an important

Fig. 9 Expression of TRPC3/6/7 channels in the stria vascularis of

cochlea. a Strong and significant immunoreactivity for TRPC3/6/7

channels (green) is seen in the marginal cells (MC) of the stria

vascularis. b High magnification of the stria vascularis. Significant

immunoreactivity from TRPC3/6/7 channels is evident in the luminal

and basolateral membrane of marginal cells, but not in the interme-

diate or basal cells

Fig. 10 Expression of cENaC in the stria vascularis of the cochlea.

High magnification of the stria vascularis. Significant and strong

immunoreactivity indicating cENaC (green) is evident in the marginal

cells, especially in their luminal and basolateral membranes
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role in regulation of the large positive EP. Furthermore,

cENaC was significantly stained in the marginal cells of the

stria vascularis, and endolymphatic application of amilo-

ride or phenamil decreased the EP to ?20 to 0 mV. This

result suggests that the positive EP may be generated partly

by the Na? diffusion potential across the basolateral

membrane in the marginal cells.

Inhibitory effect of endolymphatic administration

of nifedipine, SKF96365, BTP2, EGTA-AM,

and thapsigargin on FUID

In a previous report, we demonstrated that endolymphatic

administration of EGTA-AM almost completely inhibited

the FUID. In the current study, we also demonstrated

inhibition of the FUID by 75% in the presence of EGTA-

AM and by 82% with SKF96365 at peak values. These

results indicate that an increase in [Ca2?]c in marginal cells

might be induced by furosemide, resulting in the decrease

in EP, as suggested previously [6]. However, the recovery

rate from the FUID with EGTA-AM, nifedipine, or

SKF96365 was significantly different from that without

these drugs, suggesting that the activity of the Ca2?-pump

might be different between these two experimental condi-

tions. In any case, we can consider four possible mecha-

nisms for the furosemide-induced increase in [Ca2?]c in

ESC: (1) The first possibility is that furosemide directly

inhibits the Ca2?-pump. (2) The second one is that

SKF96365- or BTP2-sensitive channels with Ca2? per-

meability, such as TRPC channels, were activated directly

by furosemide. (3) The third is that the intracellular Cl-

concentration was decreased by the inhibition of Na–K–

2Cl co-transporter in basolateral membrane, resulting in the

release of Ca2? from an intracellular store [27–29]. (4) The

fourth possibility is the inhibition of ATP production [30,

31], resulting in the inhibition of Ca2?-pump.

The first possibility is probable because the recovery

rate of the FUID was much slower than that of the TAID.

Furthermore, a previous report suggested that the Ca2?-

pump might not be inhibited but stimulated in the later

phase of the TAID [6]. The second possibility is also

probable because SKF96365 and BTP2 inhibited the FUID

by 82% and about 70%, respectively, at 3 min after

administration. Furthermore, TRPC3/6/7 channels were

stained in the plasma membrane of the marginal cells. The

third possible mechanism probably contributes little to the

FUID because endolymphatic perfusion with thapsigargin

inhibited only *30% of the FUID (Fig. 6). Therefore, we

consider that the FUID was not caused mainly by the

release of Ca2? from the intracellular Ca2? store induced

by the changes in intracellular Cl- concentration. Finally,

the fourth possibility has little probability. It has been

reported that a high concentration of furosemide or ethac-

rynic acid inhibited the electron transport system in mito-

chondria and suppressed the production of ATP [30, 31].

Recently, it has been reported that a decrease in the

membrane potential of mitochondria produced the release

of Ca2? from mitochondria to cytosol [32, 33]. Histologi-

cally, abundant mitochondria were detected in marginal

(intermediate) cells in the stria vascularis [9]. However, the

ATP level in the cell might not change as quickly as the

changes in the FUID.

In the current study, the most interesting phenomenon

was the slower recovery rate from the FUID during the

perfusion with the inhibitors of Ca2?-permeable channels

or thapsigargin. In both cases, the recovery rate from the

FUID was suppressed significantly from that without

endolymphatic perfusion of these inhibitors (Figs. 4, 5).

The suppression of the recovery rate from the FUID in the

presence of inhibitors of Ca2?-permeable channels might

also be explained by the compensatory increase in

expression of TRPV5 and 6 during administration of

Fig. 11 Effect of endolymphatic administration of 10 lM phenamil

or 10 lM amiloride on the EP. a Effect of endolymphatic adminis-

tration of phenamil on the EP. A few minutes after the administration

of phenamil, the EP decreases to *0 mV. b Effect of endolymphatic

administration of amiloride on the EP. A few minutes after the

administration of amiloride the EP drops to *?20 mV. In both

experiments, an initial biphasic change in the EP was observed, but

this change cannot be explained at the present time
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furosemide in marginal cells, as has been already reported

to occur in the renal distal tubule [34]. Furthermore, the

suppression of the recovery rate from the FUID might be

explained by the inhibition of Ca2?-pump after the

administration of furosemide. In the current study, we did

not study the effect of inhibitors of PMCA on the TAID

and FUID because no specific inhibitors of PMCA are

available at the present time.

If BTP2 is a useful tool to identify the function of store-

operated Ca2? entry [26], application of thapsigargin may

enhance the TAID or the FUID because BTP2 inhibited the

TAID or the FUID. Unexpectedly, thapsigargin suppressed

both TAID and FUID (Fig. 7). Therefore, we considered

that, at the normal extracellular Ca2? concentration, store-

operated Ca2? entry does not work in the ESC. We propose

that these phenomena could be explained by the functional

linkage of Ca2?-permeable channels in plasma membrane

and SERCA in the ESC. Finally, we should consider that

endolymphatic perfusion with these drugs might suppress

the Ca2?-pump and Ca2?-permeable channels in the ESC

nonspecifically.

Taking all of the above into consideration, we conclude

that [Ca2?]c regulated by SERCA and Ca2?-permeable

channels in marginal cells may play an important role in

regulating the large positive EP, although the mechanisms

of the functional coupling of these systems are still

unknown.

Mechanisms for the generation and regulation of the EP

Based on our previous and current studies, we would like to

hypothesize mechanisms for the generation and the regu-

lation of the EP, as shown in Fig. 12. The main mecha-

nisms are as follows: (1) the EP is partly generated by Na?

diffusion potential across the basolateral membrane in the

marginal cells, (2) this Na? diffusion potential is regulated

by [Ca2?]c in the marginal cells, which is regulated by the

Ca2?-pump and Ca2?-permeable channels, and (3) cyto-

solic Ca2? in the marginal cells regulates the shunt

resistance.

As to the first mechanism, Offner et al. [10] proposed

the hypothesis that the EP is generated by Na? diffusion

potential across the basolateral membrane in marginal

cells. This hypothesis is supported by the experimental

perfusion with a low Na? solution [20]. However, it has

been reported that amiloride perfusion does not affect the

EP, although we found that the EP was decreased by the

endolymphatic perfusion of 10 lM amiloride or 10 lM

phenamil. Moreover, deafness has not been reported in

knockout mice for the a subunit of ENaC, whereas the d
subunit was able to replace aENaC in forming functional

Na? channels [35–37]. The expression of this d subunit

overlaps with the expression of a, b, and cENaC in several

tissues. Therefore, a difference in subunit composition

might account for some variability in the sensitivity to

amiloride [35].

In the present immunohistochemical study, we assured

the presence of ENaC in the luminal and basolateral

membranes of the marginal cells. Moreover, even when it

is generally considered that there is no electrical potential

in the intrastrial space because the claudin-11 knockout

mouse is being used, *?30 mV of EP still is present [38,

39]. Therefore, we conclude that the Na? diffusion

potential across the basolateral membrane in the marginal

cells might partially contribute to the generation of the EP.

Other types of TRP channels have been reported to be

present in marginal cells [40]. These channels are nonse-

lective cation channels. Therefore, it is possible that a

cell-interior positive potential might be generated by Na?

diffusion through these channels.

As to the second mechanism, it is supported by previous

immunohistochemical studies [2, 5–7, 15–17] and the

Fig. 12 a Possible mechanisms of the regulation in ENaCs and tight

junctions (TJs) by increase in [Ca2?]c in marginal cells. b Electrical

circuit model in the stria vascularis. In this model, we propose the

electrical shunt pathway through marginal cells, and we do not need

to consider the negative potential of hair cells, as was proposed

previously [9]. Negative EP should be analyzed under the consider-

ation of shunt resistance in the ESC in the future. EP was almost

determined by the shunt resistance, because EP * EM if the R2 is

much larger than R1 or R3. We considered that EM is mainly produced

by Na? diffusion potential across the basolateral membrane of

marginal cells
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current study, which demonstrate both Ca2?-ATPase and

Ca2?-permeable channels in the marginal cells of the stria

vascularis. In the present study, we demonstrated that the

endolymphatic administration of EGTA-AM, nifedipine,

SKF96365, BTP2, or thapsigargin inhibited the TAID or

the FUID. Furthermore, ENaC is known to be inhibited by

an increase in [Ca2?]c [18]. These findings suggest that the

positive EP might be generated by Na? diffusion potential

at least in part in the marginal cells in which [Ca2?]c plays

an important role for regulation of EP. In any case, further

experiments are needed for the conclusion that the baso-

lateral membrane potential of marginal cells is generated

by the Na? diffusion potential.

The third mechanism is supported by a previous

experiment [6]. We calculated that Ca2? flux during an

asphyxia condition through tight junctions across the ESC

was *20 times larger than that during the nonasphyxia

condition. As the TAID and FUID were inhibited by

nifedipine, SKF96365, BTP2, and EGTA-AM, it is possi-

ble that either decrease of EP might be mainly caused by a

decrease in the shunt resistance of ESC induced by the

increase in [Ca2?]c in ESC, because Ca2?-permeable

channels were strongly stained in the ESC (Figs. 8, 9 in the

present study; and refs. [5, 6]), and several types of clau-

dins constitute the tight junctions of ESC other than the

organ of Corti [41]. It has been reviewed that these tight

junctions are regulated by [Ca2?]c and that TRPC channels

play an important role in regulating [Ca2?]c and signaling

in epithelial cells [42]. Furthermore, it is reported that a

decrease in the cochlear partition resistance (trans-stria

vascularis resistance) was recorded along with a propor-

tional decrease in the EP by endolymphatic perfusion with

ATP [43]. This report suggests that the decrease in the

shunt resistance through ESC would produce the decrease

in EP, although there has been no discussion about the

electrical shunt pathway through ESC except our previous

report [6].

Thus, it is reasonable to conclude that the Ca2? transport

system in the ESC and ENaC in marginal cells may both

contribute to the regulation and maintenance of the EP. In

any case, further experiments are needed to clarify the role

of Ca2? and Na? in the generation and regulation of the

large positive EP in the guinea pig cochlea.
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