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Abstract. We have studied regulatory volume responseKey words: Na“™-K*-2CI~ cotransporter — N&K™*

of cultured bovine corneal endothelial cells (CBCEC) ATPase — Prozac (fluoxetine) — Regulatory volume
using light scattering. We assessed the contributions oflecrease (RVD) — Regulatory volume increase (RVI)
fluoxetine (Prozac) and bumetanide-sensitive membrane- Corneal endothelium

ion transport pathways to such responses by determining

K* efflux and influx. Cells swollen by a 20% hypo-

osmotic solution underwent a regulatory volume de-|ntroduction

crease (RVD) response, which after 6 min restored rela-

tive cell volume by 98%. Fluoxetine inhibited RVD re-

covery; 20um by 26%, and 5Qum totally. Fluoxetine The cornea is composed of the epithelium, the underly-
had a triphasic effect on Kefflux; from 20 to 100um it ing stroma, and the endothelium. The stromal ground
inhibited efflux 2-fold, whereas at higher concentrationssubstance can imbibe fluid, which would result in cor-
the efflux first increased to 1.5-fold above the control neal swelling and loss of transparency. However, meta-
value, and then decreased again. Cells shrunk by a 20%plically dependent mechanisms in the corneal limiting
hyperosmotic solution underwent a regulatory volumelayers transport fluid out of the stroma and maintain
increase (RVI) which also after 6 min restored the cellnormal vision. Fluid transport across the endothelium is
volume by 99%. Fluoxetine inhibited RVI; 2am by  secondary to ionic transport across the layer; such trans-
25%, and 5Qum completely. Bumetanide (im) inhib-  port depends on endothelial NK*ATPase activity
ited RVI by 43%. In a Cl-free medium, fluoxetine (50— (Trenberth & Mishima, 1968) and includes a bicarbonate
500 wm) progressively inhibited bumetanide-insensitive secretory mechanism (Hodson & Miller, 1976).
K*influx. The inhibitions of RVI and K influx induced It has been hypothesized that fluid transport across
by fluoxetine 20 to 5Qum were similar to those induced epithelial layers may result from cyclic regulatory vol-
by 1 um bumetanide and by Glfree medium. A com- ume responses (Fischbarg, 1997). During a cycle, polar-
puter simulation suggests that fluoxetine can interactzed epithelial cells would first gain fluid across one side
with the selectivity filter of K channels. The data sug- during RVI, and would then expel it across the opposite
gest that CBCEC can mediate RVD and RVI in partside during RVD. It is currently difficult to assess the
through increases inKefflux and Na-K-2Cl cotransport  validity of this hypothesis for the corneal endothelium.
(NKCC) activity. Interestingly, the data also suggestVolume regulation and its underlying ionic transport
that fluoxetine at 20 to 5@um inhibits NKCC, and at mechanisms in this layer have been identified but not yet
100-1000pM inhibits the N& pump. One possible ex- extensively described (Fischbarg et al., 1993; Srinivas &
planation for these findings is that fluoxetine could in- Bonanno, 1997).

teract with K'-selective sites in K channels, the NKC In many other systems, membrane ion transport
cotransporter and the Naump. mechanisms underlying RVD include an increase in the

loss of K" and/or CT which can occur through parallel

K™ and anion channels or via KCI symport activity (Hal-
I lows & Knauf, 1994). Likewise, mechanisms underlying
Correspondence tal. Fischbarg RVI include the bumetanide-sensitive NKC cotrans-
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porter which is dependent on the Ngradient main- essential for CBCEC to consistently undergo RVD. Ouabain, bu-
tained by the N&K* ATPase (Hallows & Knauf, 1994)_ metanide (both from Sigma, St. Louis, MO) and fluoxetine hydrochlo-

We report here that CBCEC do undergo classical RVDride (Ely Lilly, Indianapolis, IN) were dissolved directly in the experi-
. mental solutions.

and RVI responses to aniso-osmotic challenges; RVD is
associated with Kefflux (a variety of K" channels are
present in corneal endothelium (Rae & Watsky, 1996))Cell viability

whereas RVI is linked to the NKCC activity also known

to exist in CBCEC (Diecke et al., 1998). Since fluox- This parameter was evaluated based on measurements of trypan blue
etine has been reported to inhibit Tahannels (Stau- dye exclusion and protein release into the bathing solution.

derman, Gandhi, & Jones, 1992); land Nd& conduc-

tances in cornea and lens epithelium (Rae et al., 1995),

and the Kv11.1 K channel in neurons (Tytgat, Maertens, CELL VOLUME MEASUREMENT BY LIGHT SCATTERING

& Daenens, 1997), we used it as a probe to characterize

K™ channel activity during RVD. We confirmed that Relative cell volume as a function of bathing solution osmolality was
fluoxetine can block K efflux, and found that this inhi- evaluated by light scattering as described (Fischbarg et al., 1993).
bition is associated with suppression of the endotheliaf°€!ls were detached from flasks with 0.05% trypsin and then subcul-
RVD response. We also describe that higher fluoxetin tured on rectangular glass coverslips in DMEM including 10% FBS,

. . . . i %FGF and antibiotics. They were used after the cells had reached about
concentrations result in paradoxmal increases Tnek 90% confluence (1 day later). The coverslips were affixed to a plastic

flux without compromising cell viability. Lastly, we re- holder which was inserted into a round glass vial, and light scattering
port for the first time that fluoxetine can also inhibit the intensity was subsequently monitored. Cells were preequilibrated in
NKC cotransporter and the Napump. Based on our iso-osmotic solution at 37°C until a stable baseline was obtained (30—
computer simulations employing the recently solved4_5 min). Subsequently, the solution in the vial was ex_changed Wi_th
structure of the Kcs A K channel (Doyle et al., 1998), either a 20% hypo-osmotic or 20% hyperosmotic medium to obtain

. S . . control regulatory volume responses. Typically, after volume stabili-
one possible mode of action is that fluoxetine could bII’]dzation, the aniso-osmotic solution was replaced with iso-osmotic solu-

to the K" recognition sites known for Kchannels and 0. the same coverslip could be exposed to several such volume
pOStUIated for the NKC cotransporter and the INHmp regulatory cycles during an experiment.
To quantify relative cell volume changes, we followed Isero-
vich’s procedure (Wu et al., 1997; Iserovich et al., 1998). The experi-
Materials and Methods mental datav(t) arising from the transient changes in the intensity of
light scattering cannot be normalized directly because the volume tran-
sient results from at least two simultaneous processes, one osmometric,

CULTURE OF BovINE CORNEAL ENDOTHELIAL CELLS one regulatory. To deconvolve them, the first step was to fit the ex-
perimental data/(t) to the function:

Bovine eyes were obtained from a local slaughterhouse and rapidly

transported to the laboratory on ice. They were washed with Dulbec- -t -t
co’s Phosphate-Buffered Saline (GIBCO, Grand Island, NY). The cor-V(t) = Vo + A[l - e?sm] - B[l - e‘\'_vr:|
neas were excised at the limbus under sterile conditions, and were

fr:aieldl into a matching hzml.st?]hggcsil ciepre_ss:;)S.T;rzgltgo(;rée)afl ean(VVe found it expedient to use a fitting procedure (to an exponential
elial layers were covered with 9.257% trypsin Ors associate function) in the Origin™ program (Microcal Software,

min, after which the endothelial surface was gently scraped away WitD\Irarthampton MA). The parameters weké;, volume at zero timeA
a rounded glass spatula. The detached cells were aspirated and added .. f Lo . S LY

o . - amplitude of the osmotic response (swelling or shrinkiBgamplitude
to Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% P P ( 9 BHAMP

of regulated volume response;,,,, characteristic time of the osmotic
fetal bovine serum (FBS: GIBCO), 2 ng/ml bFGF (SIGMA, St. Louis, respgnsa e D or v responecd(D, VL. A
MO) and antibiotics (Penicillin, 100 U/ml, + streptomycin, 20.§/ml, v o

. ’ . and B were in arbitrary units. This procedure already allows one to
GIBCO) in 25 ml tissue culture flasks (Falcon, Lincoln Park, NJ). ompute the degree ofyvolume regulgtory recove)yab si);nplyaratiO'
The cells from 3 corneas were pooled into one flask and were cuIture(? ’

at 37°C in a CQ incubator. The medium was changed twice a week.
First passages of CBCEC were used for the light scattering measure-_ B
ments and second or third passages were used for mea$fRbg P=A @
efflux and influx.

The composition of NaCl Ringer’s solution was (mmol/l): 122.8
NaCl, 26.2 NaHCQ, 4.7 KCl, 1.0 NaBPQ,, 0.39 MgSQ, 1.8 CaC},
5.6 glucose, 5.3 HEPES Na. The composition of theftde Ringer’s

@

For comparisons, it is useful to be able to plot all transients on the same
scale (as done in Fig. 1). To achieve this, we normalized the data by

uti UD- 142 Na-gl te 2590, 2 MaSQ. 7TH.0 scaling each set of them to the ideal osmometric component. The
ZOLIJ lon Waz Elmgos )-H o SE;QNUCI-CI)EIaDE’S g “ Stg LO“-_ ZM’O observed amplitude of the osmometric component in arbitrary units

glucose, 5.4 CaSZH;0, 5. art (Sigma, St. Louis, : )- wasA in each case, while for an ideal osmometer, the expected relative
In both cases, the pH was 7.4 (tonicity: 300 mOsm). Osmolarity was,

: ) . volume change\V, is:
varied by changing the NaCl (or Na gluconate) concentration. Supple-
mentation of these Ringer’s solutions with three active substances de-
scribed in a prior (De Smet, Simaels, & van Driessche, 1995) report (SAV _ Vi—Vo _ Co-G

wg/l insulin, 5pg/l transferrin, 5 ng/l sodium selenite) was found tobe ~ ' Vo C

(©)]
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Therefore, the normalized volume dafgt) were calculated as: (Fig. 2) 98 = 3% O = 10), and that of RVI (Fig. 2) 101
AV +2% (h = 14).
V,(t) =1+ (V(t) —VO)T' (4 For our fitting procedure, as stated in Materials and

Methods, we normalize the volume displacement to an

Data are reported as meanssem. Analyses were performed using 1d€al osmometric shift devoid of any superimposed regu-
(one-way) repeated ANOVAR < 0.05 was considered significant.  latory volume components. Hence, based on osmom-
etry, 20% hypo-osmotic and hyperosmotic challenges
would have resulted in relative cell volumes of 1.25 and
0.83, respectively. As Fig. 1 shows, when RVD and RVI
K* efflux was determined usif§Rb" (New England Nuclear, Boston, Were completely inhibited (both by v fluoxetine,see
MA) as a congener for K CBCEC were cultured in four-well plates below), the maximal volume displacements were largest.
(Nunc, Naperville, IL). Cells were preloaded in iso-osmotic solution This suggests that regulatory volume responses are acti-
containing 3u.Ci 8Rb* per well at 37°C for 3 hr. Three minutes prior vated as soon as the cells are Cha”enged’ and hence
_to the beginning_of an eff_lu_x experiment_, cells were preincubated i”during the initial 10-20 sec, RVD and RVI begin while
'tf]o'osmouc solution containing Limouabain. Cells were then washed o omometric response is still ongoing (Fig. 1). Con-

ree times with 1 ml iso-osmotic solution, incubated in 0.5 ml of a . . .
20% hypo-osmotic solution containing Ivmouabain and 20 to 1,000 sistent with this, in the CO””C_" RVD a”q RVl curves, the
uM fluoxetine. For up to one hour, every 6 min the solution in each P€@k cell volumes after aniso-osmotic challenge were
well was collected and replaced with fresh solution. At the end, re-1.21 and 0.84 (as compared to the osmometric maximal
sidual®Rb* radioactivity retained by the cells was extracted with 5% volumes of 1.25 and 0.83 above), |nteresting|y, the peak
TCA and determined by scintillation counting. The residue after ex-cg|| volume was affected more in RVD than in RVI.
traction was dissolved in 5% SDS and 0.5 N NaOH to determine theThere was also a disparity in the time course of control
protein contents with a modified form of the Lowry (Lowry et al., 7o
1951) assay. RVD and_ R_VI responses; with rt_aference to Eq. 1, the

characteristic volume regulatory times, | for the fitted

responses weresp = 2.44 + 0.01 min = 10), and
K™ INFLUX DURING REGULATORY VOLUME INCREASE Tryr = 2.65 = 0.01 min g = 14).

K* EFFLUX DURING REGULATORY VOLUME DECREASE

Fluoxetine-inhibitable K influx was assessed by comparing the extent
of inhibition due to fluoxetine (5um—1 mm) to that measured in the
presence and absence of bumetanide (@51num) and ouabain (1
mm). This comparison was done because more than 90% of the K
influx is accounted for by the sum of NKCC and Npump activity.
Experiments were done with CBCEC grown in four-well plates at |n general, cells responded with remarkable reproduci-
37°C. Before an experiment, the cells were preincubated in iSO'biIity to successive anisosmotic challenges. In a typical
osmotic medium (either NaCl or Giree medium) for 90 min 1o ¢qntro] experiment, under sustained challenge, cell vol-
achieve equilibration with their new environment. Solution osmolality . . : .
Jgme returned to baseline (Fig. 1). The bathing solution

was then increased by 20% and the cells were incubated for another . \ . .
min with 1 n.Ci 8Rb. To terminate an experiment, cells were washed Was then made isosmotic, which resulted in post-

3 times with 1 ml of ice-cold iso-osmotic OM MgCl, solution. Cel-  regulatory complementary volume regulatory changes
lular ®°Rb* was then extracted and counted, and protein contents werénot showi). The cells were then left to recover foBO

measured as above. min in isosmotic solution, after which a new anisosmotic
challenge could be imposed. It was commonplace to
elicit three successful cycles of regulation and recovery

INHIBITION OF VOLUME REGULATORY RESPONSES BY
FLUOXETINE AND BUMETANIDE

Results in given preparations (meaning a set of plated cells).

Making use of that, inhibitory agents were tested in given
REGULATORY VOLUME RESPONSES TOHYPO-OSMOTIC experiments only after a proper control response had
AND HYPEROSMOTICCHALLENGES been priorly obtained. The protocol involved preincu-

bating the cells with the inhibitor for 15 min before an-
Figure 1 shows the regulatory volume responses thasosmotic challenge; the anisosmotic solutions also con-
occur during exposure to 20% hypo-osmotic (top curves)ained the inhibitors. Both 20 and 9 fluoxetine in-
and 20% hyperosmotic solutions (bottom curves). Thehibited RVD (Figs. 1, 2). With 2Quwm fluoxetine, the
smooth curves are fitted to exponential buildup functionsextent of RVD recovery decreasedpig,p, = 74 + 3%
representing osmometric swelling (or shrinkage) and a= 4, p < 0.05), and with 50um fluoxetine, the RVD
regulatory volume response. Preequilibration was dongesponse was abolishepk(,p, = -7 £ 21%,n = 4,p <
for 20 min in isosmotic solution. Figure 1 shows that 0.05). Inhibitory effects on RVI (Figs. 1, 2) were seen
subsequent substitution of either 20% hypo-osmotic owith 20 and 50um fluoxetine, and with 1um bu-
hyperosmotic solutions caused initially a rapid relativemetanide. With 2Qum fluoxetine, the extent of RVI re-
cell volume increase (decrease) and the onset of RvI@overy decreased (Fig. 2) fg, = 75+ 8% (0 = 7,p
(RVI). Under control conditions, the extent of RVD was < 0.05). With 50um fluoxetine, the recovery was es-
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Fig. 1. Regulatory volume responses of CBCEC after a 20% anisosmotic challenge. Data were determined by light scattering. Each curve repre
an average of the number of experimemsshown in each case. Vertical lines represent deviations (SEM). Smooth curves were fitted as describ
in Materials and Methods (Eqgs. 1-4positive deflectionsregulatory volume decrease (RVD) following a 20% hypo-osmotic (240 mOsm)
challenge. The RVD responses include those under control conditions as well as those showing the effects of 20mahd%6tine. At 20um
fluoxetine, RVD was partially inhibited whereas s fluoxetine completely suppressed this respomegative deflectionsiegulatory volume
increase (RVI) following a 20% hyperosmotic (360 mOsm) challenge. Along with the control response, inhibitory effects are shown for 20 and
wM fluoxetine as well as Jum bumetanide.

sentially eliminated gy, = -10 £ 12%,n = 7, p <  ods) are shown in Fig. 3. The main graph shows the time
0.05). Oneum bumetanide decreased the extent of RVIcourse of cumulative Kloss, while the inset depicts the
to pry; = 57 £ 19% @ = 6, p < 0.05; Fig. 2). This initial K* efflux vs.[fluoxetine]. Increasing [fluoxetine]
particular concentration of bumetanide was chosen befrom 20 to 100uM inhibited K™ efflux by more than
cause the extent of inhibition of Kinflux was un-  2-fold. However, further increases in [fluoxetine] re-
changed from that observed at higher bumetanide corsulted in a rebound; Kefflux increased and even sur-
centrations geebelow). passed control levels, peaking @t85% of control at
Figure 2 also shows that the time constants for cellfluoxetine] = 500 um. Larger [fluoxetine] once more
swelling Gosy) and volume recoveryr(,) went largely inhibited K" efflux (Fig. 3, inset); at 1,00Gum fluox-
unaffected by fluoxetine. However, bumetanide length-etine, the efflux decreased back to the same value ob-
ened both time constants. The bumetanide effect,pn served at 25Qum. The possibility that the increased ef-
is consistent with the inhibition of NKCC cotransport flux at fluoxetine concentrations larger than 10Q was
reported below. The bumetanide affectgp,,may in- due to a toxic effect was evaluated by determining
dicate a partial inhibitory effect of this compound on Trypan dye exclusion and protein release into the me-
water channels such as the AQP1 known to be present idium after 1 hr of exposure at all fluoxetine concentra-
corneal endothelial cells (Nielsen et al., 1993; Li et al.,tions tested between 100 and 1,Q0@. In all cases, cell
1999). This unexpected finding will require further cor- viability was unaffecteddata not showh
roboration.

K™ INFLUX. (A) INHIBITION OF THE Na'™-K*-2CI”
K* EFFLUX: TRIPHASIC EFFECTS OFFLUOXETINE COTRANSPORTER BYBUMETANIDE

The complex effects of fluoxetine from 20 to 1,00 The data for this series were collected from some 100
on K efflux from swollen cells §eeMaterials and Meth-  wells; as detailed in Materials and Methods Kflux
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measurements were done in shrunken cells. Figére 4this, the bumetanide-induced decline in" kflux in
shows results from a representative batch depicting th&laCl medium was essentially the same as the one that
effects of bumetanide on Kinflux. In Cl™-containing resulted from CI removal from the bathing solution
medium, bumetanide (0.g2m) decreased Kinflux by  (Fig. 4A). In addition, consistent with what has also been
26% and this decline remained essentially constant gpreviously reported (Diecke et al., 1998), when the' Na
bumetanide concentrations up to @0. As shown pre- pump is completely inhibited in the presence of i1 m
viously (Diecke et al., 1998), under these conditions theouabain (Fig. A, bottom curve), bumetanide concentra-
inhibition of K* influx resulting from exposure to low tions of 1um or less are sufficient to inhibit the residual
bumetanide concentrations is indicative of complete in-K* influx, pointing to selective inhibition of the NKCC
hibition of NKCC activity in these cells. In keeping with activity (ICsq = 46 £ 7 v, n = 4).
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SIMULATION OF FLUOXETINE INTERACTION WITH A
K* CHANNEL

K™ INFLUX. (B) INHIBITION OF THE Na"-K*-2CI”
COTRANSPORTER AND THEN&"™ PuMP BY FLUOXETINE

Having found that 5Qum fluoxetine completely inhibited  Given its inhibitory effect on K efflux, we postulated
RVI (Fig. 1), we evaluated the individual declines in that fluoxetine might interact with K channels. The
NKCC activity and N& pumping that may account for three-dimensional structure of the Kcs A khannel has
the effect of fluoxetine on this response. For this, webeen recently described to a 3.2 A resolution (Doyle et
determined the dependence of Kflux on [fluoxetine]  al., 1998), so we explored whether fluoxetine could con-
in (a) Cl™-containing medium;k) ClI™-free medium; and ceivably interact with the vestibular or pore regions of
(c) in the presence of 1 mouabain. As can be seen in this channel structure. We worked in the Hyperchem 5.1
Fig. 4B, in the CI' containing medium, fluoxetine (5 to environment for Windows (Professional version; Hyper-
1,000m) inhibited K™ influx in a dose-dependent fash- cube, Gainesville, FL), running in a 330 Mhz Pentium
ion (IC5o = 121 £ 59umM, n = 4, @ symbols). We then machine. We displayed the'ikchannel, and removed the
tested whether fluoxetine could be inhibiting NKCC by outermost of the three Kions found in it (Doyle et al.,
performing influx measurements in cell layers which had1998). We placed fluoxetine in line with the pore axis
been preincubated for 10 min in Imouabain (Fig. 8, and some 5 A away from the exofacial vestibule, and
4 symbols). Such preincubation reduced influx by then ran a molecular mechanics simulatiowvacuowith
85%, which is consistent with inhibition of the Naump  the MM+ force field (Hypercube’s extension of the
and a subsequent indirect effect on NKCC via quickMM2 field developed by Allinger and colleagues
partial dissipation of the Nagradient (Kuang, Cragoe, & (Burkert & Allinger, 1982)). To save time, the energy
Fischbarg, 1993). Fluoxetine concentrations above 25ninimization involved fluoxetine and only the Kcs A
uM further inhibited the K influx. This effect is attrib-  residues forming part of the exofacial surface of the tet-
utable to inhibition of the small residual activity of the ramer and the pore wall; the rest of the protein was
NKC cotransporter remaining after ouabain inhibition immobilized. As the simulation converged to an energy
(Fig. 4B, ¢ symbols). minimum, fluoxetine moved and lodged itself with its
Figure 5 depicts the results of other experimentalamino end terminal inside the pore and its aromatic rings
series in which the individual and combined effects ofseemingly interacting with the pore vestibule (Fig. 6), a
bumetanide, fluoxetine and ouabain were determined oposition in which the pore is blocked. Similar results
K™ influx in the presence and absence of Clt is evi-  were obtained with both the ternary (neutral) and the
dent that, in Cl-free medium, 500um fluoxetine de- quaternary (cationic) forms of fluoxetine. Once the
creased K influx to the same extent as 1Mmouabain.  simulation had converged, we moved fluoxetine some 30

Furthermore, 50Qum fluoxetine plus either Jum bu-
metanide or 1 m ouabain did not decreas€ kflux any
more than 50Qum fluoxetine alone.

A away from the pore entrance; the energy difference in
favor of binding was -29.8 Kcal/mol. Using a similar
procedure, we verified that the"kchannel blocker tet-
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Fig. 5. Fluoxetine inhibition of the Napump. Four wells per column; data representative of some 100 wells.

raethyl-ammonium (TEA) also lodged itself at the chan-here time constants for both RVD and RVI (Figs. 1 and
nel outer entrance. Moving the TEA molecule 30 A 2). We find that RVD is some 8% than RVI (in minutes:
away from the channel entrance, the energy differenceg,p = 2.44 £ 0.017gy, = 2.65 £ 0.01). Since in these
favoring binding was -11.2 Kcal/mol. cells RVD appears to be mediated by channels (Figs. 1

For comparison, usind<, values of 100pum for  and 3) and RVI by transporters (Figs. 1 and 4), thaty
fluoxetine (Fig. 3, inset) and 2.8 wmfor TEA (Gomez- <R, IS consistent with a faster rate of salt efflux during
Hernandez et al., 1997) and assuming that the bindingRVD than salt influx during RVI. However, whether
energies of these inhibitoraF,) are related to theiK, such faster rate could be due to the sole involvement of
by: AF, = RT In(K,/1 mol L"), we compute binding channels requires further studies since, for instance, a
energies of =5.7 and —3.6 Kcal/mol, respectively. GivenKClI cotransporter has not been ruled out for these cells.
that these numbers refer to standard conditions rathdt may be also noted that upon hypo-osmotic challenge,
than to a simulation in vacuum, the qualitative agreementhe percent cell volume change (25%) was somewhat
appears satisfactory, and is consistent with both comlarger than that upon hyperosmotic challenge (17%).
pounds blocking K channels by interacting with the Whether that asymmetry could account for differing
mouth of the selectivity filter, as proposed in Fig. 6.  regulatory volume rates is unknown at this time.

Discussion RVD

As in other tissues (rabbit corneal epithelium (Rae et al.,
IONIC TRANSPORTMECHANISMS UNDERLYING 1995) and smooth muscle cells (Farrugia, 1996),K
REGULATORY VOLUME RESPONSES CBCEC have K efflux pathways which are fluoxetine-

sensitive (Figs. 1 and 2). As to its specificity, as detailed
This study documents the characteristics of the timebelow, fluoxetine reportedly inhibits several transport
course and identifies some ionic transport mechanismsystems plus kinase activities and oxidative metabolism.
underlying regulatory volume responses by CBCEC.However, its effects on Kconductance in the papers just
Exponential time constantg)(have been reported for mentioned are direct, take place at comparatively low
RVD processes for ciliary epithelium (Yantorno et al., concentrations and are very marked. We find that fluox-
1989; De Smet, Li, & van Driessche, 1998); we reportetine exerts a triphasic effect on" kfflux (Fig. 3), with
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Fig. 6. Simulation of fluoxetine interaction with the outermost region of the selectivity filter of the Kcs"Ahannel. Fluoxetine is shown in
space-filling mode (no hydrogens). Thé khannel is shown in ball and stick mode; only its backbone (and no hydrogens) are shown for clarity
Green: C; blue: N; red: O; dark green: F.

inhibitory effects up to 10@uwm, followed by stimulatory ~ volume activated K channel activity in a variety of cells
effects up to 50Qum, and a reversion to inhibition at (Hallows & Knauf, 1994).

1,000 M. Our observations partially resemble those in
Farrugia’s prior report of a biphasic effect by fluoxetine
in amphotericin-perforated patch whole cell recordings
of intestinal smooth muscle cells (Farrugia, 1996) in that
in both cases, progressive increases in [fluoxetine] firstAs in other tissues (Hallows & Knauf, 1994), we find
decreased and then increaseddfflux. Farrugia (1996) that NKCC activity contributes to the RVI response; RVI
reported that low fluoxetine concentrations decreased then CBCEC can be partially inhibited by dm bumetanide
outwardly delayed rectifier potassium current, and highei(Figs. 1 and 2), which is a fairly specific inhibitor of
concentrations activated calcium-activated potassiunNKCC in many systems including the present one
channels. That would explain part of our results since(Diecke et al., 1998). As expected, bumetanidgu.{d)
intermediate fluoxetine concentrations would havealso inhibited K influx (Fig. 4A). This effect appeared
blocked the Napump with the consequent rise of [Na  specific for NKCC, since such decline in"Knflux was

in the cell and inhibition of the NaC&* exchanger the same as that measured upon-@moval from the
known to be present in these cells (Shepard & Raemedium.

1998). Fluoxetine concentrations above 50@ could Interestingly, we found that 2pm fluoxetine also
have then overwhelmed all differenf Kefflux pathways inhibits K™ influx (Fig. 4B, arrow) as much as either 1
involved (Fig. 3, insert). In Farrugia’s case, this patternpm bumetanide or Chremoval from the bathing solution
of effects occurred at 100x lower fluoxetine concentra-(Fig. 4A, arrow). This equivalence suggests that;i2%
tions than in our case. We also find here that the K fluoxetine inhibits NKCC. Consistent with this, both 1
efflux pathways inhibited at 5Q.m fluoxetine are essen- M bumetanide and 2(Am fluoxetine partially inhibited
tial for RVD, which is consistent with the presence of RVI (Fig. 1). Moreover, at 5@um, fluoxetine completely

RVI
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inhibited RVI (Figs. 1 and 2) suggesting that at suchdependently inhibited RVD between 20 and 5@ (Fig.
concentration it could be directly or indirectly inhibiting 2), and this dose-dependent inhibition by fluoxetine cor-
other RVI-related pathways such as a*Ngradient- responded with its potency to inhibit*kefflux (Fig. 3).
driven N&/H* exchanger-CYHCO; exchanger tandem. Interestingly, 50um fluoxetine was sufficient to com-

In keeping with this, the overall inhibitory effects of pletely suppress RVD (Figs. 1 and 2) but 0@ fluox-
fluoxetine on K influx were too large to be attributable etine only inhibited K efflux by 50% (Fig. 3). Such
only to NKCC inhibition. With 500um fluoxetine, the  inhibition does not appear to be due to a nonspecific
influx was only 13% of the control value (FigB4 @ increase in K permeability. First, two different cell vi-
symbols). The inhibitory effects of fluoxetine were simi- ability tests indicated no loss of function; second, the
lar when NKCC activity was abolished in Cfree me-  declines in K efflux at both 50um and 1 nm fluoxetine
dium (Fig. 8B, A symbols). It has been reported by us were similar. Hence, there appear to be fluoxetine in-
(Diecke et al., 1998) that the two main"Knflux path-  sensitive K efflux pathways (Fig. 3) which do not con-
ways into CBCEC are the NKC cotransporter and thetribute to the RVD response.
Na“ pump, each one accounting for approximately 50%
of the total K influx under the conditions of that study. M

) g ECHANISMS OF ACTION OF FLUOXETINE

In the present case, comparing the points in the two top

curves in Fig. 8 at zero fluoxetine concentratio®(and .
T The effects of fluoxetine on NKCC and the Naump we
a dsiggggsltsh)é: rl]\leK(z:eglg]ceti\l/ri]tKg::ﬂc%)Lerltz ofr; nggeur?g\é?/l of report here are novel. In principle, such effects could be
the total K influx. which isyof the same order as t%e direct, or could stem from an intracellular TKbuildup
' secondary to fluoxetine-induced inhibition of"Khan-

inhibition seen in the prior study. Hence, since 500 : .
AN X . ; nel-mediated efflux. However, our evidence suggests
fluoxetine inhibited K influx by 87% (Fig. 48), it fol- that these effects are direct, since we find that in the

lows that such a large inhibition can only be explained byfluoxetine concentration range between 50 and GO0

fluoxetine also inhibiting the Napump. it inhibited dose-dependently NKCC and the Naump

In summary, the data in FigBireveals two lines of . . . A .
. ’ S _(Fig. 4B), but did not consistently inhibit Kefflux (Fig.
evidence that fluoxetine inhibits both the NKC cotrans 3, insert). As a qualification, from this evidence we can-

E;r:teé agﬁlLtjr;?(el;ﬁep?nrpﬁ)i?svgin?lus;ralcltar C_onlcoeSnErre;téon not exclude additional, more complex effects of fluox-
M)gir{ the absence of ambientCIvvhensgu_ch infll_Jx is etine on intracellular regulatory mechanisms.
iy Fluoxetine (Proza®) is widely prescribed as an an-

attributable to N& pump activity. (ii) Subsequent to in- . ; X >
o ’ .= . tidepressant, and its therapeutic action is frequently as-
hibition of the N& pump by ouabain, fluoxetine inhib- cribed to selective inhibition of presynaptic serotonin

ited (IC5, = 121 £ 59um) the K™ influx attributable to .
. o reuptake (Fuller & Wong, 1977). However, fluoxetine
residual NKCC under those conditions. Thed@alues has other effects. It inhibits Kpermeability in the lens

in both cases were not significantly different from one and the corneal epithelium (Rae et al., 1995), and our

another. ; . ) :
. . A results (Fig. 3, insert) coupled with those of Farrugia
Further evidence that fluoxetine (5QOv) inhibits :
Na* pump activity is summarized in Fig(. 5 As shown in (1996) show that su_ch fluoxetine effect; are complex.
Fig. 4A (symbolsO and A), 1 pm bumetanide is suffi- Llastly, we now dlescrlﬁ)i here that fluoxetine (3_%
I S R ., also progressively inhibits NKCC activity and the Na
cient to fully inhibit NKCC activity based on the equiva pump. It is unclear whether any of these other effects

iﬁgcer:i\ggsg:j g;'g:qtggyo?faﬁl2”&2&?5:?“2); It?u— contribute to the clinical action of fluoxetine. Therapeu-
P ) tic doses of fluoxetine can result in a blood level of at

metanide is a selective inhibitor of NKCC, comparing ; .
the effect of bumetanide alone with that of bumetanideleaSt lum (Altamura, Moro, & Percudani, 1994). Given

plus fluoxetine (Fig. 5), it is apparent that the Iargervariations in dosage, it is conceivable that f_Iuoxetine
suppressive effect iﬁ th’e latter case also reflects inhibi—glas.ma levels c?fuld approN:ch(t:haﬂ_ Igvel;t which we
tion of Na" pump activity by fluoxetine. This suggestion egin to note efiects on activity (FigBjt
is supported by the findings that ouabain by itself or in
combination with 50Qum fluoxetine inhibited K influx PossiBLE MODES OFACTION OF FLUOXETINE
to the same extent as 5@ fluoxetine alone.
As mentioned above, the effects we report here dn K
channel(s) appear direct. However, with regard to the
FLUOXETINE-INSENSITIVE PATHWAYS NKC cotransporter and the Ngump, the fluoxetine
effects could be either direct or indirect (or both).
From our results, fluoxetine emerges as a “broad spec- Regarding possible direct effects of fluoxetine,
trum” inhibitor of ion transport mechanisms associatedgiven the very high conservation of the'ecognition
with RVD and RVI. As noted, fluoxetine dose- site sequences among all*kchannels (Doyle et al.,



84 E. Hara et al.: Fluoxetine Inhibits Potassium Transport Pathways

1998), the 3-D structures at these sites could be very dium, potassium, two chloride cotransport in corneal endothelium:
similar. The simulation summarized in Fig. 6 forthe Kcs  Characterization and possible role in volume regulation and fluid
A K* channel suggests that fluoxetine could block K transport.Invest. Ophthalmol. Vis. Sc39:104-110 .
channels by binding to their Krecognition sites located Doyle. D.A., Cabral, J.M., Pfuetzner, R.A,, Kuo, A., Gulbis, J.M.,
at the extracellular opening of its pore. From our simu- Cohen, S.L., Chait, B.T., MacKinnon, R. 1998. The structure of the
lati the kev to the effect db th. . f potassium channel: molecular basis df ¢onduction and selectiv-
f? '°”yt_ et ek)'/ Othe el ec V}’ct’# ? € a?go_grtc:]up O ity. Science28069-77

uloxe.lr.]e fﬁ mgo i place o e(;)u e{]m(r)]s In (Ijn e Eckstein-Ludwig, U., Rettinger, J., Vasilets, L.A., Schwarz, W. 1998.
se eFt'V'W 'ter_' t er_ com_poun .S which include nitro- Voltage-dependent inhibition of the NaK™ pump by tetraethyl-
genina ;hort Ilnear a_Ilphatlc chain would be expegted t0  ammonium Biochim. Biophys. Actal372289-300
dp likewise, and .th|$ is borne out by our observation OfFarrugia, G. 1996. Modulation of ionic currents in isolated canine and
simulated TEA binding to the Kcs A pore _entr_anmt( human jejunal circular smooth muscle cells by fluoxetiGastro-
shown). If the structure of K recognition sites in other enterology110:1438-1445

: [ +

proteins are similar to tha’F of the Kecs A _KChannel Fischbarg, J. 1997. Mechanism of fluid transport across corneal endo-
(Doyle et al., 1998), fluoxetine could conceivably block  thelium and other epithelial layers: a possible explanation based on
their K+-recognition sites as well. Consistent with this, cyclic cell volume regulatory changeBrit. J. Ophthalmol 81:85—

TEA has been recently reported to block the"Namp 89
in a voltage-dependent mode (Eckstein-Ludwig et al. Fischbarg, J., Li, J., Kuang, K., EchevairiM., Iserovich, P. 1993.
1998). Hence, fluoxetine could block putative* Kec- Determination of volume and water permeability of plated cells

from measurements of light scatterign. J. Physiol265:C1412—
C1423

ﬁuller, R.W., Wong, D.T. 1977. Inhibition of serotonin reuptaked.
Proc. 36:2154-2158

On the other hand. the fluoxetine effects reportedGomez-Hernandez, J.M., Lorra, C., Pardo, L.A., Stuhmer, W., Pongs,
’ 0., Heinemann, S.H., Elliott, A.A. 1997. Molecular basis for dif-

.her.e_cogld also b_e_ I_ndlrec.t’ Smc? it has been shown to ferent pore properties of potassium channels from the rat brain Kv1
inhibit kinase activities (Silver, Sigg, & Moyer, 1986;  gene family.Pfluegers Arch434:661-668
Vaitla et al., 1997) and oxidative mEtabO|lsm ('So-u;a etHaIIows, K.R., Knauf, P.A. 1994. Cellular and Molecular Physiology
al., 1994). Such effects could contribute to the inhibitory ¢ ceji volume Regulation. K. Strange, editor, pp. 3-29. CRC
effects of fluoxetine on corneal endothelial ion transport,  press, Boca Raton
since It Is known that the activities of both the NKCC |,,4s0n, s, wmiller, F. 1976. The bicarbonate ion pump in the endo-
cotransporter (Diecke et al., 1998; Lytle, 1998) and the thelium which regulates the hydration of the rabbit corde&®hys-
Na" pump (Blanco, Sanchez, & Mercer, 1998) are phos- iol. 263:563-577
phorylation-dependent. Additional studies are needed t@serovich, P., Reinach, P.S., Yang, H., Fischbarg, J. 1998. A novel
clarify which of these possibilities accounts for the  approach to resolve cellular volume responses to an anisotonic
fluoxetine effects described. challenge Adv. in Exp. Biol. and Me#438:687—692

Kuang, K., Cragoe, E.J., Fischbarg, J. 19@&c. Alfred Benzon Sym-
This work was supported by National Institutes of Health Grants  Posium 34, Water transport in leaky epitheliel.H. Ussing, J.
EY06178 and 08918 (JF), EY04795 (PSR), by the Tokyo Dental Col- ~ Fischbarg, E. Sten Knudsen, E.H. Larsen, N.J. Willumsen, editors,
lege (EH), and by Research to Prevent Blindness, Dr. Hara’s current  Pp. 69-79. Munksgaard, Copenhagen
address is: Department of Ophthalmology, Kinki University, Tokyo, j, J., Kuang, K., Nielsen, S., Fischbarg, J. 1999. Molecular identifi-
Japan. The coordinates for the Kcs A" ikhannel were generously cation and immunolocalization of the water channel protein Aqua-
provided by Dr. Roderick MacKinnon. porin 1 in CBCECsInvest. Ophthalmol. Vis. Sc10:1288-1292

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J. 1951. Protein
measurement with the folin phenol reagedt. Biol. Chem.

ognition sites in other transport pathways such as the
NKC cotransporter and the Ngump. Admittedly, this

is speculative, since in either case the location of suc
sites has not yet been determined.
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