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Abstract

The cochlear duct epithelium (CDE) constitutes a tight barrier that effectively separates the inner

ear fluids, endolymph and perilymph, thereby maintaining distinct ionic and osmotic gradients that

are essential for auditory function. However, in vivo experiments have demonstrated that the CDE

allows for rapid water exchange between fluid compartments. The molecular mechanism

governing water-permeation across the CDE remains elusive. We computationally determined the

diffusional (PD) and osmotic (Pf) water-permeability coefficients for the mammalian CDE based

on in silico simulations of cochlear water dynamics integrating previously derived in vivo

experimental data on fluid flow with expression sites of molecular water channels (aquaporins,

AQPs). The PD of the entire CDE (PD=8.18×10−5 cm·s−1) and its individual partitions including

Reissner’s membrane (RM; PD=12.06×10−5 cm·s) and the organ of Corti (OC; PD=10.2×10−5

cm·s−1) were similar to other epithelia with AQP-facilitated water permeation. The Pf of the CDE

(Pf=6.15×10−4 cm·s−1) was also in the range of other epithelia while an exceptionally high Pf was

determined for an epithelial subdomain of outer sulcus cells in the cochlear apex co-expressing

AQP4 and AQP5 (OSCs; Pf=156.90×10−3 cm·s−1). The Pf/PD ratios of the CDE (Pf/PD=7.52) and

OSCs (Pf/PD=242.02) indicate an aqueous-pore-facilitated water exchange and reveal a high-

transfer region or “water-shunt” in the cochlear apex. This “water-shunt” explains experimentally

determined phenomena of endolymphatic longitudinal flow towards the cochlear apex. The water-
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permeability coefficients of the CDE emphasise the physiological and pathophysiological

relevance of water dynamics in the cochlea in particular for endolymphatic hydrops and Ménière’s

disease.
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Introduction

The inner ear is a fluid-filled sensory organ enclosing two unique extracellular fluids,

perilymph and endolymph. One of the most fundamental questions regarding inner ear

function is how fluid regulation maintains the delicate balance of ion gradients and fluid

volume between the perilymph and endolymph.

In the cochlea, the endolymph in the scala media (SM) is separated from the perilymph in

the scala vestibuli (SV) by Reissner’s membrane (RM) and from the perilymph in the scala

tympani (ST) by the epithelium residing on the basilar membrane that includes the organ of

Corti (OC) and the epithelial lining of the inner and outer sulcus (Figures 1A and 1B).

Laterally, the epithelial lining of the spiral ligament (SL) including the stria vascularis closes

the cochlear duct. The entire cochlear duct epithelium (CDE) is sealed by intercellular tight

junctions and thereby forms the cochlear “perilymph-endolymph barrier” (PEB; [35]; Figure

1B).

The rate constants (P′) for the perilymphatic-endolymphatic exchange of potassium (K+, P′

= 112.29 × 10−6 s−1), sodium (Na+, P′ = 6.37 × 10−6 s−1), chloride (Cl−, P′ = 22.58 × 10−6

s−1), and water (H2O, P′ = 15 × 10−3 s−1) demonstrate a high permeability for both ions and

water for the entire CDE [44,42,43]. The related turnover half-time of the CDE for

potassium is 55 min [44], while that for water is only ~8 min [77]. At the molecular level,

several trans-membrane proteins have been identified in the CDE that specifically facilitate

the transepithelial exchange of K+, Na+, and Cl−, consistent with the high electrolyte

permeability of the cochlear PEB [reviewed in 50]). Although P′ for water exchange across

the cochlear PEB is 130 times greater than that for K+, surprisingly molecular pathways that

specifically facilitate water permeation across the CDE have not been elucidated. As water

is known to diffuse with low permeability through lipid-bilayer membranes, the major

determinant of membrane water permeability in many physiological processes is the

presence or absence of molecular water channels, notably aquaporins (AQPs) [6,94,41]. The

expression of eight AQP subtypes has been confirmed in the heterogeneous cell population

of the CDE and its surrounding connective tissue, including AQP1–AQP7 and AQP9

[reviewed in 17]). Commonly used parameters that provide a quantitative measure of water

exchange across epithelia and describe the nature of transepithelial water exchange (i.e.,

solubility-diffusion through the lipid bilayer membrane or aqueous pore (e.g., AQP)-

facilitated water permeation) are the diffusional (PD) and osmotic (Pf) water-permeability

coefficients. PD is a measure of the rate of water exchange across an interface (per unit area)

based on thermal movements in the absence of an osmotic or hydrostatic gradient. Pf
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describes overall water movement (per unit area) as a response to hydrostatic or osmotic

pressure gradients. As a quantitative and comparative measure, PD and Pf have been

determined for various AQP-expressing epithelia (reviewed in [95]); however, despite the

established, abundant expression of AQPs in the CDE, PD and Pf have not been established

for this epithelium, and the functional significance of AQPs in transepithelial water

exchange between the cochlear perilymph and endolymph remains unknown.

In this study, we examined the hypothesis that water homeostasis in the cochlear perilymph

and endolymph is maintained by AQP-based transepithelial water permeation. To this end,

we determined PD and Pf for the entire CDE and for its individual partitions, including RM,

the OC, and a particular epithelial subdomain in the cochlear apex comprised of a

subpopulation of outer sulcus cells (OSCs; inlay * in Figure 1B). Notably, in this

subpopulation of OSCs in the rat and human cochlea, AQP4 was localised in the basolateral

membrane, which stretches into the perilymphatic fluid of the spiral ligament, and AQP5

was localised in the apical membrane, which is bathed in endolymph in the SM [30]. This

localisation of two AQPs in both cellular membrane domains (herein referred to as

“complementary” membranous AQP expression) constitutes the molecular and cellular basis

of an AQP-facilitated “water shunt” between the perilymph and endolymph across the PEB

in the cochlear apex [30,18]. To date, this subpopulation of OSCs in the cochlear apex

constitutes the only confirmed cell type in the CDE exhibiting a complementary

membranous AQP expression.

The calculations of PD and Pf in this study were based on previously derived in vivo

experimental data on diffusional [43] and osmotic [77] water exchange between the

perilymphatic and endolymphatic fluid compartments to respectively determine PD and Pf

for the entire CDE, its individual partitions including RM and OC as well as the epithelial

subdomain in the cochlear apex comprised by the subpopulation OSCs co-expressing AQP4

and AQP5.

Furthermore, cochlear water-dynamics simulations were performed using a modified version

of the Cochlear Fluids Simulator V. 1.6i [78]. The applicability of this computer model to

the simulation of water exchange between cochlear-fluid compartments of the guinea pig

cochlea was validated by comparing the in silico (i.e. via computer simulations)-generated

data with the in vivo data determined on guinea pig cochleae in a study by Konishi et al.

[43]. Accordingly, the diffusional water exchange was simulated to determine PD across the

entire CDE that is between the perilymph of SV and ST and the endolymph of SM (SV

+ST/SM model) as well as its individual partitions which is between the SV and SM (across

RM; SV/SM model) and between the ST and SM (across OC; ST/SM model).

As PD and Pf are defined as the transport flux of water per unit membrane area [19], surface

areas of the entire CDE, RM, and the OC were quantified from histological sections and

previously derived morphological data of cochlear fluid space dimensions from the adult

guinea pig cochlea [31]. The membrane area of complementary AQP expression in OSCs of

the cochlear apex was determined by measurements of immunohistochemically labelled

sections of the adult guinea pig cochlea.
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We established values of PD and Pf for the entire CDE of the guinea pig cochlea and its

individual partitions (RM, OC and OSCs in the cochlear apex) that indicate aqueous-pore-

facilitated water permeation. The abundant AQP expression in the CDE provides a plausible

molecular basis for rapid perilymphatic-endolymphatic water exchange. For the epithelial

domain of AQP4/AQP5-expressing OSCs in the cochlear apex, we determined an

exceptionally high Pf that is comparable to the Pf values reported for renal-tubule epithelia.

Furthermore, we present a new model of longitudinal endolymph flow that incorporates a

perilymphatic-endolymphatic water exchange across a high-transfer AQP-facilitated “water

shunt” in the cochlear apex. Based on this model we provide a molecular explanation for

experimentally determined phenomena of endolymphatic longitudinal flow towards the

cochlear apex in the dehydrated cochlea.

Materials and Methods

Animals

Adult male, pigmented guinea pigs (strain BFA bunt) weighing 700–800 g were obtained

from an in-house breeding colony. The animals were maintained in an in-house animal

facility with free access to food and water under standard white cyclic lighting. Three

cochleae from three different animals were cryosectioned and used for double-

immunolabelling of the water-channel proteins AQP4 and AQP5 (n = 3, Figure 5B) to

determine the radial length of the apical membranes of OSCs that exhibited complementary

membrane localisation of AQP4 and AQP5. The remaining three cochleae were used for

whole-mount preparations of the lateral wall of the cochlear duct (n = 3, Figures 5C and

5D). The whole-mount preparations were double-immunolabelled for AQP4 and AQP5 to

determine the longitudinal length of complementary AQP4/AQP5 localisation in OSCs.

Azan-stained sections from two adult guinea pig cochleae, obtained from the histology

collection of the Institute of Anatomy of the University of Tübingen, were used to measure

the radial length of RM (PEB between the SV and SM) and the OC, which in this study

comprises the epithelial lining on the basilar membrane reaching from the inner to the outer

sulcus (PEB between the ST and SM; n = 2, Figures 4A and 4C).

Inner ear dissection, fixation, decalcification, embedding, sectioning, and whole-mount
preparation

The animals were deeply anesthetised by intraperitoneal injection of a mixture of fentanyl

(0.025 mg·kg−1; Albrecht GmbH, Aulendorf, Germany), midazolam (1.0 mg·kg−1;

Ratiopharm, Ulm, Germany), and medetomidine (0.2 mg·kg−1; Albrecht GmbH) and

sacrificed with an intrapulmonary injection of embutramide (0.5 ml; T61, Intervet,

Unterschleissheim, Germany). Subsequently, transcardial perfusion with a warm (~37°C)

0.9% sodium chloride solution was conducted (~100 ml) and followed by perfusion with

warm (~37°C) 4% paraformaldehyde (PFA) (Carl Roth GmbH, Karlsruhe, Germany) in

phosphate-buffered saline (PBS; ~400 ml) until fixation-induced stiffness of the neck was

confirmed. The brain was removed, and dissection of the complete bony-labyrinth capsules

from the skull base was conducted in ice-cold 4% PFA in PBS. The perilymphatic spaces of

each cochlea were opened by removing the stapedial footplate from the oval-window niche

and removing the round-window membrane. Fixation of the inner ear was performed via a
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gentle perfusion of the opened perilymphatic scalae with 4% PFA, followed by a 2-h

immersion in 4% PFA. The bony capsules of the cochleae were thinned using a high-speed

motorised drill prior to decalcification of the fixed specimens for 48 h in 2 mM

ethylenediaminetetraacetic acid (EDTA) in PBS. For cryosectioning, the cochleae were

immersed in 25% sucrose in PBS overnight and embedded in a cryo-gel (Tissue-Tec®

O.C.T. compound, Sakura Finetek, Zoeterwoude, Netherlands). Midmodiolar cryosections

intended for immunolabelling were cut at 14 μm lateral thickness using a cryostat (Microm,

Thermo Fisher Scientific, Walldorf, Germany) and were immediately mounted on

SuperFrost® Plus microscope slides (Langenbrinck, Emmendingen, Germany). For lateral

wall whole-mount preparations, the otic capsule was carefully removed, and the lateral wall

was then separated from the OC in the region of the Claudius cells (CCs) along the entire

length of the cochlear duct and divided into 8 to 11 segments; these segments were used for

immunolabelling.

Immunofluorescence labelling of Aquaporin-4 and Aquaporin-5

Based on a previous study demonstrating the complementary membranous expression of

AQP4 and AQP5 in OSCs in the rat cochlea [30], AQP4 and AQP5 immunolabelling in the

guinea pig cochlea was performed using a polyclonal goat anti-AQP4 antibody (Santa Cruz

Biotechnology Inc., Santa Cruz, CA, USA; dilution 1:400) and a polyclonal rabbit anti-

AQP5 antibody (Millipore, Billerica, MA, USA; dilution 1:100), visualised with an Alexa

594-conjugated anti-goat secondary antibody (Molecular Probes–Invitrogen, Carlsbad, CA,

USA; dilution 1:400) and an Alexa 488-conjugated anti-rabbit secondary antibody, both of

which had been raised in donkey (Molecular Probes–Invitrogen; dilution 1:400). All

antibodies were diluted in PBS supplemented with 0.1% Triton-X 100 and 0.5% normal

donkey serum (NDS). Lateral wall whole-mount preparations were stained during free-

floating incubation. All cryosections and lateral wall whole-mount preparations were

coverslipped using FluorSave™ mounting medium (Calbiochem-Merck, Darmstadt,

Germany).

Microscopic analysis

Azan-stained sections were photographed using a Zeiss Axioplan 2 microscope (Zeiss,

Göttingen, Germany). Immunolabelled cryosections and whole-mount preparations were

analysed using a Zeiss 510 Meta laser-scanning microscope (Zeiss) and a Zeiss Axioplan 2

microscope (Zeiss), respectively.

Length measurements of the cochlear perilymph-endolymph barrier

The radial length (width) of RM (the membrane separating the perilymph in SV from the

endolymph in SM) and the width of the OC (separating the perilymph in ST and the

endolymph in SM) were determined in each of the eight cochlear half-turns (I–VIII,

excluding the hook region) on midmodiolar azan-stained sections of the adult guinea pig

cochlea, which were derived from two different animals (n = 2). The width of RM was

determined between its two insertion points (at the spiral limbus and the spiral ligament).

The width of the OC was measured along the apical cell surfaces, extending from the inner-

sulcus cells (ISCs) of the spiral limbus to the OSCs of the spiral ligament. The surface of the

stria vascularis that constitutes the third epithelial portion of the cochlear PEB was not
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measured. We did not include the stria vascularis in our computational model because it

does not provide a direct interface between the perilymphatic spaces of SV and ST and the

endolymph in SM. Furthermore, water movement across the lateral wall (and the stria

vascularis) does not seem to play an important role for perilymphatic-endolymphatic water

exchange, as was suggested by Konishi et al. [43]. Measurements were performed using

AxioVision software (V 4.8.2.0, Zeiss).

Data on the baso-apical length of the cochlear spiral of the adult guinea pig were derived

from Hofman et al. [31] and used to determine the surface area of RM and the OC. In their

original description, Hofman et al. [31] described the length of full cochlear turns, but not of

each cochlear half-turn. Therefore, an XY projection of the cochlear spiral derived from 3D

reconstruction data of the guinea pig cochlea was used to measure the individual

longitudinal lengths of the eight cochlear half-turns and the hook region. Measurements

were performed using the software ImageJ (V. 1.42q; National Institutes of Health,

Bethesda, MD, USA).

Length measurements of complementary AQP4 and AQP5 membrane localisation in OSCs

The radial width of the apical membrane of OSCs that exhibit complementary localisation of

AQP4 and AQP5 in their basolateral and apical membrane domains was determined by

length measurements on immunolabelled cryosections of the adult guinea pig cochlea,

which were derived from three different animals (n = 3). Corresponding longitudinal length

measurements of AQP4 and AQP5 expression in the baso-apical direction were also made in

OSCs from immunolabelled whole-mount preparations of the cochlear duct lateral walls

derived from the remaining three cochleae of the same three animals (n = 3). The baso-

apical length of AQP4 expression was determined in Claudius cells (CCs) and OSCs; the

baso-apical length of AQP5 expression was measured in OSCs. The software AxioVision (V

4.8.2.0, Zeiss) was employed for the length measurements.

Data on diffusional and osmotic water exchange between the cochlear fluid compartments

Although several groups have investigated the dispersal of macromolecular marker

substances, such as trypan blue [3,74], fluorescein [23,22], thorotrast [4], or peroxidase [36],

between the endolymphatic and perilymphatic spaces of the inner ear in vivo, these

techniques were not adequate to investigate permeation through the highly water-specific

AQP-channels. In contrast, radioactively labelled water (tritiated water; THO) has a similar

molecular structure as the water molecule (H2O) with the exception of one hydrogen (H)

that is substituted with tritium (3H). Because of this structural similarity, AQPs exhibit

comparable permeability characteristics for H2O and THO as determined on erythrocyte

membranes (reviewed in [7]) that contain AQP1 [72], AQP3 [73] and AQP5 water channels

[1]. Hence, in this study, we used empirical data from the study by Konishi et al. that

described the diffusional exchange of THO between the perilymphatic and endolymphatic

spaces in in vivo experiments in the adult guinea pig cochlea [43]. In their study, Konishi et

al. used the following three experimental setups to determine transepithelial diffusional

THO dynamics in the cochlea: (i) they measured the THO concentration in SM during THO

perfusion of SV and ST to determine the rate of diffusional water flow across the entire

cochlear PEB (hereafter referred to as model SV+ST/SM, Figure 2A); (ii) they measured the
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THO concentration in SM during THO perfusion of SV only to determine the rate of

diffusional water flow across the partition of the PEB that separates the SV and SM

(hereafter referred to as model SV/SM, Figure 2B); and (iii) they measured the THO

concentration in SM during THO perfusion of ST only to determine the diffusional water

flow across the partition of the PEB that separates the ST and SM (hereafter referred to as

model ST/SM, Figure 2C). The THO concentrations in each of the scalae were measured in

vivo by Konishi et al. [43] 7 min after the onset of perilymphatic THO perfusion. The results

of these THO measurements are given in the diagrams in Figures 2A–2C. The experimental

setup in the study by Konishi et al. [43] enabled the measurement of the initial

endolymphatic THO concentration changes within the first 20 min after the onset of

perilymphatic THO perfusion because of the one-minute time intervals between

measurements, starting at 3 min after the onset of perilymphatic THO perfusion.

The osmotic water-permeability coefficients (Pf) of the cochlear PEB were also determined

based on empirical data from the literature [77]. These data were derived from in vivo

measurements of endolymphatic volume changes during perilymphatic perfusion with a

solution that was hypertonic (400 mOsm (kg·H2O)−1; [77]) compared with the isotonic

endolymph (306 mOsm (kg·H2O)−1; [77]). Hypertonic perilymphatic perfusion generated an

osmotic pressure differential between the perilymph and endolymph that led to an outflow of

water from the endolymphatic fluid compartment. This outflow was quantified by measuring

the relative increase in the ionic volume marker TMA+ in the endolymphatic fluid

compartment with TMA+-sensitive electrodes [77]. As the cochlear duct epithelium

surrounding the endolymphatic fluid compartment exhibits extremely low permeability to

TMA+, the increase in the levels of this marker in the endolymph was approximately

proportional to the water lost from the endolymphatic space during hypertonic perilymphatic

perfusion. According to Salt and DeMott [77], the relative TMA+ increase in endolymph

during hypertonic perilymphatic perfusion resulted from two different mechanisms: (i)

reduction of the endolymph volume due to the flow of water from the endolymph into the

perilymph (“Area”, endolymphatic TMA+ +22.10%, Figures 7A and 7B) and (ii) an apically

directed TMA+-loaded endolymph flow (“Movement”, endolymphatic TMA+ +12.29%,

Figures 3A and 3C). As the TMA+ increase in the endolymph was caused by a proportional

outflow of water from the endolymphatic compartment, we calculated osmotically induced

transepithelial flows from the endolymph to perilymph (Jv) to determine Pf for the entire

cochlear PEB and for OSCs that exhibit complementary membranous expression of AQP4

and AQP5.

In silico simulations of endolymphatic THO uptake during perilymphatic THO perfusion

Computer simulations of diffusional THO dispersal in the cochlear fluid compartments of

SV, ST, and SM were performed using the Washington University Cochlear Fluids

Simulation Program (Cochlear Fluids Simulator, V. 1.6i), a freely accessible program

available at http://oto2.wustl.edu/cochlea/model3.html [78]. The program enables the

simulation of the dispersal of drugs or other substances in inner ear fluid spaces based on the

combination of physical processes involved in solute dispersal: diffusion, longitudinal fluid

flow, and clearances to other compartments of the inner ear. Using the Cochlear Fluids

Simulator software, the diffusion coefficient of THO (2.3 × 10−9 m2·s−1) for the cochlear
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PEB was calculated based on the formula weight (22.03 mol−1). Other parameters used to

configure the program were adapted from Konishi et al. [43] and are given in Table 3.

For the simulation of THO dispersal in the SV+ST/SM model (Figure 2A), a modified

version of the Cochlear Fluids Simulator (V. 1.6i) was used. This model allowed

simultaneous perfusion of both perilymphatic scalae according to the experimental setup

from Konishi et al. [43]. To simulate diffusional THO exchange between one of the

perilymphatic scalae (SV or ST) and the SM (models SV/SM and ST/SM; Figures 2B and

2C), we defined an unphysiologically high value for the time constant “half-time of

intercompartmental substance exchange between the SV and ST” in the Cochlear Fluids

Simulator (“scala-scala communications”, Table 3) to avoid THO exchange between the SV

and ST. The half-times of substance exchange between the SV and SM and between the ST

and SM were adjusted by fitting the curve of endolymphatic THO concentration change to

the endolymphatic THO concentration measured in vivo after 7 min of perilymphatic

perfusion (Figures 6A–6C, data points *; Figures 6A-46, SM in the diagrams). THO

dispersal in the SV+ST/SM, SV/SM, and ST/SM models was simulated for 10 min (Figures

6A–6C) and for 120 min (Figures 6D–6F) of perilymphatic perfusion to show the initial

slope and the steady-state plateau of the endolymphatic THO concentration, respectively.

The curves of the simulated endolymphatic THO concentration change from Figures 6D–6F

were used for regression analyses to determine the rate constants of perilymphatic-

endolymphatic THO (water) exchange (P′w) for the three models (Figures 6G–6I).

Results

Water permeability coefficients for the entire CDE, RM and OC were determined in this

study based on previously derived in vivo experimental data on the diffusive [43] and

osmotic water exchange [77] across these epithelial boundaries in the guinea pig cochlea.

Konishi et al. [43] measured the diffusive uptake of radioactively labeled water (tritiated

water, THO) into the endolymph during simultaneous (SV and ST) and separate perfusion of

the perilymphatic scalae (SV or ST) with THO. During simultaneous THO-perfusion of SV

and ST (for further details see methods section; SV+ST/SM model, Figure 2A) diffusive

uptake of THO into the endolymph occurred across the entire CDE; during separate THO-

perfusion of SV (SV/SM model, Figure 2B) or ST (ST/SM model, Figure 2C)

endolymphatic THO uptake occurred only across RM or OC, respectively. This data was

used in the present study to determine PD values for the entire CDE (SV+ST/SM model),

RM (SV/SM model) and OC (ST/SM model).

Salt and DeMott [77] measured the concentration changes of the ionic volume marker

(tetramethylammonium, TMA+) in the endolymphatic compartment during perilymphatic

perfusion with media that were hyper- or hypoosmolar compared to the endolymph. During

hyperosmolar perilymphatic perfusion the osmotically driven outflow of water from the

endolymphatic compartment was indirectly measured by the concentration increase of

TMA+ (for further details see methods section; Figure 3A). This osmotically driven water

outflow from the endolymphatic compartment induced two phenomena; (i) shrinkage of the

entire endolymphatic compartment (Figure 3B; presumably via transepithelial water outflow

along the entire CDE) and (ii) longitudinal endolymph flow towards the cochlear apex
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(Figure 3C; via an unknown mechanism). These data were used in the present study to

determine Pf values for the entire CDE (SV+ST/SM model) and a subpopulation of OSCs in

the cochlear apex (OSCapex), respectively.

Surface areas of the cochlear perilymph-endolymph barrier

The water-permeated surface areas of the cochlear PEB in the models 1.) SV+ST/SM, 2.)

SV/SM, and 3.) ST/SM were determined. The radial width of RM, separating SV and SM

(black dotted line, Figure 4A (inlay ‡); direct permeation barrier in the SV/SM model), and

that of the OC, separating ST and SM (black dashed line, Figure 4A (inlay ‡); direct

permeation barrier in the ST/SM model) were measured in each of the eight cochlear half-

turns (Figure 4A, I–VIII). Additionally, we measured the length of the 8.5 cochlear half-

turns (including the hook region) on a XY projection of the cochlear spiral that was derived

from 3D reconstruction data of the guinea pig inner ear (Figure 4B, adapted from [31];

reprinted with the kind permission from the corresponding author R. Hofman and the

publisher Wiley-Blackwell). The results of the width and length measurements determined in

Figures 4A and 4B are shown in Figure 4C.

The surface areas of RM and the OC were calculated using equation (1) for each of the 8.5

cochlear half-turns (AI–VIII) as follows:

(1)

where h, I, II, III, IV, V, VI, VII, VIII are the indices for the hook-region (h) and the

cochlear half-turns I – VIII, li is the baso-apical, longitudinal length of the i-th cochlear half-

turn (lh – lVIII, 2B and 2C) and wi and wi+1 are the widths of RM or the OC at the basal (wi)

and apical end (wi+1) of the corresponding half-turn (Figure 4C). For the hook region, the

width of RM and the width of the OC measured in the first cochlear half-turn (wI),

multiplied by the length of the hook region (lh), was used. The calculated partial surface

areas for RM (ASV/SM, i) and the OC (AST/SM, i) from each cochlear half-turn and the hook

region were summed to obtain the total surface sub-areas of ASV/SM and AST/SM of the

cochlear PEB (ASV/SM + AST/SM).

The results from these measurements were as follows:

ASV/SM = 11.46 mm2 of the cochlear PEB separating the SV from SM (RM);

AST/SM = 9.78 mm2 of the cochlear PEB separates the ST from the SM (OC) and from

this it follows that 21.24 mm2 separates the SV and ST from the SM (ASV+ST/SM).

Membrane area of complementary membranous aquaporin expression in OSCs at the
perilymph-endolymph barrier

Midmodiolar cryosections revealed that OSCs in cochlear half-turns I–V were covered by

CCs at their apical pole and thus did not have direct contact with the endolymphatic space

(Figure 5A, I–V). In contrast, OSCs in the three most apical half-turns were interposed

between CCs and spiral-prominence (SP) epithelial cells; thus, the apical membranes of

OSCs in half-turns VI–VIII had direct contact with the endolymph (Figure 5A, VI–VIII).
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Immunolabelling of AQP4 and AQP5 on midmodiolar cryosections of the adult guinea pig

cochlea revealed polarised membranous expression of AQP4 and AQP5 in OSCs in the

cochlear apex (OSCapex). AQP4 labelling was present in the basolateral membranes

(covering the root processes) of OSCs in cochlear half-turns VII and VIII (Figure 5B, VII

and VIII); AQP5 labelling was detected in the apical membranes and the subapical

cytoplasm of OSCs and was restricted to the most apical half-turn (Figure 5B, VIII).

The radial width of the apical membranes of OSCs that exhibited AQP5 expression as

determined on immunolabelled cryosections was 57.53 ± 2.92 μm (Figure 5B, VIII, white

dotted line; Table 1; n = 3).

The longitudinal extent of complementary AQP4 and AQP5 expression in OSCs along the

baso-apical length of the cochlear duct was determined from whole-mount preparations of

the lateral wall from the adult guinea pig cochlea (Figures 5C and 5D). Consistent with the

results obtained from immunolabelled cryosections (Figure 5B), AQP4 labelling in CCs was

observed throughout the entire length of the cochlear duct (Figure 5D, I–VIII). AQP4

labelling in OSCs was detected along the entire longitudinal length of the lateral wall of

half-turn VIII (818.61 ± 16.53 μm, (Figure 5D, VII; Table 1; n = 3) and further extended

along 930.34 ± 24.70 μm in half-turn VII. Overlapping fluorescence signals for AQP4 and

AQP5 were restricted to a distance of 804.31 ± 73.28 μm in the most apical half-turn (Figure

5D, VIII; Table 1; n = 3).

The total length of the cochlear half-turns (Figure 5D) was derived from length

measurements of the adult guinea pig cochlear spiral (Figures 4B and 4C; [31]). The

measurements on three whole-mount preparations of the lateral wall obtained from three

different animals revealed a between-subject variation of the longitudinal extent of AQP4

and AQP5 labelling in OSCs of 2.02% and 9.10% (measured values, see Table 1),

respectively. These values are higher than the range of inter-individual variation determined

for the length of the basilar membrane of the guinea pig cochlea described as 0.83% [84].

This variance can be due to technical variations in the segmental whole-mount preparation

of the lateral wall or a greater inter-individual variation in the longitudinal extend of AQP4

and AQP5 in the cochlear lateral wall.

The value of the radial width of the apical membranes of OSCs that exhibit complementary

expression of AQP4 and AQP5 (57.53 ± 2.92 μm; Table 1; n = 3) was multiplied by the

longitudinal membrane length of complementary expression of AQP4 and AQP5 in OSCs

(804.31 ± 73.28 μm), yielding an OSC area (AOSC) of 46,271.95 μm2 (0.04627 mm2). This

area represents a putative aquaporin-facilitated water shunt at the perilymph-endolymph

barrier in the apex of the cochlea.

Rate constants of diffusional water exchange at the cochlear perilymph-endolymph barrier

Konishi et al. [43] determined P′ for the entire cochlear PEB based on experimental in vivo

data describing time-dependent endolymphatic uptake of THO during simultaneous THO

perfusion of both perilymphatic scalae (SV+ST/SM model, Figure 2A). In this model,

Konishi et al. recorded the endolymphatic THO concentration in one-minute intervals,

starting three minutes after the initiation of perilymphatic THO perfusion. The data points of
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the time-dependent endolymphatic THO concentration changes in the SV+ST/SM model

were used by Konishi et al. for regression analysis based on equation (2):

(2)

In equation (2), Ce
* is the THO concentration in the endolymph, C0

* is the final

concentration of THO in the perilymph, P′ is the rate constant of THO exchange between the

perilymph and endolymph, P″ is the rate constant of THO outflow from the endolymphatic

compartment, and α is the time constant determining the slope of the change in the

endolymphatic THO concentration. The least-squares fit to equation (2) by Konishi et al.

[43] yielded P′ = 0.85 min−1 for the SV+ST/SM model. For the SV/SM and ST/SM models,

no continuous measurements of endolymphatic THO concentration changes were performed

by Konishi et al.; thus, P′ was not determined for the SV/SM and ST/SM models.

In this study, we determined P′ for the entire cochlear PEB via in silico simulations with the

Cochlear Fluids Simulator (V 1.6i, modified). The endolymphatic THO uptake derived from

the SV+ST/SM model (Figure 6G) was calculated as 0.869 min−1 (Table 2). This in silico

value is consistent with the empirical in vivo value of 0.85 min−1 measured by Konishi et al.

[43]. Hence, cochlear water dynamics simulations performed in silico also enabled

calculations of P′ for the models in which perilymphatic scalae were separately perfused

with THO. The data points of endolymphatic THO concentration measured in vivo 7 min

after the onset of perilymphatic perfusion [43] were used in the in silico simulations for

curve fitting. Based on the simulations performed in this study, P′ was calculated as 0.691

min−1 for the SV/SM model (Figure 6H; Table 2) and 0.499 min−1 for the ST/SM model

(Figure 6I; Table 2). The in silico determined P′ values for the SV+ST/SM, SV/SM, and

ST/SM models were further used for PD calculations.

Diffusional water permeability coefficients of the cochlear perilymph-endolymph barrier

Calculations of PD were based on surface quantifications of the cochlear PEB and in silico

simulations of diffusional THO dispersal between the perilymphatic and endolymphatic

scalae performed with the Cochlear Fluids Simulator (V 1.6i, modified). In our PD

calculations for the cochlear PEB, we made the following assumptions: (i) transepithelial

THO permeation occurred only across RM in the SV/SM model, across the OC in the

ST/SM model, and across both epithelial structures in the SV+ST/SM model; and (ii) the

continuous perilymphatic perfusion minimized unstirred layer effects, which therefore did

not contribute significantly to the resistance of water diffusion across the plasma membranes

of the cochlear duct epithelium; and (iii) the pre-existing osmotic gradient between the

endolymph (304.2 mOsm (kg·H2O)−1; [43]) and perilymph (293.5 mOsm (kg·H2O)−1 in the

SV and 292.9 mOsm (kg·H2O)−1 in the ST; [43]) diminished with the onset of perilymphatic

perfusion. Consistent with this assumption, Konishi et al. confirmed the absence of

significant differences in osmolarity between the SM, SV, and ST after perilymphatic

perfusion by measuring the osmolarities in the cochlear scalae. Therefore, THO dispersal

between the perilymphatic and endolymphatic spaces was driven only by the diffusional

spread of the tracer and not by solvent drag.
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PD values for the cochlear PEB were calculated using equation (3), which was derived from

[43]:

(3)

where P′ is the rate constant of transepithelial diffusional water exchange between

perilymph and endolymph, derived from our in silico simulations of the SV/SM, ST/SM,

and SV+ST/SM models. Ve is the endolymph volume (1.2 μl in the adult guinea pig cochlea;

[90]), and A is the water-permeated surface area of the PEB, which was determined in this

study for the SV/SM (ASV/SM), ST/SM (AST/SM), and SV+ST/SM (ASV+ST/SM) models. For

RM, we found the following: P′ = 0.691 min−1, and ASV/SM = 11.46 mm2. Substitution of

these values into equation (3) yielded a value for PD of 12.06×10−5 cm·s−1 for RM (SV/SM

model). For the OC (ST/SM model) with P′ = 0.499 min−1 and AST/SM = 9.78 mm2, we

calculated PD = 10.2×10−5 cm·s−1. For the entire cochlear PEB (SV+ST/SM model) with P′

= 0.869 min−1 and ASV+ST/SM = 21.24 mm2, we calculated PD = 8.18×10−5 cm·s−1 (Figure

7).

Osmotic water permeability coefficients of the cochlear perilymph-endolymph barrier

Pf calculations for the cochlear PEB were based on data on surface areas of the cochlear

PEB, data on the membrane area of complementary AQP4/AQP5 expression in OSCs, and

in vivo experimental data on osmotically induced changes in endolymphatic volume

(Material and Methods, Figure 2). For the Pf calculations performed in this study, the

following assumptions were made: (i) the decrease in the area of the SM during hypertonic

perfusion of SV and ST [77] was caused by an osmotically induced transepithelial volume

flow from the endolymphatic to the perilymphatic space; (ii) this transepithelial outflow of

endolymph occurred throughout the entire baso-apical length of the cochlear duct, across

RM and the OC; (iii) the continuous perilymphatic perfusion minimized unstirred layer

effects, which therefore did not contribute significantly to the resistance of water permeation

across the plasma membranes of the cochlear duct epithelium; (iv) the apically directed

endolymph flow in the SM [77] was caused by an osmotically induced transepithelial bulk-

volume flow from the endolymph to the perilymph across a water shunt consisting of AQP4/

AQP5-expressing OSCs in the apex of the cochlear duct; (v) the experimentally determined

increase in endolymphatic TMA+ induced by shrinkage of the endolymphatic compartment

(area) and apically directed endolymph flow (movement) was considered to be

approximately linear within 20 min of hypertonic perilymphatic perfusion (Materials and

Methods, Fig 10); and (vi) after 20 min of hypertonic perilymphatic perfusion, the osmotic

gradient between the perilymphatic and endolymphatic spaces remained constant.

Consequently, an approximately linear increase in endolymphatic TMA+ resulted from the

linear volume outflow.

The transepithelial volume flows (Jv) per second (cm3 s−1), which induced shrinkage of the

endolymphatic compartment (area, Jv-area) and apically directed endolymph flow

(movement, Jv-movement), were calculated using equation (4):
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(4)

where Ve is the endolymph volume in the adult guinea pig cochlea (1.2 μl; [90]) and SI is

the relative solute (TMA+) increase induced by shrinkage of the endolymphatic

compartment (SIArea = 22.1%) and longitudinal volume flow (SIMovement = 12.29%), as

measured 20 min after the onset of hypertonic perilymphatic perfusion [77].

With Ve = 1.2 μl and SIArea = 22.1%, Jv-Area equals 13.26×10−3 μl·min−1; with Ve= 1.2 μl

and SIMovement = 12.29%, Jv-Movement is 7.37×10−3 μl·min−1.

Calculations of Pf for the cochlear PEB were based on equation (5):

(5)

which is derived from [19], where Jv is the transepithelial net volume flow, V̄
w is the partial

molar volume of water (18 cm3·mol−1), A is the water-permeated surface area of the PEB,

and Δc is the osmotic gradient between perilymph and endolymph. Because Salt, DeMott

[77] perfused the perilymphatic compartments of the SV and ST with a solution that was

made hypertonic (400 mOsm (kg·H2O)−1) compared with the endolymph in the SM (306

mOsm (kg·H2O)−1) by the addition of 94 mM sucrose (Materials and Methods, Figure 3), Δc

between the endolymph and perilymph was 0.094 mol·l−1. Pf for the entire cochlear PEB,

based on the variables ASV+ST/SM (21.24 mm2) and Jv-Area (13.26×10−3 μl·min−1) and on

equation (6), equals 6.15×10−4 cm·s−1. The Pf for OSCs that exhibit complementary

membranous expression of AQP4 and AQP5 (OSCapex) was determined based on the values

of AOSC (0.04627 mm2) and Jv-Movement (7.37×10−3 μl·min−1) and on equation (6) and

equals 156.90×10−3 cm·s−1 (Figure 7).

Estimation of the membrane density of AQP5 water channels in the apical membranes of
OSCs

The density of AQP5 water channel proteins in OSCs (nAQP5) was estimated based on the

single channel water permeability for AQP5 (Pf-AQP5 ~ 5×10−14 cm3·s−1 [98]) and the

transepithelial Pf of OSCapex (156.90×10−3 cm·s−1) from this study. nAQP5 for OSCapex was

determined using equation (6) which was derived from Dobbs et al. [15]

(6)

with 3.45 × 104 μm−2.

Discussion

This study assessed the diffusional (PD) and osmotic (Pf) water-permeability coefficients of

the CDE in the guinea pig model. Based on these results, four lines of evidence (i–iv) reveal
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the physiological relevance of AQP-mediated perilymphatic-endolymphatic water exchange

in the mammalian cochlea:

(i) Quantitative comparison of PD and Pf for the entire cochlear duct epithelium yields
water-permeability coefficients in the same range seen in epithelia with aquaporin-
facilitated water permeation

A comparison of PD (8.18×10−5 cm·s−1) and Pf (6.15×10−4 cm·s−1) for the entire CDE with

water-permeability coefficients reported for various other AQP-expressing epithelia

revealed that these values were of the same order of magnitude while non AQP-expressing

cells demonstrate much lower values (Figure 8). The PD and Pf values that most closely

resemble those of the CDE are those reported for the conjunctival epithelium of the ocular

bulb (PD = 13×10−5 cm·s−1, [11]; Pf = 11×10−4 cm·s−1, [53]; Figure 8). Notably, both the

CDE and the conjunctival epithelium are classified as “tight” barriers [43,10,32,35]. Water

flow across these tight epithelia thereby occurs via a transmembranous route and is most

likely facilitated by AQPs that are expressed in the epithelial membrane domains (apical and

basolateral) that face the two separated extracellular fluid compartments at the ocular

surface (tear film and extracellular fluid in the conjunctival stroma) and in the cochlea

(endolymph and perilymph), respectively. In the conjunctival epithelium (and in the corneal

epithelium that is continuous with the conjunctival epithelium), AQP3 [70,27,53] in the

baso-lateral domain[38] and AQP5 [66] at the apical ocular surface domain [38] determine

the primary route of transepithelial water permeation as indicated by a four- and five-fold

reduction in membrane osmotic water permeability (Pf) in transgenic mice lacking AQP3 or

AQP5 water channels, respectively [53].

In the CDE a complementary membraneous localisation of AQPs (AQP4 and AQP5) has

only been established for the OSCs in the outer sulcus region of the cochlear apex [present

study,30,29,18]. However, for many other cell types in the CDE the expression of multiple

AQP-subtypes has been described (reviewed in [17]), e.g. AQP7 and AQP9 in the

epithelium of RM that separates the endolymph in the SM and perilymph in the SV, and

AQP2, AQP4, AQP5, AQP7, and AQP9 in supporting cells of the OC that divides the

endolymph in the SM and perilymph in the ST. Although a complementary localisation of

AQPs in the basolateral and apical membranes of these cells has not been established it

appears likely that further analysis will obtain additional complementary expression patterns

at the subcellular level. The presence of multiple AQPs in most of the cells types in the tight

CDE and the similarity of PD and Pf values suggest transmembranous AQP-facilitated water

permeation across the entire CDE, as has been experimentally demonstrated for multiple

AQP-expressing epithelia (Figure 8).

In summary, the presence of several AQP-subtypes in various cells of the CDE and the

similarity between PD and Pf values of the entire CDE and multiple other AQP-expressing

epithelia strongly suggest a transmembranous AQP-facilitated water permeation across the

entire CDE.
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(ii) The ratios of Pf/PD determined for the cochlear duct epithelium and aquaporin-
expressing outer sulcus cells account for an aqueous-pore-mediated water permeation

The ratio of osmotic-to-diffusional water permeability (Pf/PD) exceeds unity (Pf/PD > 1) in

the case of an aqueous pore (e.g., AQP)-facilitated water permeation [19]. In this study, the

ratio Pf/PD for the entire CDE was determined to be 7.52 (Figure 8), a value that clearly

exceeds 1. In contrast, epithelia that do not exhibit AQP-facilitated water permeation, such

as Madin-Darby canine kidney (MDCK) type I monolayers ([51]; Figure 8) or pure

phospholipid-bilayer membranes ([13]; Figure 8), exhibit a Pf/PD ratio that equals unity

(Pf/PD ~1). At these interfaces, water permeation occurs by solubility-diffusion through the

lipid bilayers rather than through aqueous pores [19]. All other epithelia listed in Figure 6

express multiple AQPs in a complementary membranous distribution. Consistent with AQP-

facilitated transepithelial water permeation, these epithelia exhibit Pf/PD ratios > 1, with

values ranging from 2.03 for the (non-ADH-stimulated) kidney cortical collecting duct

([48]; Figure 8) to 1307.69 for the lung alveolar epithelium ([20]; Figure 8). The Pf/PD ratio,

determined for the entire CDE (7.52) closely resembles the value of the conjunctival

epithelium (Pf/PD = 8.46; Figure 8) or the submandibular salivary gland epithelium (Pf/PD =

6.67; Figure 8). Notably, in both of these epithelia, AQP5 water channels are localised in the

apical cell membranes [58,24,53] and determine the rate-limiting barrier for transepithelial

water permeation (in case of the salivary gland acinar cells under pilocarpine-stimulated

saliva secretion [57,47,53]).

To determine the ratio Pf/PD for the subdomain of AQP5-expressing OSCs in the cochlear

apex (Pf/PD = 242.02, Figure 8), we assumed a PD for these cells (PD-OSCs = 64.83×10−5

cm·s−1), which represents a mean of the experimentally determined PD values of AQP5-

expressing epithelia, i.e. the lung alveolar epithelium (1.30×10−5 cm·s−1, [12]), the corneal

epithelium (1.68×10−5 cm·s−1, [21]), the cochlear duct epithelium (8.18×10−5 cm·s−1,

present study), the conjunctival epithelium (13×10−5 cm·s−1,[11]) and the salivary gland

acinar epithelium (300×10−5 cm·s−1, [89]). This value closely resembles the Pf/PD ratios

determined for the renal proximal tubule epithelium, as well as the proximal and distal colon

epithelium (Figure 8) in which the transepithelial fluid reabsorption largely depends on

AQP-facilitated water permeation.

In summary, the ratios Pf/PD determined for the entire CDE (Pf/PD = 7.52) and the AQP4/

AQP5-expressing subpopulation of OSCs in the cochlear apex (Pf/PD = 242.02) clearly

exceed 1, and therefore indicate aqueous-pore-facilitated transepithelial water permeation

between the perilymph and endolymph. A comparison of both values reveals that the

different cell types of the CDE apparently do not uniformly contribute to transepithelial

water permeation. The exceedingly high ratio determined for AQP-expressing OSCs

indicates a high-transfer region for transepithelial water permeation in the cochlear apex.

(iii) The absolute Pf values determined for the entire CDE and the epithelial subdomain of
OSCs in the cochlear apex reveal a highly permeable AQP4/AQP5-based water shunt in the
cochlear apex

An absolute value of Pf greater than 1×10−2 cm·s−1 indicates aqueous pore-facilitated water

permeation [93]. For the entire CDE, we determined a considerably lower Pf of 6.15×10−4
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cm·s−1; however, the cochlear duct is a highly heterogeneous epithelium that consists of 12

morphologically and functionally diverse cell types. Many of these cell types exhibit distinct

AQP expression patterns, while others are devoid of AQP expression (reviewed in [17]).

Hence, the cellular constituents of the CDE apparently exhibit distinct water permeability

characteristics and the PD and Pf values calculated in this study for the entire CDE, RM, and

the OC therefore represent average values of the diffusional and osmotic water

permeabilities in the CDE.

In this study, we determined the Pf of a single cell type of the CDE, a subpopulation of

AQP4/AQP5-expressing OSCs in the cochlear apex, to be 156.90×10−3 cm·s−1 (Figure 7).

This exceptionally high Pf value is 280-fold higher than the average Pf of the entire CDE

(6.15×10−4 cm·s−1; Figure 7) and clearly exceeds the value of 1×10−2 cm·s−1, which

indicates aqueous pore-facilitated water permeation across OSCs. In accordance with the

results from previous light microscopic [83] and ultrastructural [16] studies, we found this

subpopulation of OSCs in the most apical half-turns (VI–VIII) of the guinea pig cochlea to

be exclusively interposed between CCs and SP epithelial cells, thereby representing direct

constituents of the cochlear PEB. Moreover, in this study, the complementary membranous

localisation of AQP4 (basolateral) and AQP5 (apical) was demonstrated in this particular

subpopulation of OSCs of the cochlear apex. The complementary subcellular distribution of

AQP4 and AQP5 in this specific subpopulation of apically located OSCs has previously

been described in rat [30] and human [30,18] cochleae. As AQPs in the membranes of this

subpopulation of OSCs putatively mediate transmembranous water exchange between the

endolymph and OSC cytoplasm (AQP5), as well as between the OSC cytoplasm and the

perilymphatic extracellular fluid of the spiral ligament (AQP4), they form the molecular

basis for an AQP-facilitated “water shunt” between the endolymph and perilymph, as

previously proposed [30,17].

Quantitatively, the Pf of OSCs is comparable to the Pf of the kidney proximal-convoluted-

tubule (PCT) epithelium (500×10−3 cm·s−1, Figure 8; [9]). In the PCT epithelium, AQP1 in

the apical and basolateral membranes [63], and AQP7 in the apical membranes [33]

represent the major constituents of membrane osmotic water permeability [80,85] and

thereby facilitate the reabsorption of 50–60% of the fluid filtered by the glomeruli (i.e., ~98

litres per day), in order to maintain whole-body water homeostasis. The Pf value of OSCs in

the cochlear apex, which matches that of the PCT epithelium, suggests a high water

transport capacity for OSCs that are potentially relevant for cochlear water homeostasis.

In summary, the Pf values determined for the entire CDE and the epithelial subdomain of

AQP4/AQP5-expressing OSCs in the cochlear apex differ by two orders of magnitude. This

suggests highly heterogeneous water permeability characteristics among the different cell

types in the CDE. For OSCs in the cochlear apex, which are a direct constituent of the PEB,

we propose a high capacity AQP-“water shunt” that enables passive bulk water movements

between the endolymph and perilymph contributing to longitudinal flow.
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(iv) The estimated AQP5 channel density in the apical membranes of OSCs substantiates a
high-transfer “water shunt” in the cochlear apex

The density of AQP5 channel proteins in the apical membranes of OSCs in the cochlear

apex was estimated to be 3.45×104 μm−2. This value represents the characteristic AQP

membrane density of 103–104 μm−2 as found in many cell membranes [92], and is in

particular close to the membrane density of AQP5 channels determined in the alveolar

epithelium (1.4 × 104 μm−2; [15]). Notably, these characteristic AQP membrane densities

exceed that of ion channels (1 μm−2) by several orders of magnitude.

Water flow across the “water shunt” in OSCs of the cochlear apex is presumably rate-

limited by AQP5 in the apical membrane, since (i) the basolateral membrane that enwraps

the root processes of OSCs forms a larger membrane area for water permeation, and (ii) the

single channel water permeability of AQP4 (Pf-AQP4 ~ 25×10−14 cm3·s−1; [98]) in the

basolateral membranes of OSCs is 5-times higher than that of AQP5 (Pf-AQP5 ~ 5×10−14

cm3·s−1 [98]).

In summary, the estimated membranous AQP5 channel density in OSCs provides a plausible

molecular basis for the high osmotic water permeability determined for this epithelial

subdomain in the CDE.

Putative physiological significance of the aquaporin-facilitated water shunt in outer sulcus
cells in longitudinal endolymph homeostasis

A putative driving force for transcellular water movement across the AQP-water shunt in

OSCs of the cochlear apex is the osmotic gradient of 11 mOsm (kg·H2O)−1 between the

perilymph (293 mOsm (kg·H2O)−1; [43]) and endolymph (304 mOsm (kg·H2O)−1; [43]), as

measured in the guinea pig cochlea under physiological conditions. This osmotic gradient is

primarily determined by the ionic composition of the inner ear fluids and by the

permeability of the cochlear PEB to ions [44,42,43,10]. Alterations in the ion content in

inner ear fluids, e.g., by the systemic administration of glycerol [37] or by disturbance of the

ionic permeability of the PEB (e.g., induced broadband noise [45], low-frequency-sound

stimulation [75], or hypothermia [46]) affect the perilymphatic-endolymphatic osmotic

gradient and thus affect the driving force for transepithelial water movement between the

fluid compartments. The prevailing osmotic gradient therefore shifts and drives passive

transepithelial water flows into or out of the endolymphatic fluid compartment.

Experimental studies in vivo have shown that the volume of cochlear endolymph was

reduced by perfusing the perilymphatic spaces with hypertonic medium and at the same time

induced an apically directed endolymph flow of 2.5 nl·min−1 ([77]; Figure 9B). Similarly,

when the osmotic gradient between the perilymph and endolymph was reversed, a slower

basally directed endolymph flow was observed ([77]; Figure 9C). This basally directed

endolymph flow was also induced by acute volume injections into the cochlear endolymph

[76]. Notably, even under the physiological conditions with an osmotic gradient between

perilymph and endolymph (11 mOsm (kg·H2O)−1; [43]), the mean rate of endolymph flow

directed toward the base was calculated to be 0.36 nl·min−1; this value has been classified as

not significantly different from zero and therefore indicates the absence of longitudinal

endolymph flow under normal conditions [79]. These in vivo experimental findings were in
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line with the long-standing “dynamic flow theory” for endolymph, which was introduced by

Lawrence et al. [52]. This theory attempts to explain the fundamental mechanisms of

endolymph generation and homeostasis by combining the concepts of local “radial flow” of

endolymph [61] as the predominant homeostatic mechanism under physiological conditions

(indicated by the absence of longitudinal flow [79]) and the “longitudinal flow” [25] as a

compensatory homeostatic mechanism that occurs exclusively in disturbed endolymphatic

fluid (indicated by longitudinal flow when endolymph volume [76] or perilymphatic-

endolymphatic gradients are altered [77]); however, experimental evidence for these

proposed mechanisms of endolymph homeostasis is sparse. The longitudinal endolymph

flow in vivo was extremely low in the normal animal [79] but could be induced by

experimental manipulations [77,76]. Conversely, the radial endolymph flow has never been

demonstrated experimentally. Large radial currents have been demonstrated [100] and it is

widely accepted that major ions, such as K+, are recycled [87]; however, volume flows

associated with local ionic circulation are thought to be minimal and hence endolymph is not

secreted in volume. Moreover, no molecular determinants in the cells of the cochlear duct

epithelium have been described that account for endolymph volume movements.

Here, we propose that bidirectional longitudinal endolymph movements generated under

conditions of an endolymph volume disturbance (as demonstrated experimentally in vivo

[77]) are induced by osmotic bulk water flow out of (apically directed endolymph flow,

Figure 9B) and into (basally directed endolymph flow, Figure 9C) the endolymphatic fluid

compartment through the AQP-facilitated water shunt in the cochlear apex at the

helicotrema (Figure 10A and 10B). The AQP-facilitated water shunt thereby enables OSCs

in the cochlear apex to function to secrete and resorb endolymph as postulated in previous

studies using this cell type [83,2, reviewed in 34]; these results support the contribution of

longitudinal flow to endolymph homeostasis in the cochlea.

Putative pathophysiological significance of the aquaporin-facilitated water shunt in outer
sulcus cells in disturbed inner-ear-fluid homeostasis (e.g., Ménière’s disease)

The disturbance of longitudinal endolymph flow is regarded as an essential component of

the formation of EH. As idiopathic EH is an obligatory histopathological finding in

Ménière’s disease [97,26], the disturbance of longitudinal endolymph flow has been

considered a critical component of the aetiology of this inner ear affliction. In attempts to

identify the underlying cause of Ménière’s disease, the results of numerous morphological

and functional studies pointed to the ES as the main site causing the disturbance of

endolymphatic-volume homeostasis [62,40,25,55]; however, a failure in active secretion

and/or resorption of the endolymph by the ES fails to conclusively explain morphological

and functional alterations localised in the cochlear apex of Ménière’s disease animal models

and temporal bone specimens derived from Ménière’s disease patients. For example in post

mortem human temporal bone specimens, EH in the apical turn of the cochlea is the first

histopathomorphologic sign and was observed in each of the 95 cases investigated in a study

by Pender [71]. Later during disease progression, EH becomes most severe in the cochlear

apex and further extends to other portions of the membranous labyrinth [67,71].

Furthermore, degenerative changes in sensory and neural elements, as well as functional

impairment (i.e., low-frequency hearing loss), primarily manifest in the cochlear apex.
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These pathological abnormalities were attributed to chronic alterations in the local fluid

environment of the cochlear apex [81]. Ménière’s disease-specific abnormalities in the

cochlear apex that explain these morphological and functional impairments have not yet

been described at the molecular level.

Recently, molecular-epidemiologic studies investigating the association of AQP5 gene

polymorphisms with susceptibility to Ménière’s disease [5,65] identified a single-nucleotide

polymorphism (SNP) in the AQP5 gene (rs3736309) that was associated with a reduced risk

of Ménière’s disease [65]. In other studies, carriers of the same SNP were shown to have a

reduced risk of chronic obstructive pulmonary disease (COPD) [64,28]. Serious symptoms

of COPD are mucus hypersecretion and lung oedema, indicating the pathophysiological

significance of airway submucosal gland epithelia (secreting most of the airway mucus) and

the distal lung epithelium (reabsorbing the alveolar fluid) in COPD. In both airway epithelia,

AQP5 expressed in the apical membranes determines the rate-limiting barrier for

transepithelial fluid transport [86,56]. These findings suggest a protective effect of the

AQP5 SNP against lung-fluid imbalances caused by AQP5-dependent transepithelial water

permeation in COPD. Analogously, in the cochlea, the AQP5 SNP most likely alters the

water permeability of the AQP4/AQP5 water shunt in OSCs of the cochlear apex and may

therefore prevent EH formation and hence reduce the risk for Ménière’s disease. These

epidemiologic studies, in conjunction with the molecular and in silico functional

characterisation of the AQP4/AQP5 water shunt in OSCs in this study, imply that it has a

role in the pathophysiology of EH formation and Ménière’s disease. Furthermore,

pharmacological interventions aimed at the AQP4/AQP5 water shunt in the cochlear apex

may form a basis for future medical therapies in Ménière’s disease.

In conclusion, we showed that in the mammalian cochlea the diffusive (PD) and osmotic (Pf)

water permeability coefficients of the entire cochlear duct epithelium indicate aqueous-pore

mediated transepithelial water permeation between the endolymph and perilymph. We

further identified a high-transfer region for osmotic water flow between the endolymph and

perilymph in the cochlear apex, constituted by an epithelial subdomain of outer sulcus cells

that express the water channel proteins AQP4 and AQP5 in their basolateral and apical

membranes, respectively. Bulk water flow across this AQP-water shunt putatively drives

osmotically induced longitudinal endolymph flows and may be of pathophysiologic

significance in the generation of endolymphatic hydrops in Ménière’s disease.
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Abbreviations

AOSC membrane area of OSCs that co-express AQP4 in their apical membranes

and AQP5 in their basolateral membranes (μm2)

AST/SM water-permeated surface area of supporting cells of the organ of Corti

(μm2)

ASV/SM water-permeated surface area of Reissner’s membrane (μm2)

ASV+ST/SM water-permeated surface area of the entire cochlear duct (μm2)

AQP aquaporin

α time constant

CCs Claudius cells

Cl− chloride

C*
0 final concentration of THO (tritiated water) in the perilymph (mol·l−1)

C*
e THO (tritiated water) concentration in endolymph

Δc osmotic gradient between perilymph and endolymph (mol·l−1)

DAPI 4′,6-diamidino-2-phenylindole

EDTA ethylene-diamine-tetra-acetic acid

EH endolymphatic hydrops

ES endolymphatic sac

H2O water

Jv - Area transepithelial volume outflow from endolymph that induced shrinkage of

the endolymphatic compartment (cm3·s−1)

Jv - Movement transepithelial volume outflow from endolymph that induced longitudinal

endolymph flow (cm3·s−1)

K+ potassium

mOsm milliosmole

Na+ sodium

NDS normal donkey serum

OSCs outer sulcus cells

PD diffusional water permeability coefficient (m·s−1)

Pf osmotic water permeability coefficient

P′ rate constant of perilymphatic-endolymphatic THO exchange (min−1;

according to [4]) P″, rate constant of endolymphatic water extrusion

(min−1, according to [4])

PBS phosphate-buffered saline
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PEB perilymph-endolymph barrier

PFA paraformaldehyde

SIArea endolymphatic solute (TMA+) increase induced by shrinkage of the

endolymphatic compartment (according to [5])

SIMovement endolymphatic solute (TMA+) increase induced by longitudinal

endolymph flow (according to [5])

SM scala media

SP spiral prominence

ST scala tympani

ST/SM experimental model with THO perfusion of ST to determine P′ for OC

SV scala vestibuli

SV/SM experimental model with THO perfusion of SV to determine P′ for RM

SV+ST/SM experimental model with THO perfusion of SV and ST to determine P′ for

the entire CDE

t time (min)

THO tritiated water

TMA+ tetramethylammonium

Ve endolymph volume (μl)

Vw partial molar volume of water (18 cm3·mol−1)
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Figure 1.
Three-dimensional (3D) reconstruction of orthogonal-plane fluorescence optical sectioning

(OPFOS) data from the guinea pig cochlea to demonstrate the anatomical relations of the

cochlear fluid spaces. (A) 3D reconstruction of the endolymphatic space in the scala media

(SM) and the perilymphatic spaces in the scala tympani (ST) and scala vestibuli (SV). (B)

Schematic cross-sectional view of the guinea pig cochlear duct in the half-turn V. The

cochlear duct epithelium (orange) and interepithelial tight-junctions constitute the cochlear

“perilymph-endolymph barrier (PEB, red line) that encloses the endolymph in the SM. Two

partitions of the cochlear PEB, namely Reissner’s membrane (RM) and the organ of Corti

(OC), directly separate the endolymph in the SM from the perilymph in the SV and ST. The

stria vascularis (SV) does not form a direct epithelial barrier between the cochlear fluid

compartments of SV, SM and ST. In the inlay *, the position of the outer sulcus cells

(OSCs) in the cochlear duct epithelium is illustrated.
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Figure 2.
Experimental models for the determination of diffusional perilymphatic-endolymphatic

water exchange in the in vivo experimental study by Konishi et al. [43]. (A) In the SV

+ST/SM model, both perilymphatic scalae, namely the scala vestibuli (SV) and the scala

tympani (ST), of the adult guinea pig cochlea were perfused with a fluid (P) containing

tritiated water (THO). A cochleostomy in the helicotrema region served as an outlet for the

perfusion fluids. Transepithelial THO diffusion into the endolymphatic fluid compartment of

the scala media (SM) occurred across the cochlear perilymph-endolymph barrier (PEB)

between the SV and SM, as well as between the ST and SM. THO concentrations in the SV,

ST, and SM were measured 7 min after the initiation of perilymphatic perfusion (the

diagram shows the relative THO concentrations in the perfusion fluid (100%) and the

cochlear scalae; more intense shades of grey in the diagrams indicate higher THO

concentrations). (B) In the SV/SM model, the SV was perfused with THO, while artificial

perilymph (AP) was injected into the ST. THO diffused from the SV to the SM across the

portion of the cochlear PEB that is interposed between these two fluid compartments (i.e.,

Reissner’s membrane). (C) In the ST/SM model, the ST was perfused with THO and the SV

was rinsed with AP. THO diffused from the ST to the SM across the portion of the cochlear

PEB that separates the ST and SM (i.e., the epithelial boundary on the basilar membrane).

Adapted from [43] with permission from the publisher, Elsevier.)
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Figure 3.
Mechanisms of endolymphatic volume marker increase during perilymphatic perfusion with

hypertonic media in the in vivo experimental study of Salt, DeMott [77]. Hypertonic (400

mOsm (kg·H2O)−1) perfusion of the perilymphatic scalae (scala vestibuli, SV; scala

tympani, ST) in the adult guinea pig cochlea induced osmotic volume changes of the

endolymph in the scala media (SM). These volume changes were quantified by Salt, DeMott

[77] by measuring the concentration change of the ionic volume marker

tetramethylammonium (TMA+) after its iontophoretic injection into the endolymph prior to

hypertonic perilymphatic perfusion. Salt and DeMott identified two different mechanisms

that accounted for the increase in endolymphatic TMA+, i.e., shrinkage of the

endolymphatic compartment ((A) and (B), area; TMA+ increased by 22.1%) and apically

directed longitudinal flow of TMA+-loaded endolymph ((A) and (B), movement; TMA+

increased by 12.29%). As the epithelial boundary of the cochlear duct is nearly impermeable

to TMA+, the induced endolymphatic TMA+ increase can be attributed to a loss of

endolymph volume that was proportional to the measured TMA+ increase. DR, ductus

reunions; adapted from [77] with permission from the publisher, Elsevier.
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Figure 4.
Determination of surface areas of the cochlear perilymph-endolymph barrier (PEB) on the

adult guinea pig cochlea. (A) Overview of an azan-stained lateral (midmodiolar) section of

the adult guinea pig cochlea. The width (radial length) of Reissner’s membrane (RM)

separating the SV from the SM (‡, dotted line) and the width of the apical surface of the

organ of Corti (OC) separating the ST from the SM (‡, dashed line) were measured in all

eight cochlear half-turns (WI-WVIII) (H, helicotrema; *, apical end of the cochlear duct). (B)

The baso-apical (longitudinal) length of RM and that of the OC were determined for each

cochlear half-turn based on orthogonal plane fluorescence optical sectioning (OPFOS) data

of the adult guinea pig cochlea, derived from Hofman et al. [31]. An OPFOS-based

projection of the cochlear spiral in the XY plane ((B), adapted from Hofman et al. [31] with

permission from the corresponding author and the publisher, Wiley-Blackwell) was used to

measure the longitudinal length of the eight cochlear half-turns (lI-lVIII) and the hook region

(lh). (C) Results of width and length measurements determined in (A) and (B). Scale bars:

(A) 500 μm; (A, ‡) 100 μm.
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Figure 5.
Complementary localisation of AQP4 and AQP5 in the apical and basolateral membranes of

outer sulcus cells (OSCs) in the adult guinea pig cochlea. (A) The outer sulcus region in all

eight cochlear half-turns (I–VIII) from azan-stained sections of the adult guinea pig cochlea.

In cochlear half-turns I–V, the epithelial lining of the endolymphatic space in the outer

sulcus region is formed by Claudius cells (CCs, black dotted lines mark the apical surface of

CCs) and epithelial cells of the spiral prominence (SP, black broken lines mark the apical

surface of SP epithelial cells). In these basal half-turns, OSCs are covered by CCs and the

SP epithelial cells and therefore have no direct contact with endolymph. In contrast, in half-

turns VI–VIII, OSCs are interposed between CCs and SP epithelial cells and thus are a

direct constituent of the PEB. (B) Confocal images of immunofluorescence labelling of

AQP4 (red) and AQP5 (green) in the outer sulcus region of the adult guinea pig cochlea. In

half-turns I–VI, AQP4 labelling was detected in the basal membranes of CCs (white

arrows). No immunoreactivity for AQP4 and AQP5 was detected in the OSCs of these half-

turns. In half-turn VII, AQP4 labelling was observed in the basal membranes of CCs (white

arrow), and OSCs showed AQP4 labelling in their basolateral membranes that enwrap their

root processes (*, white arrowheads) but were devoid of AQP5 labelling. In the most apical

half-turn (VIII), OSCs exhibited AQP4 labelling in their basolateral membranes (inlay *,

white arrowheads) and AQP5 labelling in their apical membranes (inlay *, hollow

arrowheads). The radial length of the apical membranes of OSCs in half-turn VIII that

exhibited immunolabelling for AQP4 and AQP5 was measured as 56.19 ± 2.47 μm (VIII,
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white dotted line; n = 3). (C) Representative images of AQP4 (red) and AQP5 (green)

immunolabelling on whole-mount preparations of the lateral wall in the half-turns I, IV and

VIII that were used for baso-apical length measurements of AQP4 and AQP5 expression in

OSCs. In the half-turns I and IV, AQP4 labelling was detected in CCs (white arrows). In the

half-turn VIII, OSCs exhibited a polarised labelling of AQP4 (white arrowheads) and AQP5

(hollow arrowheads) in the basolateral root processes and at the apical side of the cells,

respectively: (D) Quantification of the baso-apical length of AQP4 and AQP5 labelling in

the outer sulcus region on whole-mount preparations of the cochlear lateral wall from each

of the eight half-turns (I–VIII). AQP4 labelling in CCs was observed throughout the entire

length of the whole-mount preparations. In OSCs, AQP4 labelling was restricted to a baso-

apical length of 928.64 ± 34.68 μm (n = 3) in half-turn VII and 827.04 ± 10.95 μm (n = 3) in

half-turn VIII. Additionally, in half-turn VIII, AQP5 labelling was detected in OSCs that

also exhibited AQP4 labelling in their root processes along a baso-apical length of 749.86 ±

173.76 μm (n = 3). (†, the length of the entire cochlear lateral wall was derived from [31]; ‡,

the baso-apical length of AQP4 labelling in CCs was set equal to the total length of the

lateral wall because we did not observe a baso-apical gradient of AQP4 labelling in CCs).

Scale bars: (A and B) 20 μm, (C) 10 μm.
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Figure 6.
Simulations of time-dependent diffusional THO dispersal in the cochlear fluid

compartments during perilymphatic tracer perfusion using the Cochlear Fluids Simulator

(V. 1.6i). The program settings used for the simulations were adapted from the three

experimental models SV+ST/SM, SV/SM, and ST/SM ([43]; Figure 2) and are provided in

Table 3. (A–C) Simulations of the time-dependent THO dispersal in the perilymphatic and

endolymphatic scalae during 10 min of perilymphatic THO perfusion in the SV and ST ((A),

SV/SM), SV ((B), SV/SM), and ST ((C), ST/SM). Data points of endolymphatic THO

concentration after 7 min (*) were obtained from in vivo experiments [43] and were used to

fit the curve of endolymphatic THO concentration change by adjusting the parameter “scala-

scala communication” (Table 3). (D–F) Simulation settings from (A–C) were applied to

simulate the steady-state conditions of THO dispersal during 100 min of perilymphatic

perfusion in the models SV+ST/SM (D), SV/SM (E), and ST/SM (F). (G–I) Curves of

endolymphatic THO concentrations from D–I (black lines) were used for regression

analyses based on equation (2). The obtained regression curves that best fit the simulation

data are shown as red square lines. In (G), the in vivo measured data points of

endolymphatic THO concentration (grey squares) and the corresponding regression line

(grey line) derived from Konishi et al. [43] are shown. A comparison of the regression curve

that was based on our in silico simulations (red square line) with the regression line derived
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from empirical data (grey line) revealed an almost identical slope and a similar plateau

under steady-state conditions of both curves.
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Figure 7.
Results for calculated diffusional (PD) and osmotic water permeability coefficients (Pf) of

Reissner’s membrane (RM; PEB between the SV and SM), the organ of Corti (OC; PEB

between the ST and SM), the entire cochlear duct epithelium (CDE; entire cochlear PEB),

and the apically located OSCs, which exhibited complementary membranous localisation of

AQP4 in the basolateral membrane and AQP5 in the apical membrane. Y-axis on the

logarithmic scale.
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Figure 8.
(A) Comparison of transepithelial diffusional (PD) and osmotic water-permeability (Pf)

coefficients of AQP-expressing endo-/epithelia, including the values of the entire cochlear

duct epithelium and the AQP4/5-expressing outer sulcus cells in the cochlear apex that were

determined in this study. The Pf/PD ratios were calculated in this study. Y-axis on the

logarithmic scale; references are given in the figures.
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Figure 9.
Hypothetical mechanisms of osmotically induced, AQP4- and AQP5-dependent

transepithelial water flow in the cochlear apex and the effect of this flow on longitudinal

endolymph flow. (A) In the in vivo experiments by Salt, DeMott [77], perfusion of the scala

tympani (ST) and the scala vestibuli (SV) with a solution that was iso-osmotic to the

endolymph (306 mOsm (kg·H2O)−1) had no effect on endolymph volume or longitudinal

endolymph flow in the scala media (SM). (B) Hyperosmotic (400 mOsm (kg·H2O)−1)

perilymphatic perfusion induced shrinkage of the endolymphatic compartment, presumably

via osmotically induced transepithelial water outflow along the entire cochlear duct

epithelium. Moreover, the longitudinal endolymph flow was into the blind-ending apex of

the cochlear duct. This longitudinal flow can be explained by a bulk outflow of water from

endolymph across the PEB in the cochlear apex, facilitated by AQP5 in the apical

membranes and AQP4 in the basolateral membranes of OSCs in direct contact with the

endolymph. (C) When the perilymphatic perfusion solution was changed back to 306 mOsm

(kg·H2O)−1, a partial recovery of endolymph volume was measured by Salt, DeMott [77].

This endolymphatic volume increase was potentially induced by transepithelial water inflow

along the entire cochlear duct epithelium in response to a reversed perilymphatic-

endolymphatic gradient (volume outflow in (C) led to an increase in the levels of
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endolymphatic osmolytes (> 306 mOsm (kg·H2O)−1)). Consequently, the observed basally

directed longitudinal endolymph flow during rehydration of the endolymphatic space [77]

may be based on the osmotically induced transepithelial bulk inflow of endolymph through

AQP4 and AQP5 in the membranes of OSCs in the apex of the cochlear duct epithelium

(DR, ductus reuniens).
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Figure 10.
Anatomical localisation of the AQP-water shunt in OSCs, illustrated in an orthogonal-plane

fluorescence optical sectioning (OPFOS)-based three-dimensional reconstruction of the

helicotrema region in the adult guinea pig cochlea. The AQP-water shunt (red outline)

communicates along a distance of 804.31 ± 73.28 μm with the endolymph in the scala media

(SM; green outline) and with the perilymph at the confluence of the scala vestibuli (SV;

light blue outline) and the scala tympani (ST; dark blue outline) in the helicotrema. Scale

bar: 500 μm.
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Table 1

Results from baso-apical length measurements of AQP4 and AQP5 and AQP 5 radial width

immunofluorescence in OSCs in the half-turns VII and VIII of the adult guinea pig cochlea.

baso-apical length of AQP4-IF (μm) baso-apical length of AQP5-IF (μm) radial width of AQP5-IF (μm)

half-turn VII

Specimen 1 904.12 - -

Specimen 2 953.16 - -

Specimen 3 933.74 - -

Mean value 930.34 - -

SD 24.70 - -

half-turn VIII

Specimen 1 834.78 726.99 60.23

Specimen 2 819.30 872.73 57.93

Specimen 3 801.75 813.22 54.44

Mean value 818.61 804.31 57.53

SD 16.53 73.28 2.92

Measurements were taken on three specimens (1–3) derived from three independent animals. IF, immunofluorescence; SD, standard deviation.
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Table 2

Results of nonlinear regression analyses for the simulated time-dependent endolymphatic THO concentration

change in the experimental models SV/SM, ST/SM, and SV+ST/SM.

SV/SM ST/SM SV+ST/SM in vivo SV+ST/SM (Konishi et al., 1984)

P′ (min−1) 0.691 0.499 0.869 0.85

P″ (min−1) 0.938 0.940 0.898 0.9

α (min−1) 0.504 0.435 0.549 0.4

The variables P′ (rate constant of THO exchange between the perilymph and endolymph), P″ (rate constant of endolymphatic water extrusion), and
α (time constant) are given in equation (2).
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Table 3

In vivo experimental parameters in the study by Konishi et al. [43] and their adaption in the present study for

in silico simulations using the Cochlear Fluids Simulator (V 3.080).

Konishi et al. (1984) Cochlear Fluids Simulator (V 1.6i, modified)

species guinea pig guinea pig

tracer substance (TS) THO THO (MW: 22.0315)

TS – diff.-coeff. 2.3004 × 10−5 cm2·s−1

TS – conc. in perfusate 2 μCi ml−1 (normalised to 100%) 100%

TS – perfusion rate 8 μl·min−1 8 μl·min−1

TS – perfusion period 3 – 20 min 0 – 120 min

TS – entry site basal turn basal turn (0.1 mm from base)

TS – exit site helicotrema apical end of SV (15.5 mm from base) and ST (16.2 mm from base)

TS – method of conc. measurements endolymph sampling continuous measurements

location of measurement SM (basal turn) SM, SV, ST (1 mm from base)

scala-scala communications* –
SV-SM = 2.2 min
ST-SV = 9999 min
ST-SM = 4.6 min

scala-blood communications* –
SV-blood = 1.6 min
ST-blood = 1.6 min
SM-blood = 15 min

Software settings and parameters that are not explicitly mentioned were applied in the standard configuration.

*
, software parameters defined on the basis of experimental data from [43].
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