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Abstract 

 

Interleukin 1-beta upregulates Na+-K+-Cl- cotransporter 

in human middle ear epithelial cells. 

 

Jung-Lim Kim 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Joo-Heon Yoon) 

 

Disruption of periciliary fluid homeostasis is the main pathogenesis of 

otitis media with effusion (OME), which is one of the most common 

childhood diseases. Although the underlying molecular mechanisms are 

unclear, it has been suggested that the altered functions of ion channels and 

transporters are involved in the fluid collection of middle ear cavity of OME 

patients. In the present study, we analyzed effects of the inflammatory 

cytokine Interleukin-1ß(IL-1ß) on Na+-K+-2Cl-- cotransporter 1 (NKCC1) in 

human middle ear cells. Intracellular pH (pHi) were measured in primary 
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cultures of normal human middle ear epithelial (NHMEE) cells using a double 

perfusion chamber, which enabled us to analyze membrane-specific 

transporter activities. NKCC activities were estimated by the pHi reduction 

due to bumetanide-sensitive intracellular uptake of NH4
+. In addition, 

transepithelial fluid transport was measured with or without bumetanide-

treatments. NKCC activities were observed in the basolateral membrane, but 

not in the luminal membrane of NHMEE cells. Correspondingly, 

immunoblotting of membrane-cultured NHMEE cells revealed the expression 

of NKCC1 on the basolateral membrane. Interestingly, IL-1ß treatments 

augmented the basolateral NKCC activities and increased NKCC1 expression. 

In addition, IL-1ß stimulated bumetanide-sensitive fluid transport in NHMEE 

cells. Furthermore, NKCC1 expression was increased in middle ear cells from 

the patients with OME when compared to samples from control individuals. 

The above results provide comprehensive evidence that the inflammatory 

cytokine IL-1β upregulates NKCC1 in the middle ear epithelial cells, which 

would be one of the important underlying mechanisms of fluid overcollection 

in patients with OME. 

______________________________________________________________ 

Key words : Na+-K+-Cl- cotransporter, interleukin 1-beta, bumetanide, 

ouabain, BaCl2, fluid transport
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ⅠⅠⅠⅠ. INTRODUCTION 

Maintaining a fluid-free middle ear cavity is a critical feature in the 

physiology of middle ear, which allows the transmission of sound vibrations 

from the eardrum to the inner ear. Epithelial cells lining middle ear cavity are 

a respiratory type epithelium and play an important role in maintaining fluid-

free space by regulating periciliary fluid volume.1 Disruption of periciliary 

fluid homeostasis has been thought to be one of main pathogenesis of otitis 

media with effusion (OME), which is one of the most common childhood 

diseases.2 Although many evidences3-5 indicated that ion channels and 

transporters are involved in the fluid transport and periciliary fluid volume 
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regulation, the exact underlying molecular mechanisms need to be determined. 

Recent evidence suggests that the activities of basolateral Na+-K+-Cl- 

cotransporter (NKCC) are the rate-limiting step of ion and fluid secretions in 

Cl--secreting epithelia including airway epithelia.13, 14 It is reported that 

middle ear epithelium possess characteristics of Cl- secreting epithelia in a 

study using short-circuit current measurements.3 NKCCs are a member of 

cation-chloride cotransporter family, which have 12 membrane-spanning 

domains 6, and now have been identified in many mammalian and non-

mammalian tissues.7, 8 They represent electroneutral transport systems with a 

presumed stoichiometry of 1 Na+:1 K+:2 Cl- driven by the sum of the 

gradients of Na+, K+ and Cl-. NKCCs serve a number of vital physiological 

functions including cell volume regulation11 and cell proliferation.12 Two 

isoforms of NKCC have been identified in human so far, NKCC1 and NKCC2. 

Among them, NKCC1 has been demonstrated to be expressed in Cl- secreting 

epithelia such as salivary gland, intestine and human nasal epithelia where it 

is confined to the basolateral membrane, and is therefore considered to the 

secretory isoform of the transports.9 The second isoform NKCC2 appears to 

be expressed only in the thick ascending limb of Henle’s loop in the kidney, 

located in the apical membrane, and represents the absorptive isoform.10  

Recently, accumulating evidences showed that cytokines can modulate 
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ion channels and transporters in various epithelia.15-17 Inflammatory cytokines 

such as TNF-α and IL-1ß inhibit fluid absorption by suppression of Na+ 

channel in airway epithelial cells.15, 16 Cytokines also stimulate Cl- secretion 

by activating Ca2+-activated Cl- channel in airway epithelia.17 However, the 

effect of inflammatory cytokine on NKCC activity has not been studied. IL-1ß 

is one of the important cytokines in the inflammatory process 18, and increased 

levels of IL-1ß have been reported in the effusion of otitis.19 Since the activity 

of NKCC is critical for Cl--driven fluid secretions, we hypothesized that IL-1ß 

may modulate NKCC in middle ear epithelial cells. 

In the present study, we analyzed the effects of IL-1ß on NKCC in 

middle ear cells. NKCC activities were observed in the basolateral membrane 

of primarily cultured normal human middle ear epithelial (NHMEE) cells, and 

immunoblotting using specific antibodies revealed the expression of NKCC1 

on the basolateral membrane of NHMEE cells. Interestingly, IL-1ß increased 

the basolateral NKCC activity and the expression of NKCC1. In addition, IL-

1ß stimulated bumetanide-sensitive fluid transport in NHMEE cells. 

Furthermore, NKCC1 expression was increased in middle ear cells from the 

patients with OME when compared to samples from control individuals. 

These findings provide a new insight into understanding the pathogenesis of 

otitis media and offer new modalities in developing cytokine- or NKCC-based 
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treatments for diseases showing middle ear effusions. 

 

ⅡⅡⅡⅡ. MATERIALS AND METHODS 

1. Chemicals and Solutions 

The pH-sensitive fluorescent probe, 2', 7'-bis(2-carboxyethyl)-5(6)-

carboxyfluorescein acetoxymethyl ester (BCECF-AM) was purchased from 

Molecular Probes (Eugene, OR), and ammonium gluconate was from Pfaltz & 

Bauer (Waterbury, CT). All other chemicals including ouabain, bumetanide 

and BaCl2 were purchased from Sigma. The standard HEPES-buffered 

perfusate was termed solution A and contained (in mM) 140 NaCl, 5 KCl, 1 

MgCl2, 1 CaCl2, 10 D-glucose, and 10 HEPES (pH 7.4 with NaOH). The Na+-

free solution B was prepared by replacing Na+ with N-methyl-D-glucamine+ 

in solution A (pH 7.4 with Tris). The Cl--free solution C contained (in mM) 

140 Na+-gluconate, 5 K+-gluconate, 1 MgSO4, 9.3 hemicalcium cyclamate, 10 

D-glucose, and 10 HEPES (pH 7.4 with NaOH). In the measurements of NH4
+ 

uptake, 20 mM Na+ or N-methyl-D-glucamine+ was replaced with equimolar 

NH4
+ using NH4Cl or NH4

+-gluconate in each solution. The osmolarity of all 

solutions was adjusted to 310 mosM with the major salt prior to use.  
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2. Culture of NHMEE Cells 

Primary cultures of NHMEE cells were prepared as described 

previously.20 All procedures were approved by the Institutional Review Board 

of Yonsei Medical Center. Passage-2 NHMEE cells were plated on a 

collagen-coated semipermeable membrane with a 0.45-µm pore size 

(Transwell-clear; Costar Co., Cambridge, MA) at a density of 1.0 x 104 

cells/cm2 for intracellular pH (pHi) measurement. The cells were maintained in 

a 1:1 mixture of bronchial epithelial growth medium and Dulbecco's modified 

Eagle's medium containing 10% fetal bovine serum and all supplements.21 

Membranes bearing cultured cells (culture area, 0.3 cm2) were floated on the 

culture medium in Petri dishes and incubated for 4–5 days until  the cells 

formed a functionally polarized monolayer. 

 

3. Measurements of Intracellular pH (pHi) and NKCC Activity 

pHi
 was measured in the monolayers using the pH-sensitive fluorescent 

probe BCECF. Cells were loaded with BCECF for 10 min at room 

temperature in solution A containing 2.5 µM BCECF-AM and mounted in the 

miniature Ussing chamber. BCECF fluorescence was recorded and calibrated 
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using a previously described protocol.22 Briefly, the fluorescence at excitation 

wave-lengths of 490 and 440 nm was recorded using a recording setup (Delta 

Ram; PTI Inc., Lawrenceville, NJ), and the 490/440 ratios were calibrated 

intracellularly by perfusing the cells with solutions containing 145 mM KCl, 

10 mM HEPES, and 5 µM nigericin with the pH adjusted to 6.2–7.6.  

NKCC activity was estimated from the pHi
 decrease caused by the 

intracellular uptake of NH4
+ using the methods of Evans and Turner 23 

with a minor modification. As shown in Fig. 1A, when challenged with 

20 mM NH4Cl solutions, cells were rapidly alkalinized (0–2 s) due to 

the intracellular diffusion of NH3. However, if the cells have NH4
+-

transporting machineries, the pHi of the cells would be decreased due to 

the intracellular uptake of NH4
+ (see Fig. 1B). As detailed in Results, 

most of the intracellular NH4
+ uptake measured in BaCl2 (5 mM)- and 

ouabain (100 µM)- containing perfusates was a function of NKCC in 

NHMEE cells. Typically, the first 10–40 s of the initial linear portion of 

the pHi decreases due to BaCl2- and ouabain-insensitive intracellular 

NH4
+ uptake (shorter times were used for more rapid decreases) was 

fitted to a linear equation using the Felix software (version 1.4; PTI 

Inc.) 
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4. Fluorescent immunohistochemistry  

Fully differentiated passage-2 NHMEE cells were grown on a transwell 

clear culture inserts (Costar, Cambridge, MA) on the air-liquid interface for 2 

weeks after confluence. Fluorescent immunohistochemistry was done by 

using an anti-NKCC1 antibody. Briefly, cells were fixed with 4% 

paraformaldehyde for 24 hours, cryoprotected with sucrose, and stored in a 

deep freezer until required. Frozen samples were then sectioned at 10 µm and 

were exposed to NKCC11-P (rat NKCC1 control peptide) (Alpha Diagnostic 

International, San Antonio, TX, USA)at 1:500 dilutions. After an 1 h 

incubation in a humid chamber, NHMEE cells were washed 3 times for 10 

minutes with PBS. The sections were then incubated with fluorescein 

isothiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulin G 

secondary antibody (1:200, Jackson Immunoresearch, PA) for 30 mim in a 

dark room, washed with PBS, and mounted with 10 µL glycerol. Images were 

obtained with a Zeiss LSM 510 confocal microscope. The specificity of 

immunostaining was verified using blocking peptide for anti-NKCC antibody. 

 

5. Immunoblotting 

NHMEE cells were grown to confluence in 6-well plates. The cells were 

lysed with 2x sample buffer (250 mM Tris-Cl, 2% SDS, 0.1 mol/liter 
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dithiothreitol, 0.02% bromphenol blue, 10% glycerol, pH 6.5). Equal amounts 

of whole cell lysates were resolved by 6% SDS-PAGE and transferred to a 

polyvinylidene difluoride membrane (Millipore, Bedford, MA). Membranes 

were blocked with 5% skim milk in Tris-buffered saline (TTBS, 50 mM Tris-

Cl, pH 7.5, 150 mM NaCl) for 2 h at room temperature. The membrane was 

then incubated overnight with T4 monoclonal antibody (Developmental 

Studies Hybridoma Bank, Iowa City, IA) in TTBS (0.5% Tween 20 in Tris-

buffered saline). After washing with TTBS, the blot was further incubated for 

45 min at room temperature with appropriate secondary antibody in TTBS and 

then visualized using the ECL system (Amersham Biosciences).  

To evaluate in vivo expression of NKCC1, five pooled samples of 

middle ear epithelial cells, each from 4-5 patients, were obtained by 

harvesting from 21 OME patients during Type II ventilation tube insertion. 

Two pools of normal middle ear mucosa are also harvested from 9 patients 

during cochlear implantation who have sensory neural hearing loss. Epithelial 

cells from the middle ear mucosa were isolated by treatment with 1% Pronase 

(type XIV protease; Sigma Chemical Co., St.Louis, MO) for 18–20 h at 4°C. 

In order to remove fibroblasts, endothelial cells, and muscle cells, isolated 

cells were placed in a plastic dish and incubated for 1 h at 37°C. Isolated 

epithelial cell clusters were digested into single cells by incubating them with 
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0.25% trypsin:EDTA, and then used for immunoblotting. 

 

6. Measurement of fluid absorption capacity 

To evaluate the fluid transport activity across the NHMEE cells, we 

measured remained volume after application of 100µl of fluid to the luminal 

side.25 Briefly, NHMEE cells were cultured in a 12 well-sized Costar 

Transwell insert for at least 35 days as previously described (37 °C, 5% CO2 

in a humidified atmosphere). The luminal surface at air-liquid interface of 

fully differentiated NHMEE cells was washed with PBS three times and the 

surface liquid was completely aspirated. Then, 100 µl of Krebs bicarbonate 

Ringer (KBR) solution containing 2% blue dextran (BD), a cell-impermeant 

fluid volume marker dye, was added. After 1, 4, 8, 12, 24 and 48 h 

incubations in the humidified chamber, microaliquots (2–5µl) of luminal 

liquid were sampled. BD concentration was measured optically and remaining 

fluid volume was calculated as previously described.25 

 

7. Statistical Analysis   

The results of multiple experiments are presented as means ± S.E. 

Statistical analysis was carried out by analysis of variance or Student's t test as 

appropriate. p < 0.05 was considered statistically significant.  
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ⅢⅢⅢⅢ. RESULTS 

1. NH4
+ transport in NHMEE cells 

NKCC activities were measured using NH4
+ as a K+ surrogate. As an 

initial step, NH4
+ transport in the luminal and the basolateral membranes of 

polarized NHMEE cells was measured. The basal pHi of NHMEE cells was 

7.12 ± 0.06 in Hepes-buffered solution A, and the application of 20 mM 

NH4Cl to the luminal side evoked an increase in pHi followed by a sustained 

pHi increase (Fig. 1A). These results indicate that only NH3 can pass through 

the luminal membrane of NHMEE cells. At pH 7.4 and 37 °C, 20 mM NH4Cl 

solution contains about 0.6 mM NH3 (pKa ; 8.9). The charged NH4
+ ion 

cannot pass through the lipid bilayer of plasma membrane, whereas nonpolar 

NH3 can freely diffuse into the cells. When it enters the cells, NH3 rapidly 

converts into NH4
+ by picking up H+ until equilibrium is reached. Therefore, 

pHi increases due to a reduced H+ concentration. However, if the cell 

membrane expresses an NH4
+-transporting process, NH4

+ can directly enter 

the cells and decrease pHi since NH4
+ donates H+ to achieve equilibrium with 

NH3. Interestingly, applications of 20 mM NH4Cl to the basolateral side 

induced a rapid pHi decrease, which suggests that the basolateral membranes 

of NHMEE cells have strong NH4
+-transporting activities (Fig. 1B). The 
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average value of the initial pHi reduction caused by basolateral challenge with 

20 mM NH4Cl was 0.281± 0.012 ∆pH unit/min. 

A                          B 

Fig. 1. NH4
+ transport in the luminal and the basolateral membranes of 

NHMEE cells. The pHi of NHMEE cells was measured using BCECF as 

described in Experimental Procedures. The membrane-specific NH4
+-

transporting activities of polarized NHMEE cells were analyzed using a 

double perfusion chamber with separate applications of NH4Cl (20 mM) to 

the luminal and basolateral sides. A, Application of NH4Cl to the luminal side 

evoked an abrupt increase in pHi followed by a sustained pHi increase. B, 

Application of NH4Cl to the basolateral side induced a rapid decrease in pHi 

indicating the presence of strong NH4
+-transporting activities in the BLM. LM, 

luminal membrane; BLM, basolateral membrane.  
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2. Characterization of the basolateral NH4
+-transporting mechanisms 

To date, several transporters are known to transport NH4
+, particularly 

via K+ binding sites.26 Therefore, we characterized the basolateral NH4
+-

transporting activities of NHMEE cells. As shown in Fig. 2, we first analyzed 

the Na+ and Cl- dependence of the NH4
+-transporting mechanisms. The 

basolateral application of NH4Cl in Na+-free solutions significantly reduced 

NH4
+-transporting activities by 54% compared to results in Na+-containing 

solutions. Interestingly, basolateral NH4
+-transporting activities were 

completely disappeared in Cl- free solution (Fig. 2).  

We further evaluated the characteristics of basolateral NH4
+-

transporting activities using blockers of K+ channels or Na+-, K+-coupled 

transporters (Fig. 3) Inhibition of K+ channels with the non-specific K+ 

channel blocker Ba2+ (5mM) did not affect NH4
+-transporting activities. On 

the other hand, the Na+, K+ ATPase inhibitor ouabain (100 µM) partially 

inhibited the basolateral NH4
+-transport by 26%. Importantly, the addition of 

the NKCC inhibitor bumetanide (100 µM) inhibited the basolateral NH4
+-

transport by 71% (Fig. 3). Therefore, results of inhibitor profiles together with 

the results of ion dependency suggest that bulk of the basolateral NH4
+-

transport is mediated by NKCC in NHMEE cells. Subsequently, the 

expression of NKCC1 in NHMEE cells was verified by 
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immunocytochemistry. Confocal microscopic images using NKCC11-P (rat 

NKCC1 control peptide) antibody revealed that NKCC1 was predominantly 

expressed in the basolateral surface of cultured NHMEE cells.  

A                  B                    C 

D 

 

 

 

 

 

Fig. 2. Na+ and Cl- dependence of the basolateral NH4
+-transporting 

system. The effects of Na+ or Cl- removal on basolateral NH4
+-transport were 

analyzed in NHMEE cells. Representative traces of control, Na+, or Cl- 

removal are presented in A, B and C, respectively, and a summary (each n=6) 

is shown in D. Incubations in Na+-free solutions reduced NH4
+-transport by 
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54% and removal of Cl- abolished the basolateral NH4
+-transporting activity. 

Compositions of solution A, B, and C are detailed in Experimental Procedures. 

*P< 0.05, **P< 0.01, difference from control. 

A 

 

 

 

 

 

B                             C 

 

 

 

 

 

 

Fig. 3. Functional and molecular expression of NKCC1 in NHMEE cells.  

Basolateral NH4
+-transport was measured with solutions containing non-

specific K+ channel inhibitor (BaCl2), Na+/K+ ATPase inhibitor (ouabain), 

and NKCC inhibitor (bumetanide). A, A representative trace showing the 
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effects of BaCl2 (5mM), ouabain (100 M) and bumetanide (100 M). B, 

Summarized results of six experiments. C, Immunolocalization of NKCC1 in 

NHMEE cells using NKCC11-P (rat NKCC1 control peptide) antibody. *P< 

0.05, **P< 0.01, difference from control. 

 

3. Upregulation of NKCC1 by IL-1ββββ treatment 

Accumulating evidence suggests that cytokines are involved in the 

modulation of transepithelial ion transport in various epithelia.15-17 To 

investigate the effects of IL-1β on NKCC, we treated NHMEE cells 

basolaterally with 10 ng of IL-1β for 12 h and measured pHi in response to 

basolateral application of NH4
+ (Fig. 4). Bumetanide-sensitive NH4

+-uptake 

under BaCl2- and ouabain-pretreated conditions was considered as NKCC 

activity. Interestingly, treatment of IL1-β increased the basolateral NKCC 

activity by 112% (Control, 0.170± 0.022 ∆pH unit/min; IL-1β treated, 0.361± 

0.032 ∆pH unit/min).  

Next, protein expression of NKCC1 was investigated in order to 

identify the underlying molecular mechanisms of the IL-1β-induced increase 

of NKCC activity in NHMEE cells (Fig. 5). Protein samples were collected 

after 4, 12, and 24 h-treatment with IL-1β and the expression of NKCC1 was 

compared with samples from non-treated cells. Of interest, IL-1β increased 
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the expression of NKCC1 in a time dependent manner which reached a 

plateau at 12 h after the treatment. 

A                          B 

 

 

 

 

C 

 

 

 

 

 

 

Fig. 4. Augmentation of NKCC1 activity by IL-ββββ treatment. Basolateral 

NH4
+-uptake was measured after IL-1β treatment (10 ng/ml for 12 h). 

Representative traces of control and IL-1β-treated cells are presented in 

panels A and B, respectively. To inhibit non-specific K+ channel- and, Na+/K+ 

ATPase-mediated NH4
+ uptake, BaCl2 (5 mM) and ouabain (100 µM) was 
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pre-added to the basolateral solutions. C, Effects of basolateral IL-1β 

stimulation on NKCC1 was determined by comparing the bumetanide-sensive 

portion of the basolateral NH4
+ uptake (∆pH unit/min). 

 

 

 

 

 

 

NKCC1                                   175 kDa                                                        

 
α-tubulin 

 

Fig. 5. Upregulation of NKCC1 expression by IL-1ββββ treatment. 

Immunoblotting of protein extracts of NHMEE cells after treatment of IL-1β 

for designated times was performed using T4 anti-NKCC1 monoclonal 

antibody. Equal amounts of protein (50 µg) were loaded on to each lane. 

Immunoblotting of α-tubulin was used for the determination of total protein 

loading.  
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4. Augmentation of NKCC-mediated fluid transport by IL-1ββββ treatment 

In order to identify the physiologic impact of IL-1β-induced NKCC1 

upregulation, we next measured fluid transport across the NHMEE cell. In 

general, cultured airway epithelia possess both absorptive and secretory 

functions. In resting states, middle ear epithelia absorb fluids by a Na+-

dependent mechanism. When 100 µl of KBR solution (0.1% DMSO) was 

applied on the luminal surface, cells absorbed the fluids with time and 65.8 

±1.9 µl of fluids are remained at 24 h after the application. Interestingly, 

addition of bumetanide (100 µM) in basolateral membrane of NHMEE cells 

increased the fluid absorption in a dose-dependent manner (Fig. 6). The 

observed transepithelial fluid absorption/secretion is a net result of absorptive 

and secretory functions in epithelial cells. In most epithelia, basolateral 

NKCC1 plays an important role in Cl--driven fluid secretion by maintaining 

[Cl] i. Therefore, we interpreted the above data as a result of decreased NKCC-

mediated fluid secretion, which in turn increased the observed fluid 

absorption in NHMEE cells.  

Subsequently, we evaluated the effect of IL-1β on NKCC-dependant 

fluid transport across NHMEE cell. When the cells were pretreated with IL-1β 

basolaterally for 12 h (10 ng/ml), the transepithelial fluid absorption was 

significantly reduced (Fig. 7A). Treatment of bumetanide (100µM) increased 
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fluid absorption in both control and IL-1β treated sample. Interestingly, the 

decreased fluid absorptions by IL-1β treatments were completely reversed by 

bumetanide. Thus, bumetanide-sensitive fluid transport at 24 h after the fluid 

application was increased from 14.1 ± 1.8 µl to 28.3 ± 2.1 µl by IL-1β 

treatment (Fig. 7B). These results indicate that IL-1β augments NKCC1-

dependent fluid transport in NHMEE cells.  

 

Fig. 6. Role of NKCC in the fluid transport of NHMEE cells. One hundred 

microliter of KRB solution (0.1% DMSO) with or without various 

concentrations of bumetanide was applied on the luminal surface and the 

remained fluid volume was measured at indicated time. Bumetanide 

treatments inhibited fluid absorption in a dose dependant manner.  
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Fig. 7. Augmentation of bumetanide–sensitive fluid transport by IL-1 ββββ. A, 

After application of 100 µl of KRB solution (0.1% DMSO) on control and IL-

1β-treated cells with or without bumetanide, remained fluid volume were 

measured at indicated time. B. Bumetanide-sensitive fluid volume 24 h after 

the luminal fluid application was calculated (n=5). 
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5. Upregulation of NKCC1 in the middle ear epithelial cells from otitis 

media patients 

Lastly, we tried to investigate whether the levels of NKCC1 expression 

in the middle ear epithelial cells are altered in patients with OME. Middle ear 

epithelial cells from one patient are too small to perform immunoblotting. 

Therefore, we collected middle ear epithelial cells from 4-5 patients and 

mixed as one pool. As showed in Fig. 8, NKCC1 expressions were highly 

increased in the epithelial cell pools from OME patients compared with those 

from control subjects (Fig. 8). These results suggest that middle ear 

inflammation indeed increases the expression of NKCC1 in epithelial cells. 

 

 

NKCC1                                175 kDa 

 

α-tubulin  

 

Fig. 8. Upregulation of NKCC1 in the middle ear epithelial cells from 

otitis media patients. Immunoblotting of NKCC1 was performed with the 

protein extracts of middle ear epithelial cells obtained from OME patients (4 

pools from 21 patients) and was compared with samples from control subjects 

(2 pools form 9 patients). 
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ⅣⅣⅣⅣ. DISCUSSION 

Otitis media with effusion, defined as the accumulation of middle-ear 

effusion behind an intact tympanic membrane, is one of the most common 

causes of childhood hearing loss in developed countries, potentially leading to 

language deficits. Although multifactoiral pathogenic mechanisms such as 

negative middle ear pressures and bacterial infections are suggested, the exact 

molecular mechanisms of fluid collection are not well understood. 

Hypersecretion of the periciliary fluid would be one of the important 

mechanisms of fluid collection in the middle ear cavity.2 It is generally 

assumed that the fluid secretion in respiratory-type epithelium is driven by the 

Cl- transport from basolateral to apical sides.3 However, the specific 

electrolyte transport mechanisms, which generate the driving force for the 

fluid transport, and the location of the associated transporters in the polarized 

middle ear epithelia remained to be elucidated. 

 

Our investigation addressed the questions whether NKCCs are 

expressed in middle ear epithelial cells. By measuring pHi changes due to 

NH4
+ uptake, we demonstrated the presence of a bumetanide-sensitive K+ 

uptake in the basolateral membrane of cultured NHMEE cells. Bulk of the K+ 

uptake depends on the presence of extracellular Na+ and Cl- and is also 
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sensitive to bumetanide. All these findings correspond to the characteristics of 

NKCC. We also obtained evidence for the expression of NKCC1 protein in 

the basolateral surface of NHMEE cells by immunohistochemistry. These data 

are similar to the results from nasal 27 and tracheobronchial 28 epithelia where 

NKCC1 plays one of the major driving forces of [Cl]i uptake in the basolateral 

membrane. However, the characteristics of overall K+ transport system in 

NHMEE cells are somewhat different from other airway epithelia. The 

basolateral NH4
+ uptake in NHMEE cells was not completely inhibited by the 

bumetanide in the presence of BaCl2 and oubain, and was more dependent to 

Cl- than Na+ (Fig. 2 and 3). These data indicated that there are other K+ 

transporting systems, such as K+-Cl- cotransporters (KCCs) may exist in the 

basolateral membrane of NHMEE cells. Indeed, we detected mRNAs of 

KCC1 and KCC4 in NHMEE cells using RT-PCR (data not shown). However, 

since electrochemical gradients of KCCs are set to exit of K+ and Cl- ions, 

they would not contribute to the transepithelial Cl- and fluid secretion toward 

luminal side. 

 

In a wide variety of secretory epithelia, including those of the intestines 

29 and salivary glands 30, the activity of basolateral NKCC1 is the rate-limiting 

step of transepithelial Cl- fluxes. Previous animal studies have also shown the 
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importance of NKCC1 in the fluid transport of airway epithelia.31, 32 In fetal 

sheep and guinea-pig lung, the addition of the loop diuretics bumetanide or 

furosemide to fetal lung liquid caused slowing of lung-liquid secretion or 

increasing in liquid absorption. We evaluated the role of NKCC in the fluid 

transport of middle ear cells by measuring the remaining fluid volume 24 h 

after the luminal application of 100 µM of fluid. Airway epithelia possess 

both absorptive and secretory functions. For example, surface epithelial cells 

predominantly absorb fluids by a Na+-dependent mechanism and cells in 

submucosal glands secrete bulk of fluids by a Cl--driven mechanism. In 

general, cultured airway epithelia show both absorptive and secretory 

functions depending on the situations. Several factors are involved in the net 

direction of transepithelial fluid transport. In addition to the relative strengths 

of secretory and absorptive mechanisms, hydrostatic pressure and osmotic 

activity also affect the driving force of fluid transport. In our experimental 

conditions, the resting state NHMEE cells dominantly absorb luminal fluid 

with time-dependent manner up to 24 h. Importantly, fluid absorption was 

substantially increased by basolateral NKCC1 inhibition (Fig. 6). These data 

strongly suggest that NKCC1 significantly contributes to electrolyte and fluid 

transport across middle ear epithelia even in the resting state.  

NKCCs are known to be regulated by many factors including 
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osmolarity changes of the cell, and several extracellular and intracellular 

signal molecules such as vasoactive intestinal polypeptide, ATP and cAMP.34-

36 Recently, there has been an increasing body of evidence supporting the 

important role of cytokines in the modulation of ion channels and 

transporters.15-17 IL-1β is one of the major proinflammatory cytokines 

produced by macrophages. It has been shown that IL-1β altered Na+ 

absorption and fluid transport in the airway epithelia16 IL-1β also increased 

bumetanide-sensitive short circuit current in human tracheal epithelial cells.37 

Moreover, previous reports demonstrated that the effusion of otitis media 

contains high levels of IL-1ß.18 These findings prompted us to investigate the 

effects of IL-1β on NKCC activity in middle ear cells. As shown in Fig. 4 and 

5, IL-1β increased the bumetanide-sensitive K+ transport and the expression 

of NKCC1 in the basolateral membrane of NHMEE cells. The activation of 

NKCC1 by IL-1β would lead to a increased [Cl]i, which would increase the 

driving force of fluid secretion in epithelial cells. Within our knowledge, these 

results provide for the first time conclusive evidence for the activation of 

NKCC1 by IL-1β and its possible involvement in the middle ear effusions 

associated with otitis media. Consequently, we confirmed that NKCC1 is 

upregulated in the middle ear epithelial cells from OME patients. The above 

results imply that cytokines can upregulate NKCC1 in the middle ear epithelia, 
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which may in turn induce the fluid hypersecretion in OME patients. Such an 

up-regulation of NKCC1 by proinflammatory cytokines might be involved in 

hypersecretions observed in other inflammatory airway disease such as 

sinusitis and lower airway tract diseases. The exact molecular mechanisms 

involved in the IL-1β-induced upregulation of NKCC1 and the signaling 

pathways that activates NKCC1 in middle ear inflammation need to be 

determined in future studies.  

 

ⅤⅤⅤⅤ. Conclusion 

We found that NKCC1 is present in the basolateral membrane of and 

contribute to fluid transport across middle ear epithelial cells. More 

importantly, IL-1β increased NKCC1 expression and augmented NKCC-

mediated fluid transport in middle ear epithelia. In addition, NKCC1 

expression was increased in middle ear cells from the patients with OME. The 

above results suggest that upregulation of NKCC1 by inflammatory cytokines 

would be an important underlying mechanism of fluid overcollection in 

patients with OME. 
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국문요약 

 

사람사람사람사람 중이점막세포중이점막세포중이점막세포중이점막세포 내에서내에서내에서내에서  Interleukin-1 beta에에에에 의한의한의한의한 

Na+-K+-2Cl- cotransporter의의의의 증가증가증가증가 연구연구연구연구 

 

( 지도교수 윤 주 헌 ) 

 

연세대학교 대학원 의과학과 

김 정 림 

 

삼출성중이염은 감기나 비염, 급성중이염 등이 생긴 후에 

적절한 치료가 되지 않아 만성발열이나 통증 등 염증의 증상이 

없이 고막 안에 삼출액이 차 있는 경우로 소아의 가장 흔한 

청력장애의 원인이 되고 있다. 삼출액의 발생을 그 성분 중에 

가장 많은 염증성 cytokine 으로 알려져 interleukin-1ß(IL-1ß)가 

삼출성 중이염 환자의 중이강 내에서 주변 세포에 체적과 분비, 

물 수송에 관여하는 기능성 막 단백질에 미치는 어떤 영향으로 

예상했다. 

종래의 연구에서 IL-1ß 의 세포생리학적인 기능은 아직 연구가 

미비한 실정이다. 그래서 기도점액에서 세포 체적과 분비기능이 
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있는 Na+-K+-Cl- cotransporter 1(NKCC1)이 조직 특이성이 비슷한 

중이점막상피세포에서 발현하는지의 여부와 IL-1ß 에게서 받는 

영향을 분석하였다. 

 정상인의 중이점막상피세포를 채취하여 P2 단계까지 배양한 

후 H+를 세포막의 안팎으로 강제 이동시키며 pH 변화를 통해 

세포의 기저외측막에서 NKCC1 의 실직적인 기능을 확인하면서 

동시에 IL-1ß 를 처리하였을 때 그 기능이 유의성 있게 증가하는 

것을 확인하였다.  

또한 단백질 수준에서 IL-1ß 를 시간 별로 처리한 시료와 

삼출성 중이염 환자군에서 채취한 시료가 동일한 결과를 

보였으며 NKCC1을 특이적으로 저해하는, bumetanide 를 처리하여 

실질적으로 물 수송 양이 줄어드는 결과로 보아 NKCC1 이 

기도상피세포와 마찬가지로 정상사람 중이 점막상피세포에서도 

그 기존의 역할을 하는 것으로 보여진다. 세포 첨부측에 일정량의 

Kreb’s solution 을 넣어주고 IL-1ß 를 처리했을 때 물의 분비량이 

대조군에 비해 유의성 있게 증가하였으며 이를 중이 내 삼출액의 

발생원인으로 추정한다. 

이와 같은 연구들이 염증성 cytokine 에 의한 기능성 막 

단백질의 이상으로 야기되는 삼출성 중이염의 병리 생리를 

연구하는데 기초가 될 것이다. 
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핵심 되는 말 : Interleukin-1 beta, 정상인 중이점막세포(NHMEE), 

NKCC, 삼출성 중이염, pHi 측정, BCECF-AM 
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