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Abstract

Dexamethasone
Increases fluid absorption
through N&/H" exchanger 3 activation
iIn normal human middle ear epithelial
cells

Sang Yub Kim

Department of Medicine

The Graduate Schoal, Yonsel University

(Directed by Professor Joo-Heon Yoon)

Background: The proper homeostasis of the liquid lining thefae of the middle

ear cavity is vitally important for maintaining duitl-free middle ear cavity.

Disruption of this homeostasis leads to fluid adilen in the middle ear cavity and
results in otitis media with effusion (OME).

Purpose: The purpose of this study was to investigate tioéeoular and functional

expression of the N&H* exchanger (NHE)s in normal human middle ear elithe

(NHMEE) cells and to evaluate the role of NHEsIuid absorption and the effect of



dexamethasone (DXM) on NHE function and NHE-depanhdkid absorption in
NHMEE cells.

Materials and Methods. Western blot analysis was performed for NHE1 a8 -

3 in NHMEE cells. The fluid absorption rate was swad after liquid application on
the luminal surface of the cells. Intracellular ghH;) was measured using the pH-
sensitive fluorescertrobe bis-(2-carboxyethyl)-5(6)-carboxyfluorescéBCECF)-
AM. NHE activity was determined as NmducedpHi recovery from an acid load
achieved by luminal exposure to 40 mmol/l JIH

Results: NHE1, -2 and -3 were all expressed in the NHMEBE c&hepHi recovery
rate was suppressed by inhibition of NHE 2 and #B WOEG694 at concentrations
greater than 5QuUM. Inhibition of NHE3 with 650uM of HOE694 or S3226
significantly decreased the fluid absorption rddexamethasone increased the'Na
inducedpHi recovery rate which was reversed by the inhibibdriNHE-3 with 650
UM of HOE694. Dexamethasone treatment up-regulatd&Nexpression in a dose-
dependant manner. The fluid absorption rate wasea&sed by treatment with
Dexamethasone (I0M) and reversed by the inhibition of NHE3.

Conclussion: This study have shown that NHE3 are involved ia tegulation of
both pH and fluid absorption on the Iluminal surface of NHE cells.
Dexamethasone stimulates NHE3 expression and Ni¢paratlent fluid absorption
in NHMEE cells. These findings provide a new insigfto mechanisms that regulate
periciliary fluid and the therapeutic mechanism$ibe steroid treatment of otitis

media with effusion.

Key words: dexamethasone, otitis media with effusion, flalwsorption, middle ear,

Na'/H* exchanger
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|. Introduction

One of the major functions of the middle ear epitine is to provide a fluid free
middle ear cavity. Middle ear epithelial cells aohthe periciliary fluid volume by
regulating both fluid and electrolyte absorption aecretioh Disruption of these
processes can lead to fluid collection in the nedeir cavity, and result in otitis

media with effusion (OME). However, littie known about the mechanisms of



secretiorand absorption of fluid and electrolyte in the nieddar epithelium.

Various mechanisms that regulate "Neansport across luminal cell membranes
have been identified. These include the electrageonicess of Naabsorption via an
epithelial N& channel (ENaCJand the electroneutral process of'M# exchange
(NHE)S’. The NHE gene family is comprised of nine memtikas are categorized by
cellular localization. There are resident plasmanim&ne isoforms including NHE1
(basolateral) and NHE2 (luminal), recycling isofern{NHE3-5), as well as
intracellular isoforms (NHEG, 7, 9)Among them, the NHE 1, 2 and 3 isoforms are
the most characterized members of this gene fariihe NHEs are the major
determinants of intracellular pHpHKli), and also facilitate NaCl absorption in
epithelial cells®. Previous studies also reported that the NHESs atainportant role
in fluid absorption in various tissues including timtestine and the bile déét The
NHEs are also expressed in proximal and distal muaravays, and they are involved
in the regulation opHi in human airway epithelial cell¥. Because the vectorial Na
transport by epithelial cells regulates the voluoheairway surface liquid (ASL) in
airway epithelial celfs, the NHEs may have an important function in retjugpthe
ASL volume. However, it is unclear whether the NHtgse a regulatory function in

fluid absorption in airway epithelial cells.

Na" absorption is also a major driving force of flitsorption in the middle ear

epithelial cell$**3

Amiloride-sensitive ENaC is a major determinantransepithelial
current and Naabsorption in the middle ear epithelial cells obrdolian gerbif.
Interestingly, it was found that NHE-dependent sepithelial current also exist in
normal human middle ear epithelial (NHMEE) cellsaipreliminary study using an

Ussing chamber. However, there has been no repdtieoexpression or function of



NHEs in middle ear epithelial cells.

Glucocorticoids are one of the useful treatment alibds in otitis media with
effusion’®. Although modulation of ion transport processes cinsidered the
underlying action of this hormofg® its mechanism has not been clearly studied.
Because glucocorticoids are known to activaté dlannels including NHES™®*°
glucocorticoids might regulate fluid absorption impdulating NHEs in the airway

epithelia, including the middle ear epithelial sell

The purpose of this study was to investigate thdeowtar and functional
expression of the NHEs in NHMEE cells and to eviuhe role of NHEs in fluid
absorption in NHMEE cells. In addition, | investigd the effect of dexamethasone

(DXM) on NHE functions and NHE-dependent fluid atpgimn in NHMEE cells.



1. Materialsand Method

2.1. Cdl culture

Primary cultures of NHMEE cells wepeepared as previously describ¥d The
NHMEE cells were acquired from normal human midete mucosa. All procedures
wereapproved by the Institutional Review Board of YardedicalCenter. Passage-2
NHMEE cells were plated on a collagen-coatethipermeable membrane with a
0.45-um pore size (Transwell-cle@gstar Co., Cambridge, MA) at a density of 1.0 x
10* cells/cnd. The cellswere maintained in a 1:1 mixture of bronchial egpid
growth medium and Dulbecco's modified Eagle's medium doimig 10% fetal
bovine serum and all suppleméfitand incubated for 7-8 days uttié cells formed

a functionally polarized monolayer.

2.2. \\estern blotting

The NHMEE cells were lysed and boiled for 5 mirsample buffer, separated by
sodium dodecyl sulfate/polyacrylamide gel electamglis on 8% acrylamide
minigels and blotted onto nitrocellulose membraidter incubating in a blocking
buffer, the membrane was treated with diluted BiktE1, -2 antibody (1:1000). The
monoclonal anti-NHE1 antibodies (91 kDa), and plagal anti-NHEZ2,antibodies
(90 kDa) were obtained from Chemicon Internatiqii@mecula, CA) and polyclonal
antibody specific for NHE 3 (93 kDa) was a giftfidr. Orson W Moe, University
of Texas Southwestern Medical C enter, Dallas, $ek842 The membranes
were treated with appropriate secondary antibaalekthe signal was detected by
means of enhanced chemiluminescence (ECL plusmsystmersham, Aylesbury,

UK).



2.3. Measurement of fluid absorption capacity

The role of NHEs in fluid absorption was evaluabgdmeasuring the capacity of
epithelial cell to modulate the absorption of luadiiquid®®. Briefly, the surface
liquid was aspirated, and 100 of Krebs Ringer bicarbonate (KRB) solution
containing 2% blue dextran (BD), a cell-impermetmid volume marker dye, was
applied luminally. Dexamethasone {181) and/or HOE 694 (1, 50 and 65M)
were also mixed into the luminal solution in sorétures. Microaliquots (2—fl) of
luminal liquid were sampled at indicated times, andlyzed. BD concentration was

measured optically to calculated remaining voltine

2.4. Measurements of Intracellular pH (pH;) and NHE Activity

pH; was measured in the monolayers using the pH-semditiorescenprobe bis
(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF)-AMCells were loaded with
BCECF-AM for 10 min. at roontemperature in solution A containing 2.5 uM
BCECF-AM andmnounted in the miniature Ussing chamber and BCH@#rdscence
was recorded and calibrated using a previously ritest protocdl’. Briefly, the
fluorescencet excitation wave-lengths of 490 and 440 nm wa®rded using
recording setup (Delta Ram; PTI Inc.), and the 480/ ratioswere calibrated
intracellularly by perfusing the cells wislolutions containing 145 mM KCI, 10 mM
HEPES, and 5 pMhhigericin with the pH adjusted to 6.2—7MHE activity was
determined as NanducedpHi recovery from an acid load achieved by exposure to

40 mmol/l NHCI using the methods of Roos and Boron (1&8&jth modification.



Figure 1 shows a typical pH-recovery experimentdetermination of NHE activity.
The addition of NH to the luminal membrane produced rapid intracatlul
alkalinization (7.920.12 (n = 11)) due to the influx of Nk into the cells.
Subsequent removal of extracellular NHcaused a rapid fall irpHi due to
dissociation of NI into H', which remains in the cells, and Blihich can rapidly
leave the cytoplasm. This caused a large undersbiotite pHi to 6.65 + 0.09,
significantly below the starting value. When"Nantaining solution was applied on
the luminal cell surface, theHi subsequently recovered (at an average rate of
0.39+0.08ApH unit/min), as a result of NHE activity presemtle apical membrane
of the NHMEE cells. Typicallythe first 10-40 s of the initial linear portion thiepH;
recovery was fitted to a linear equation using Hedix software (version 1.4; PTI

Inc.).
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Fig. 1. Na*/H" Exchanger (NHE) activity in the luminal membrane of normal middle
ear epithelial cells. The pH, of NHMEE cells was measured using BCECF as described
in the Materials and Methods section. The membrane-specific NHE activities of
polarized NHMEE cells were analyzed using a double perfusion chamber with
separate applications of 140mM Na*. The application of Na* to the luminal side
evoked an increase in pHi. LM, luminal membrane; BLM, basolateral membrane.



2.5. Solutions and chemicals

The HEPES-buffered solution contained 140 mM N&GhM KCI, 1 mM MgCl,

1 mM CaC}, 10mM glucose and 10 mM HEPES (pH 7.4 with NaOHje Na-free
solution contained 140 mM N-methyl-D-glucamine clde (NMDG-CI), 5 mM KCI,

1 mM MgCh, 1 mM CaCJ, 10 mM glucose and 10 mM HEPES (pH 7.4 with
Trisbase). The osmolarity of all solutions was atid to 310 mOsm with the major
salt prior to use. The BCECF-AM was purchased fidoiecular Probes (Eugene,
OR). All other chemicals, including 3-methylsulplyba-piperidinobenzoyl
guanidine methanesulfonate (HOE684vere purchased from Sigma. The specific
NHE3 inhibitor, = S3226(3-[2-(3-guanidino-2-methyle3opropenyl)-5-methyl-
phenyll-N-isopropylidene-2-methyl-acrylamide  dihydrochttg), was  kindly

provided by Aventis Pharma (Frankfurt, Germahy)

2.6. Satistical analysis

The results of multiple experimerase presented as means + S.E. Statistical
analysis wasarried out by analysis of variance or Studdrteést as appropriate. A

value of p < 0.05 was considered statistically significant.
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1. Results

3.1. Molecular expression and functional activity of NHE isoforms on the

luminal surface of NHMEE célls

Western blot analysis was performed to detect thsgmce of human NHEL, -2,
and -3 in NHMEE cells. As shown in Fig. 2, NHE1 (@Ra), NHE2 (90 kDa) and
NHE3 (87 kDa) were all expressed in the NHMEE célig distinguish the role of
NHE isoforms in N&inducedpHi recovery, an NHE-specific inhibitor (HOE694)
was used. Prior studies have established the foltpwnhibitor constantKi) values
for the NHE1, -2, and -3 isoforms: 0.16, 5, and M) respectivelfla. As previously
mentioned, the initial rate of apical NHE activityas 0.3%0.08 ApH unit/min. The
recovery rate in the presence ofild HOE694 (0.380.09 ApH unit/min) was not
significantly different from the rate of the cortrdHowever, N&induced pHi
recovery was inhibited to HOE694 at concentratigreater than 5M. The pHi
recovery rate was decreased to &20.02 ApH unit/min by 50uM HOE694 and
almost abolished by 65A0M HOE694(0.05-0.01 ApH unit/min) (Fig. 3A & B).

These results suggest that NHE2 and -3 regytatie in the luminal surface of
NHMEE cells.

11



250kDa =

NHE1 150kDa =
100kDa =

75kDa ==

< 91kDa

250kDa =

NHE2  150kDa— .
100kDa=—

<90 kDa
75kDa =

250kDa =

NHE3 150kDa =

100kDa =

.
75kDa = j < 87kDa

Fig. 2. Western blotting for Na*/H* Exchanger (NHE) isoforms in normal human
middle ear epithelial cells. NHE1 (91 kDa), NHE2 (90 kDa) and NHE3 (87 kDa)
were all expressed in the NHMEE cells.
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Fig. 3. The role of Na*/H* Exchanger (NHE) isoforms in pHi regulation and fluid
absorption in the luminal membrane of normal human middle ear epithelial cells.
The Na*-induced pHi recovery rate was measured in the presence of different
concentrations of HOE694. A, A representative trace showing the effects of HOE
694. LM, luminal membrane; BLM, basolateral membrane. B, Summarized results of
six experiments. C. 100 pl of KRB solution (0.1% DMSO) with/without various
concentrations of HOE694 or 20 uM of S3226 were applied on the luminal surface
and the fluid absorption rate was measured as described in the Mterials and methods
section. Six hundred fifty uM of HOE694 and 20 uM of S3226 inhibited fluid
absorption. * indicates p < 0.05, **, p< 0.01, difference from control.
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3.2. Therole of NHEs in fluid absorption

In order to evaluate the role of NHEs in fluid alpgmn, the absorption rate of
fluid of NHMEE cells was measured after applicatioh 100 pl of fluid on the
luminal surface of cells. The cells absorbed faiidhe rate of 2.8l/cm?hr while in a
resting state. Treatment with @M or 50 uM of HOE694 did not change the
absorption rate significantly (2.29.31 pl/lcm?hr and 2.080.22 pl/cm?hr,
respectively). However, 650M HOE964 significantly decreased the absorptioe rat
by 1.46:0.19 pl/cm?hr and 20uM S3226, a specific inhibitor for NHE3, also
decreased the rate by 1#@.24 pl/cm?hr (Fig. 3C). These data suggest that NHE3

plays a critical role in fluid absorption in thentinal surface of the NHMEE cells.

3.3. The effect of dexamethasone on NHES activity

The effect of dexamethasone on thé halucedpHi recovery was then evaluated.
The recovery rate was greatly increased after expow dexamethasone (control:
0.39+0.08 ApH unit/min; dexamethasone treated: #4208 ApH unit/min).
Interestingly, treatment with dexamethasone stitedlaNd-induced pHi recovery
(Fig. 4 A & B). | interpreted the HOE 694 (63M)-sensitive, N&inducedpHi
recovery rate as NHE3 activity, which was greatigreased after dexamethasone
treatment (control: 0.360.08 ApH unit/min, dexamethasone treated: &:9908ApH
unit/min, p < 0.05) (Fig. 4C). These results sugdbat dexamethasone increases

NHES3 activity in the luminal surface of NHMEE cells

15



LM [ B [ Na

NH,*

8.0 T

7.6 7

PH; 79

6.8 7

6.4 1

HOH

2 min

BLM | 0

HOE 694 sensitive pH,
recovery ApH/min

[}
.

(=]
f=)
T

(=}
o~
T

650 pM

Na*

7.6 7

pHi 7.2 1

6.8 1

6.4 1

2 min

BLM |

**

Fig. 4. Activation of Na*-induced pHi recovery by dexamethasone.The Na*-induced
pHi recovery rate was measured after treatment with dexamethasone (DXM) (107" M
for 12 hrs). Representative traces of control and DXM-treated samples are presented in
A and B.. LM, luminal membrane; BLM, basolateral membrane. C. Effects of DXM
stimulation on NHE3 was determined by comparing the HOE694 (650 uM)-sensitive
ApH unit/min. ** indicates p< 0.01, difference from control. LM, luminal membrane;

BLM, basolateral membrane.
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3.4. The effect of dexamethasone on NHES expression and NHE3-dependent

fluid absorption.

The effect of dexamethasone on the expression d& Midforms was determined
by western blotting. Dexamethasone up-regulated BlH&pression in a dose-
dependant manner (with a maximum effect at’ M). However, NHE1 and -2
expressions were not changed after dexamethaseagngnt (Fig. 5A). Lastly, |
determined whether dexamethasone increased NHESidept-fluid absorption
capacity in NHMEE cells. The fluid absorption ratas increased 220% by the
treatment with 10 M dexamethasone (control: 2:40.11 pl/cm?/hr: dexamethasone
treated: 4.82:0.33pl/cm?hr). Treatment with UM and 50pM of HOE694 did not
affect dexamethasone-induced fluid absorption. H@mye when the cells were
incubated with 65QuM HOEG694, the effect of dexamethasone almost desaigol
(3.32+0.23pl/cm?hr) (Fig. 5B). Addition of 2uM S3226 inhibited dexamethasone-
induced fluid absorption to 3.38.33 pllcm?/hr. These data indicate that

dexamethasone stimulated both NHE3 expression ahtE3Mlependent fluid

absorption in NHMEE cells

17
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Fig. 5. Activation of NHE 3 expression and NHE 3- dependent fluid absorption by
dexamethasone. .A. Western blotting was performed to determine expression levels of
the NHE isoforms. Dexamethasone (DXM) increases NHE3 expression (with a
maximum effect at 10’M). NHE1 and -2 expression were not changed after
dexamethasone treatment. B. The fluid absorption rate was measured after application
of 100 ul of KRB solution on the luminal surface of NHMEE cells. Dexamethasone
stimulates the fluid absorption rate and this stimulatory effect is inhibited by 650 uM
of HOE694 or 20 uM of S3226. * indicates p< 0.05.
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V. Discussion

The NHE gene family plays an integral role in gleceutral N& absorption in
various cell types. However, the role of NHESs ia #irway epithelium remains
controversial. Several researchers reported tHgtNiHE1 mMRNA was expressed in
isolated human airway epithelial cells, while NH&®] -3 were not detect&d. In
contrast, NHEs have been shown to be involvgeHnregulation in the luminal
membrane of Calu-3 cells, a serous cell modelrafagi epithelium®. | also have
shown that NHE 1, -2 and -3 are expressed in hurasal epitheliurfi. In the
present study, NHE1, -2,and -3 were found to beesged in NHMEE cells. This
discrepancy might originate from the differentigpbeession of ion channels between
the lower and upper respiratory epithelium. AltholdHE1, -2 and —3 were all
expressed in NHMEE cells, only NHE2 and NHE3 arecfionally active irpHi

regulation on the luminal surface of NHMEE cells.

Several lines of evidence suggest that NHE playismgortant role in fluid
absorption in various epithelia including thosetaf kidney and intestiffe®3%3*
Because the vectorial Nabsorption has important implications in ASL vokiand
composition, | investigated whether the NHEs plagla in the fluid absorption in
NHMEE cells. In order to do so, | measured the giigmn capacity of NHMEE cell
after fluid application on the luminal surface. kgithis approach, | have
demonstrated that the NHES isoform is responsiididiid absorption in the
NHMEE cells, because fluid absorption was signiftbadecreased by inhibition of
NHE3 with 650uM of HOE694 or 2QuM of S3226. Among the NHE isoforms,

NHE3 has been known to be the most important isofarfluid absorption in various

19



cell types. NHE3 knockout mice fail to absorb thed secreted from the
cholangiocyte¥, and the inhibition of NHE3 results in diarrhea bgrdption of

normal fluid absorption in the intestifieThe results of this study suggest that NHE3
also contributes to fluid absorption in respirattype epithelia such as the middle ear
epithelium and might play an important role in ntaining the middle ear cavity in a
fluid-free state. However the effect of NHE3 intiikin on fluid absorption is much
smaller than the effect on pH regulation in thiperiments. These results may be
explained by contribution of other sodium chanrseish as epithelial Nahannels

and paracellular sodium transport to fluid absorptn airway epithelium.

Previous studies established that glucocorticoatisate NHE function by
genomic or non-genomic pathways in various celes/p®*® Because this studies
revealed that NHE contributes bothpidi regulation and fluid absorption in NHMEE
cells, | evaluated the effects of dexamethasorta®function of NHEs in NHMEE
cells. DXM up-regulated NHE-3 expression and  stated NHE3-dependepHi
recovery in this experiments. NHE 1, -2 were n&aéd by dexamethasone
treatment. More importantly, | found that dexametire stimulated NHE3-
dependent fluid absorption in NHMEE cells. Excepéibstimulation of NHE 3 by
dexamethasone in NHMEE cells is consistent witlvipres reports where
glucocorticoids stimulated fluid absorption by ieasing NHE3 activity in intestinal
epithelium, proximal renal tubular epithelium artangiocyte¥*23* These results
are the first evidence that NHE3 is involved iridlabsorption and that
glucocorticoids such as dexamethasone stimulatatiberption process in

respiratory-type epithelial cells.

20



V. Conclussion

The purpose of this study was to investigate thdeowtar and functional
expression of the NHEs in NHMEE cells and to eviuhe role of NHEs in fluid
absorption in NHMEE cells. In addition, | investigd the effect of dexamethasone

(DXM) on NHE functions and NHE-dependent fluid atpgmn in NHMEE cells.

The results are summarized as followings.

1. NHE1 (91 kDa), NHE2 (90 kDa) and NHE3 (87 kDa) watkexpressed in the
NHMEE cells and NHE2, NHES3 regulapii in the luminal surface of NHMEE
cells.

2. NHES plays a critical role in fluid absorption imetluminal surface of the NHMEE

cells.

3. Dexamethasone increases NHE3 activity in therlahsurface of NHMEE cells.

4. Dexamethasone stimulated both NHE3 expressiah NMIHE3-dependent fluid

absorption in

NHMEE cells.

These findings provide new insight into the regafatpericiliary fluid and the

mechanisms utilized by steroid in the treatmerttitis media with effusion.

21
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