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Abstract. We examined whether metabolites of arachi- Introduction
donic acid (AA) regulate K efflux during regulatory
volume decrease (RVD) by mudpuppy red blood cellsExposure of vertebrate cells to a hypotonic solution re-
(RBCs). Volume regulation was inhibited by the phos-sults in a rapid increase in cell volume followed by a
pholipase A antagonists mepacrine (30v) and ONO-  slower, spontaneous regulatory volume decrease (RVD)
RS-082 (10uMm); the inhibitory effect of ONO-RS-082 close to the original size [10, 12, 21, 27]. Because water
was reversed by gramicidin (pMm). Eicosatetraynoic is in thermodynamic equilibrium across the plasma
acid (ETYA, 100uMm), a general antagonist of AA me- membrane, the intracellular solute content may be used
tabolism, also blocked RVD. In addition, volume regu- to regulate cell volume. This is accomplished by selec-
lation was inhibited by the lipoxygenase pathway an-tively increasing permeability of the plasma membrane
tagonist nordihydroguaiaretic acid (NDGA, 1), the  during cell swelling to allow for efflux of specific intra-
5 lipoxygenase antagonists AA-861 (B4) and curcu-  cellular osmolytes, thereby decreasing the driving force
min (20 “’M)r and by the 5-|ip0xygenase activating pro- for water influx [10, 12, 21, 27] Most vertebrate cells
tein inhibitor L-655,298 (5.m). Inhibition by all four of ~ lose K™ and CI during RVD [10, 21, 22, 24, 26]. This
these agents was reversed with gramicidin. In contrastn@y occur by electroneutral ion transport pathways [3,
the 12- and 15-lipoxygenase pathway inhibitor ethyl-3,4-22, 24, 26] or by the separate activation of &nd CI
dihydroxy-benzylidene-cyanoacetate (EDBCA,ud)  Channels [9, 10, 11, 21, 28, 29, 32].
and the Cytochrome P-450 monooxygenase pathway The cellular mechanisms that regulate ion channels
blocker ketoconazole (2@um) had no effect. On the during RVD are poorly understood. Calcium, however,
other hand, the cyclooxygenase pathway inhibitor aspirir®Ppears to play a key role in this process for several cell
(100 um) slightly enhanced RVD. Consistent with these types [12, 21, 27, 31]. Although it has been suggested
findings, a K'-selective whole cell conductance respon-that C&" directly activates ion channels during RVD [11,
sible for K* efflux during cell swelling was inhibited by 28], there also is evidence that several intracellular mes-
ONO-RS-082 (1Qum), NDGA (10 M), AA-861 (5um),  Sengers are activated by Lauring cell volume regu-
curcumin (20pM), andL-655,298 (5uM). In contrast, lation [12, 21, 27]. One such messenger is arachidonic
EDBCA (1 uM), ketoconazole (2@uv), and indometha- acid, a 20-carbon polyunsaturated fatty acid that is
cin (10 wm) did not block this whole cell conductance. formed primarily from membrane glycerophospholipids
These results indicate that a channel mediatifigaés by the action of phospholipase,Aa C&*-activated en-
during RVD is regulated by a 5-lipoxygenase metabolitezyme [13, 18, 23]. Minor amounts of arachidonic acid
of arachidonic acid. also may be produced from diacylglycerol and phospha-

tidic acid [13, 18, 20].

Arachidonic acid is quickly acylated back into the

Key words: Leukotriene — phospholipase,A— Patch  plasma membrane or converted into a number of biologi-
clamp — Potassium channel Necturus maculosus cally active oxygenated metabolites, called eicosanoids,

by three major enzymatic pathways [13, 18]. The cyclo-

oxygenase pathway catalyzes conversion of arachidonic
- acid to prostaglandin endoperoxidases, which are precur-
Correspondence tdD.B. Light sors to compounds such as thromboxane, prostacyclin,
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and other prostaglandins [13, 18]. Lipoxygenases are anodulate membrane permeability to ions [2, 14-19, 25,
group of iron-containing dioxygenases [13, 18]. They34]. This study investigated whether arachidonic acid
exist in three distinct types 5-, 12-, and 15-lipoxygenaseand its metabolites regulate a Kfflux during RVD by
and insert oxygen into arachidonic acid at carbon 5, 12mudpuppy RBCs. This was accomplished by examining
or 15, respectively [13, 18]. Leukotrienes are formed viathe limit of osmotic fragility from hemolysis experi-
the 5-lipoxygenase pathway [8, 13, 18]. For this to oc-ments, estimating cell volume of osmotically stressed
cur, after activation of 5-lipoxygenase by a rise in intra-cells from the hematocrit, and studying membrane cur-
cellular C&*, the enzyme translocates from the cytosol torents using the whole-cell patch clamp technique.

the plasma membrane where it binds to an integral pro-

tein called 5-lipoxygenase activating protein (FLAP) [8, .

18]. The membrane association of 5-lipoxygenase re!vl"ﬁe”aIS and Methods

quires C&" and is a necessary step for efficient produc-

tion of leukotrienes [18]. The enzyme also is thought toAnimALS

undergo suicide turnover-associated inactivation [18].

Finally, cytochrome P-450 epoxygenase, a monooxygenlvludpuppies ecturus maculosyisvere obtained from a local vendor

ase, converts to arachidonic acid into a variety of ep_(Lemberger Oshkosh, WI) and kepF in well aerated, aged tap Watgr at
5-10°C for no more than 6 days prior to use. They were anesthetized

oxyelcosatrlenmc acids by a NADPH-dependent meCha‘\7\/ith 3-aminobenzoic acid ethyl ester (MS-222, 1%) and sacrificed by
nism [13, 18]_- ~decapitation. Blood was obtained from a midventral incision and col-

Several ion channels are regulated by arachidonigected into heparin (10,000 units/ml) coated tubes. Immediately fol-
acid and eicosanoids. Arachidonic acid, for example, aclowing esanguination, the blood was spun in a centrifuge (Hermel-
tivates K channels in cardiac cells [15] and in smooth £230, National Labnet, Woodbridge, NJ) at 1,000 rpm for 1 min. The
muscle cells [25] In addition. a 12-Iipoxygenase me_supernatant was aspirated and replaced with an equal volume of am-
tabolite of arachidonic acid dir;actl stimulates thaly- phibian Ringer. This process of spinning and washing the cells was

’ . y Bly repeated twice.
sia S-K" channel [2]. In contrast, cytochrome P450
monooxygenase products activate a large conductance
Ca*-activated K channel in small renal arteries of the OSMOTIC FRAGILITY
rat [34] and a K channel in vascular smooth muscle of . _ o , , _
Jhe limit of osmotic fragility in hypotonic solutions was determined by

the.' P9 [14]' Onthe other hand, IeUKOFnen,eS’ pI.’OdUC.tS O;inding the lowest osmolality a suspension of RBCs could be bathed in
5-I|poxygenas_e metab()llsm_ of arachidonic acid, S'[”’nu'without lysing. Cell lysis (hemolysis) was determined by observing a
late a G-protein-gated cardiac’ Kkhannel [16] and a K turbidity shift (cloudy to clear) that occurs when the integrity of the
channel in Ehrlich ascites tumor cells [17-19]. Further,plasma membrane is compromised. This was detected with a spectro-
it has been shown thatKefflux during RVD by Ehrlich photometer (Spectronic 20D, Milton Roy Co) 10, 15, or 20 min after
ascites tumor cells depends on eicosanoids [17QI9(_Jd (30pl) was a(?IQed to saline solutions (3 ml) of_dlfferent osmo-
19]. Specifically, cell swelling results in stimulation of lalities and composm_ons. Spectrophotometrlc expenments_ were con-
) P . . . ducted at 625 nm; this wavelength provided the greatest difference in
leukotriene prOdUCt'on and a concomitant reduction Ir‘optical density (OD) between intact and lysed cells [1]. Cell lysis also
prostaglandin synthesis [18, 19]. In addition, the leuko-was confirmed microscopically (Nikon Diaphot, Hoffman differential
triene LTD, accelerates an RVD response by stimulatinginterference contrast optics, 400x).
a K" permeability in hypotonically swollen cells [17- A hemolytic index (%) was determined using the formula: HI(%)

; i = (OD of Test Compound—OD of Negative Control)/(OD of Positive
19]. In contrast, the prostaglandin P&inhibits cell ( pol 9 ”
] P 9 5 control—OD of Negative Control) x 100. The positive control was

volume refgmatlon [:!'7_19]' This mhlbltlo_n on!y C_)CCL_”S blood in distilled water, the negative control referred to blood in diluted

when N4 is Present in the hypOtomc': .medlum, indicating Ringer, and the test compound was blood in diluted Ringer containing

that PGE stimulates a Napermeability [17-19]. a specific pharmacological agent. All reported hemolytic indices were
Recent studies in our |aboratory indicate that mud-calcule_lted u;i_ng the concentr_ation of Ringer that provided the limit of

puppy @\Iecturus maculost)lsred blood cells (RBCS) osmotic fragility for the negative control.

have a remarkable ability to tolerate exposure to hypo-

tonic solutions compared to other vertebrate cells [1].qeyarocriT

Further, RVD by this cell type depends on a quinine-

inhibitable K" conductance that is activated by a?Ga  Hematocrit was used to estimate the volume of RBCs exposed to so-

calmodulin-dependent mechanism during cell swellinglutions of different osmolalities. We assumed that cells remained iso-

[1]. Whether calmodulin stimulates *Kefflux directly morphic a_nd packgd equall_y regardless of their volume. Blogd was

by binding to the channel protein or indirectly by acti- ZCeCR e MaC A o s e (o ME, arma:

Va|:[||ng anOthtek: mgace“url]ar mEssetrr]]ger tlf? InOtI knc()jwlr_]'tional Equipment, Needham Hts., MA). Hematocrit was measured by

- However, 1t has been shown Dby others that calmoduliry microcapillary reader (International Equipment, Needham Hts., MA).

can activate phospholipase, £18, 30], and subsequent we also confirmed cell size and shape by observing individual cells
production of arachidonic acid and eicosanoids maywith a microscope (Nikon Diaphot, Hoffman DIC optics, 400x).
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PatcH CLAMP agents or its vehicle for 5-30 min prior to experimentation. The os-
molality of solutions were measured with a vapor pressure osmometer
Patch pipettes were fabricated from Kovar sealing glass (Corning(#5500, Wescor, Logan, UT). Chemicals were purchased from Sigma
model 7052, 1.50 mm OD, 1.10 mm ID; Garner Glass, Claremont, CA)Chemical (St. Louis, MO), LC Laboratories (Woburn, MA), and ICN
using a two-pull method (Narishige PP-7). Pipette tips were fire (Costa Mesa, CA). All experiments were conducted at room tempera-
polished (Narishige MF-9) to give a direct current resistance of ap-ture (21-23°C).
proximately 5-8v() in symmetrical 100 m KCI solutions. All pipette
solutions were filtered immediately before use with a 022 mem-
brane filter (Millex-GS, Bedford, MA), and the pipettes were held in a
polycarbonate holder (E.W. Wright, Guilford, CT). Membrane cur- o o
rents were measured with a P00 feedback resistor in a headstage Dat_a are reported as mearsg The_ statistical 5|gn|f|cance of an ex-
(CV-201A, Axon Instruments, Foster City, CA) with a variable gain Perimental procedure was determined by a paired Studeagst or

amplifier set at 1 mV/pA (Axopatch 200A, Axon Instruments, Foster least significant diffe!’enc_e test with paired design of analysis qf vari-
City, CA). The current signals were filtered at 1 kHz through a 4-pole @1¢€ (ANOVA)/multivariate. ANOVA (MANOVA), as appropriate

low-pass Bessel filter and digitized at 5 kHz with an IBM-486 com- (I_Dgta Desk software, Ithaca, NY)' AP < 0.05 was considered sig-
puter. _nlflcant. Each animal ser_ved as its own control. For patch clamp stud-
Acquisition and analysis of data were conducted with P-Cramp €S each cell served as its own control.

(version 6, Axon Instruments, Foster City, CA). Data were acquired

during 100 msec voltage pulses and the command potential was set to

~15 mV (close to the resting potential for RBCs) for 100 msec betweenRESUItS

each pulse. All voltage measurements refer to the cell interior.

RBCs, attached to glass coverslips (5 mm diam., Bellco Biotech.,

Vineland, NJ) with polys-lysine (150,000-300,000; 1 mg/ml), were OSMOTIC FRAGILITY STUDIES

placed in a specially designed open-style chamber (2b50olume,

Warner Instruments, Hamden, CT). The bath solution could beAlthough the limit of osmotic fragility (LOF) depends on

changed by a six-way rotary valve (Rheodyne, Cotati, CA). Theseveral factors, we first established this limit as one as-

whole-cell configuration was achieved following formation of a gi- sessment of a cell's ability to regulate volume in a hy-

gaohm seal (cell-attached configuration) ‘by applying suctioh to disrUpiJOtoniC medium. The lowest osmolality RBCs could tol-

the patch of membrane beneath the pipette or by applying a larg . .

voltage (>200 mV) to the patch. A sudden increase in the capacitancgra‘te without 'YS'”Q was 11.1 + O,.9 mo;mol/kgCH (n

current transient accompanied disruption of the membrane. = 15). To determine whether this limit depended on
arachidonic acid, we used the phospholipagsexAtago-
nist mepacrine (1Qum) [23]. In this case, the lowest

SOLUTIONS osmolality cells could tolerate without lysing increased

by 65% to 18.3 + 1.7 mosmol/kg J® (n = 15 experi-
Amphibian Ringer solution consisted of (inmMj1 110 NaCl, 2.5 KCl, ments,P < 0.001, Fig. 1).

1.8 CaCl, 0.5 MgCl,, 10 HEPES (titrated to pH 7.4 with NaOH), and . . .
5 glucose. A low N& Ringer was prepared by substituting choline Consistent with these results, the phosphollpa§e A

chloride for NaCl (used for all experiments with gramicidin), and a inhibitor ONO-RS-082 (1Quwm) [23] increased LOF by
0.5x Ringer was obtained by mixing equal volumes of Ringer and169%, from 13.3 + 2.5 mosmol/kg J@ to 35.8 + 2.5
distilled water. A stock solution of gramicidin was dissolved in metha- mosmol/kg HO (n = 12,P < 0.001, Fig. 1). This com-
nol and diluted 1000x to give a final concentration qf/. Mepacrine pound also gave a hemolytic index of 90% & 12,
(q“iﬂac””e' _g_‘Ch)'Org‘Ns’(‘)[(‘;gi%‘gg"?;“i(”0)‘1'Te_‘hy'b“ty'll)'ami_”o‘z‘ calculated at the limit of osmotic fragility for the nega-
methoxy-acridine), -RS- -(p-amyl-cinnamoyl)-amino-p- +; ; P i )
chlorobenzoic acid), ETYA (5,8,11,14-eicosatetraynoic acid), AA-861 tlﬁir(;on:;?nl)i'ciﬁisn I(llc";:dsl\/lt;a:’tee\/de:’gelfjl%h;,Ir:EIebli(?:logll;:egr:)Of
(2,3,5-trimethyl-6-(12-hydroxy-5,10-dodecadiynyl)-1,4- P 9 LT y
benzoquinone), curcumin (L,7-bis(4-hydroxy-3-methoxyphenyl)-1,6- ONO-RS-082 bringing the LOF to 16.7 + 2.7 mOsm/kg
heptadiene-3,5-dione), EDBCA (ethyl-3,4-dihydroxybenzylidene- H,O (n = 12, P < 0.01), a value which was not signifi-
cyanoacetate), indomethacin, ketoconazole, aspirin (acetylsalicylicantly different from the control. In addition, osmotic
acid), arachidonic acid (cis_—5,8_,11,14—eicosatetraenoic acid), andragility with arachidonic acid (Jum) and ONO-RS-082
L-655,238 @-pentyl-4-(2-quinolinylmethoxy)-benzene-methanol) tqgether was significantly lower than with ONO-RS-082
were dissolved in ethanol or dimethyl sulfoxide (DMSO), and then alone f = 8, P < 0.05) Interestingly arachidonic acid
diluted to give a final working concentration. did not reve’rse thé eff.ect of ONO—éS—O82 when?Ca
Patch pipettes were filled with an intracellular Ringer solution 8 .
containing (in nw): 95 KCI, 3.5 NaCl, 1.0 MgG}, 1.0 Cac}, 2.0  Was absent from the extracellular medium= 6) or if
EGTA, 5.0 HEPES (pH 7.4 with KOH), 5.0 glucose, 1.0 MaATP, its concentration was higher thany® (n = 6).
and 0.5 GTP. During seal formation, the extracellular solution con- We next examined whether osmotic fragility de-
tained (in m1): 105 NaCl, 2.5 KCI, 1.8 Ca¢J 0.5 MgCL, 10.0 HEPES = pended on arachidonic acid directly or alternatively
(pH 7.4), and 5 glucose. An isosmotic high Kath contained (inm):  \yhather eicosanoid metabolites were responsible for

105 KCl, 2.5 NaCl, 1.8 CaG) 0.5 MgCl, 10.0 HEPES (pH 7.4), and . . ;
5 glucose. A hypotonic (0.5x) high'Kbath contained (in m): 2.5 regulation of cell volume. This was accomplished by

NaCl, 50 KCl, 1.8 CaG} 0.5 MgCh, 10 HEPES (pH 7.4), and 5 usipg ETYA (5,8,11,14—¢ic0§atetraynoiq agid_), an acety-
glucose. lenic analogue of arachidonic acid that inhibits cycloox-

For all experiments, cells were incubated with a pharmacologicalygenase, lipoxygenase, and cytochrome P-450 monoox-

STATISTICS
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Fig. 2. Inhibition of 5-lipoxygenase increased the limit osmotic fragil-
ity. Cells were incubated for 10-30 min in isosmotic Ringer with
NDGA (10 pm, n = 17), AA-861 (5pm, n = 10), curcumin (3Qum,

n = 10), or L-655,238 (.M, n = 9) before dilution. Vehicle for these
agents (ethanol, diluted 500-1000x) and for gramicidin (methanol) had
no effect on osmotic fragilityr( = 12). Substitution of choline for Na
when using gramicidin also had no effect. Teentrol solutionwas
diluted amphibian (high N3 Ringer, theexperimental solutiorwas
diluted Ringer with antagonist, and tigeamicidin solutioncontained
both the antagonist and ionophore (choline Ringer). Data reported as
mean +se *P < 0.05, **P < 0.001.

Fig. 1. Inhibition of arachidonic formation or its subsequent metabo-
lism increased the osmotic fragility of mudpuppy RBCs. Cells were
incubated for 10-30 min in isosmotic Ringer with mepacrine (iQ

n = 15), ONO-RS-082 (1wm, n = 12), or ETYA (100um, n = 6)
before being diluted. Theontrol solutionwas diluted amphibian (high
Na*) Ringer, theexperimental solutiowas diluted Ringer with an-
tagonist, and thgramicidin solutioncontained both the antagonist and
ionophore (5um). Sodium was replaced with choline for experiments
with gramicidin. Vehicle for gramicidin (methanol, diluted 1:1000,

= 6) or replacing Nawith choline f = 6) had no effect on osmotic
fragility. Data reported as meanst *P < 0.05, ***P < 0.001.

hemolytic index of 80%. Gramicidin also reversed the

ygenase enzymes [25]. ETYA (1Q0w) increased the inhibitory effect of curcuminif = 8, P < 0.05). In this
LOF fragility by 172%, from 5.8 + 0.8 mosmol/kg®  case, the LOF decreased to 17.2 + 3.2 mosmol/kg H
to 15.8 + 4.1 mosmol/kg kO (n = 6,P < 0.05, Fig. 1). 4 value that was not significantly different from the con-
This indicated that the LOF depended on an eicosanoigo|. |n addition, the 5-lipoxygenase activating protein
product of arachidonic acid. (FLAP) inhibitor L-655,238 (5uMm) [6] increased the

We then determined whether the limit of osmotic | oF by 309%, from 16.7 + 2.0 mosmol/kg,© to 21.7 +
fragility depended on lipoxygenase metabolites of ara 0 mosmol/kg HO (n = 9, P = 0.07, Fig. 2). This
chidonic acid. The general lipoxygenase inhibitor nor-gntagonist gave a hemolytic index of 43% &
dihydroguaiaretic acid (NDGA, 1Qw) [15, 16, 33]in-  9)  Gramicidin also reduced the LOF with L-655,238 to
creased the LOF by 174%, from 8.9 + 1.6 mosmol/kg10.0 + 1.3 mosmol/kg kD (n = 6, P < 0.001).

H,O to 24.4 + 2.0 mosmol/kg $O (n = 17,P < 0.001, In contrast to 5-lipoxygenase antagonists, the 12-
F|g 2) Further, the |nh|b|t0ry effect of NDGA was re- and 15_|ip0xygenase inhibitor ethyl 3’4_
versed by gramicidin (M, n = 11,P <0.01, Fig. 2).  dihydroxybenzidene-cyanoacetate (EDBCA 1) [4]
With this cationophore, osmotic fragility was reduced to had no effect on osmotic fragility nor the hemolytic in-
11.1 + 1.4 mosmol/kg KD. dex (W = 10, Fig. 3). Further, the cytochrome P-450
To determine which lipoxygenase enzyme(s) wasmonooxygenase blocker ketoconazole (@) also had
involved in this process, we used pharmacological agentgg effect on the LOF nor the hemolytic indem & 8,
specific for 5-, 12-, and 15-lipoxygenase. The 5-lipoxy- Fig. 3). Interestingly, cyclooxygenase inhibitors had the
genase inhibitor AA-861 (fum) [16, 33] increased the gpposite effect as 5-lipoxygenase antagonists. Aspirin
LOF by 52%, from 12.5 + 0.9 mosmol/kg® t0 19.0+ (100 wm) decreased the LOF by 46%, from 11.1 + 0.9
1.2 mosmol/kg HO (n = 10, P < 0.05, Fig. 2). This  mosmol/kg HO to 7.4 + 0.5 mosmol/kg O (n = 8, P
compound gave a hemolytic index of 61% & 10). < 0.01, Fig. 3) whereas indomethacin (@, ref. 15)
Furthel’, the |nh|b|t0ry effect of AA-861 was reversed Changed osmotic fragmty by 19%, from 20.0 + 4.5 mos-
with gramicidin, reducing osmotic fragility to 13.0 + 1.5 mgj/kg H,0 to 16.2 + 5.5 mosmol/kg 0 (n = 5,P =
mosmol/kg HO (n = 10,P < 0.01, Fig. 2), which was ¢ 0g, Fig. 3).
not significantly different from the control. Curcumin
(20 pm), which inhibits 5-lipoxygenase and cyclooXy- HematocrIT STUDIES
genase [7], had a similar effect. It increased the LOF by
100%, from 16.5 £ 1.6 mosmol/kg J@ to 33.0 £ 2.3 The hematocrit of whole blood was 20.4 + 417 € 40),
mosmol/kg HO (h = 10,P < 0.001, Fig. 2), and gave a a value close to that previously reported for this species
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Fig. 3. Inhibition of 12- and 15-lipoxygenase, monooxygenase and

cyclooxygenase did not increase osmotic fragility. Cells were incubateq:ig 4. Inhibition of phospholipase Ablocked RVD. Thecontrol so-

for 10-30 min in isosmotic R|ngt_er with EDBCA (fum, n= 10), lution was diluted (0.5x) high NaRinger, theexperimental solution

keFoconazoIe (1M, n = 8), aspirin .(loqLM’ n=8)or |nd_ometh- was 0.5x Ringer with ONO-RS-082 (v, n = 10), and thegrami-

3?” (;'O“M’hr_]b_z 5)hper:0l:l? t;e_lng d||ur:ed. Tht_aontrollsolllmc_)nwas cidin solutioncontained both antagonist and ionophoreufs). Cells
lluted amphibian (high NJ Ringer, theexperimental solutiowas were incubated for 10-30 min in isosmotic Ringer with the antagonist

diluted Ringer Wit.h antagonist, and tlgeamicidi_n solutioncgntained before being diluted, and ONO-RS-082 and gramicidin also were pre-
both the antagonist and ionophore (choline Ringer). Vehicle for thesesent in the bath solution (choline chloride Ringer) before addition of

agents (ethanol) had no effect on osmotic fragility. Data reported a%BCs. At time 0, cells were abruptly exposed to hypotonic Ringer.
mean se **P < 0.01. Vehicle (ethanol or methanol) and choline substitution fot Nad no
effect. *P < 0.05. Because of the variability in hematocrit (20.4 + 4.7,
n = 40) and in the rate and amplitude of an RVD response, only a
[5]. When RBCs were placed in a hypotonic (0.5x)'Na single representative experiment is illustrated. However, the effect of
Ringer solution, they quickly swelled (Fig. #)Thiswas  each experimental procedure was consistent, and statistical analysis
followed by a slower, spontaneous decrease in volumaas based on replicate experiments. Significant differences between
(Fig. 4)_ Consistent with the LOF studies, mepacrine (10ﬁeans at the same time point wgre calcqlated using the least .sigr_wificant
uM) inhibited RVD (n — 13, P < 0.05 after 10 min of g:’f\‘f(g\e/:c(eM(lA_ig)\/f)st of analysis of variance (ANOVA)/multivariate
incubation). ONO-RS-082 (1m) had a similar effect '
(n = 16, P < 0.05 at=5 min, Fig. 4). Also consistent
with the hemolysis studies, gramicidin (64) reversed  mean values for hematocrit with both NDGA (104)
the inhibitory effect of ONO-RS-08(= 16,P <0.05  ang gramicidin (5.m) in the extracellular medium were
at =15 min, Fig. 4). Mean values for hematocrit with ot significantly different from control values at any time
both ONO-RS-082 (Jum) and gramicidin (Sum) in the (n = 6, Fig. 6). In addition, the 5-lipoxygenase antago-
extracellular medium were not significantly different pist curcumin (2Qum) inhibited cell volume recoveryn(
from control values at any timen(= 16, Fig. 4). = 10,P < 0.05 at=30 min).
To determine whether arachidonic acid metabolism | contrast to 5-lipoxygenase antagonists, the 12-

was important for an RVD response, we measured heéang 15-lipoxygenase inhibitor EDBCA (iim) had no
matocrit in the presence of ETYA (1Q0v). This solu-  effect on RVD @ = 9). In addition the cytochrome
tion inhibited RVD @ = 7,P <0.05 at=10 min, Fig. 5).  p_450 monooxygenase antagonist ketoconazolgu20
We next examined the effect on RVD of inhibiting the  — 5) and the cyclooxygenase inhibitor indomethacin
lipoxygenase pathway. NDGA (10w) consistently and (10 ,m, n = 5) did not alter cell volume recovery.
significantly inhibited an RVD respons@ (= 17,P < Ajthough not statistically significant, aspirin (100u)

0.05 at=10 min, Fig. 6). This effect was reversed by gjightly, but consistently, enhanced the rate of an RVD
gramicidin o = 6, P < 0.05 at=10 min, Fig. 6), and responser( = 5).

— PatcH CLAMP STUDIES
1 Cells behaving as perfect osmometers should double their size in this
solution. However, we did not observe this amount of swelling. OneThe membrane of mudpuppy RBCs formed gigaohm

possible explanation for this phenomenon is that there was a relativel - . 0
large volume of cells compared to the extracellular volume. This could%eaIS without enzymatic treatmerEﬂZ(S /b success rate)'

have resulted in a significant shift of water from the bath into the ceIIsAfter a gigaohm seal was formed (cell-attached patch),
during hypotonic shock (sufficient enough to increase the extracellulaf€gative pressure or voltage was used to form the whole-
osmolality), thereby decreasing the expected level of swelling. cell configuration (in approximately 20% of the patches,
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Fig. 5. Inhibition of eicosanoid formation blocked RVD. Thentrol Fig. 6. Inhibition of lipoxygenase enzymes blocked RVD. Téntrol
solutionwas diluted (0.5x) high NaRinger and theexperimental so-  solutionwas diluted (0.5x) high NaRinger, theexperimental solution
lution was 0.5x Ringer with ETYA (10Qum, n = 7). Cells were  was 0.5x Ringer with NDGA (1QuM, n = 17), and thegramicidin
incubated for 10-30 min in isosmotic Ringer with the antagonist beforesolution contained both antagonist and ionophoreufs). Cells were
being diluted, and ETYA also was present in the bath solution beforeincubated for 10-30 min in isosmotic Ringer with the antagonist before
addition of RBCs. At time 0, cells were abruptly exposed to hypotonic being diluted, and NDGA and gramicidin also were present in the bath
Ringer. Vehicle (ethanol) had no effectP*< 0.05. Only a single  solution (choline chloride Ringer) before addition of RBCs. At time 0,
representative experiment is illustrated. Significant differences be-cells were abruptly exposed to hypotonic Ringer. Vehicle (ethanol or
tween means at the same time point were calculated using the leastethanol) and choline substitution for Nhad no effect. P < 0.05.
significant difference (LSD) test of ANOVA/MANOVA. Significant differences between means at the same time point were
calculated using the LSD test of ANOVA/MANOVA.

a whole-cell configuration formed spontaneously shortlyRS-082 blocked a Kconductance. Although not shown,
after obtaining a cell-attached patch). Previously, we demepacrine (1Qum) had a similar effectr( = 3).
scribed a whole-cell K conductance that was inhibited We next examined the effect of the lipoxygenase
by quinine and activated by a €acalmodulin depen- inhibitor NDGA (10 um) on whole-cell currents for cells
dent mechanism during cell swelling [1]. Below we de- in a hypotonic bath. Application of NDGA to the extra-
scribe the role of arachidonic acid and eicosanoids ircellular bath caused a similar decrease in conductance a:
regulating this channel. ONO-RS-082. No decrease in current was observed in
We first examined whether activation of whole-cell the control cells over a similar time period. NDGA de-
currents during swelling required arachidonic acid. Thecreased whole-cell conductance by 51%, from 49.2 £+ 5.5
PLA, antagonist ONO-RS-082 (10m) consistently in- nSto 23.9 + 6.0 nSn(= 11,P < 0.001, Fig. 8), a value
hibited a whole-cell conductance when cells were bathedhat was not different from the conductance in an isos-
in a 0.5x high K Ringer (Fig. 7). After initial addition ~motic bath (23.8 + 2.1 nS). Further, NDGA shift&d.,
of ONO-RS-082 to the extracellular bath, the conduc-closer toE,, from -8.8 + 2.2 mV t0 0.7 £ 2.6 mVi( =
tance gradually decreased until a maximum inhibition11, P < 0.01, Fig. 8). This represented a change in the
occurred by approximately 5 min. No decrease in cur-P.:Pg, ratio from 3.7:1 to 0.9:1, a value that was not
rent was observed in the control cells over a similar timedifferent for swollen cells exposed to quinine [1].
period. The whole-cell conductance was reduced by The 5-lipoxygenase antagonist AA-861 i) de-
52% with ONO-RS-082, from 39.3 + 5.4 + nS to 18.9 * creased whole-cell conductance in a manner similar to
3.0nS 6 = 6,P<0.01). Further, this antagonist shifted ONO-RS-082 and NDGA. It reduced conductance by
the reversal potentiaE,) from -9.1 + 1.4 mVto -4.0 25%, from 23.6 £ 3.3 nSt017.8+39n8 E 6,P<
+1.7 (h = 6,P <0.01, Fig. 7). The only major ions in 0.05). AA-861 also changeé,., closer to E, from
these solutions were 'Kand CI, and the equilibrium -5.1+0.7 mVto 0.5+ 1.7 mVr{ = 6, P <0.01). This
potentials for perfectly cation- and anion-selective con-resulted in a shift in th&,:P, ratio from 2.1:1 to 0.9:1,
ductances were —-16.2 mV and +14.7 mV, respectivelyindicating that a K conductance was inhibited.
The shift inE,,, by ONO-RS-082 was therefore towards Curcumin (20um) had a similar effect as AA-861,
Es. From E,, and the Goldman-Hodgkin-Katz equa- and reduced whole-cell currents by 44%, from 27.3 + 3.9
tion, we calculated a change in the Iiermeability-to- nSto 15.4+3.1 nS (= 9,P <0.001, Fig. 9). Curcumin
CI™ permeability Py:Pg)) ratio from 3.9:1to 1.7:1. This also changed,., closer toEg, from -5.9+ 1.1 mV to
indicated that inhibition of phospholipase, Ay ONO- 1.4+1.5mV 6 = 9,P <0.01, Fig. 9). With curcumin,
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Fig. 7. Inhibition of phospholipase Ablocked a K conductance. Cell  £ig g |nhibition of lipoxygenase enzymes blocked & ¢onductance.

was maintained at a holding potential of ~15 mV and stepped 0 Po-cgj| \yas maintained at a holding potential of ~15 mV and stepped to
tentials between -100 to +100 mV in 20 mV intervald) gvhole-cell potentials between —100 to +100 mV in 20 mV intervas) whole-

F:ur_re_n_ts for a RBC exposed to a h_ypotonlc (0.5%) hightiath and o) cyrrents for a RBC exposed to a hypotonic (0.5x) higtbkth and
inhibition of these currents by adding ONO-RS-082 (1@) to the  iphipition of these currents by adding NDGA (101) to the bath. B)
bath. @) corresponding current-voltagé-y) relationship. The con- ¢4 regponding current-voltage-y) relationship. The conductance de-
ductance decreased by 5280+ 6) with ONO-RS-082 and thBy P, creased by 51%n( = 11) with NDGA and theP,:P., shifted from

shifted from 3.9:1 to 1.7:1n( = 6, calculated from the reversal poten- 3 7.1 5 0.9:1 6§ = 11). A single experiment is illustrated, however,

tial and the Goldman-Hodgkin-Katz equation). Although only a single gatistical analysis was based on replicate experiments.
representative experiment is illustrated, statistical analysis was based

on replicate experiments.

conductance with arachidonic acid was reversed by cur-
the K" permeability-to-Cl permeability ratio was re- cumin (10puM, n = 5, Fig. 10) and by NDGAr{ = 3).
duced from 2.3:1 to 0.8:1, revealing that 4 Kurrent  Although not statistically significant, arachidonic acid
was blocked. Although not quite statistically significant, slightly, but consistently, increased the conductance for
the 5-lipoxygenase activating protein (FLAP) inhibitor cells in hypotonic mediumn( = 3).
L-655,238 (5um) had a similar effect and reduced the
conductance by 49% (= 3) and change®,:Pg, to 1.0
(n = 3). Discussion

In contrast to inhibitors of 5-lipoxygenase, the 12-

and 15-lipoxygenase inhibitor EDBCA (M) had no  Recent studies in our laboratory have shown that RVD
effect on whole cell conductance & 6) norg,, (n = by mudpuppy RBCs depends on a*Gaalmodulin de-
6). The cyclooxygenase antagonist indomethacin (1(@endent mechanism [1]. The major finding of this study
uM) also did not inhibit the K conductancen( = 6).  was that regulatory volume decrease by these cells alsc
In fact, whole conductance increased slightly with indo-depends upon a 5-lipoxygenase metabolite of arachi-
methacin, from 34.5+2.6 nSt046.4+2.6 n8%£ 6,P  donic acid. A dependence of cell volume regulation on
< 0.05). Arachidonic acid (JuMm) also had the opposite 5-lipoxygenase was demonstrated by bathing cells with
effect on whole-cell currents as compared to 5-lipoxy-various and specific inhibitors of this enzyme. We chose
genase antagonists. For cells in an isosmotic high K antagonists that blocked the action of 5-lipoxygenase by
Ringer, arachidonic acid increased whole-cell conduc-different mechanisms. Direct inhibitors, such as AA-861
tance by 66%, from 19.0 + 3.4 nS to 31.6 + 3.8 mS< and curcumin, block the 5-lipoxygenase enzyme by com-
7,P <0.01, Fig. 10). The amplitude of this increase waspetitive inhibition [4, 7, 8, 33]. In contrast, indirect in-
similar to that observed for cells exposed to a hypotonidibitors, such as the quinoline L-655,238, are poor an-
bath without arachidonic acid. Further, the increase intagonists of soluble 5-lipoxygenase and block leukotri-
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Fig. 9. Inhibition of 5-lipoxygenase enzyme blocked & Konduc-
tance. Cell was maintained at a holding potential of —15 mV andFig. 10. Addition of arachidonic acid activated a whole-cell conduc-
stepped to potentials between —100 to +100 mV in 20 mV intervA)s. ( tance. Cell was maintained at a holding potential of =15 mV and
whole-cell currents for a RBC exposed to a hypotonic (0.5x) high K stepped to potentials between —100 to +100 mV in 20 mV interva)s. (
bath and inhibition of these currents by adding curcuming8{to the whole-cell currents for a RBC exposed to an isosmotic highbth.
bath. B8) corresponding current-voltagé-¥/) relationship. The con-  Activation of these currents by adding arachidonic acigw(f) to the
ductance decreased by 44% € 9) with curcumin and theéP,:Pg, bath and subsequent inhibition by adding curcumin{8() to the bath
shifted from 2.3:1 to 0.8:1n( = 9). A single experiment is illustrated, containing arachidonic acidB) corresponding current-voltage-{/)
however, statistical analysis was based on replicate experiments.  relationship. Arachidonic acid increased the conductance by 66% (
7) whereas it decreased by 40% with curcumin=£ 4). A single
experiment is illustrated, however, statistical analysis was based on
ene production by interfering with 5-lipoxygenase "éPlicate experiments.
activating protein (FLAP). FLAP is a membrane-bound 18
kDa protein. After 5-lipoxygenase is activated by a signifi- RVD by mudpuppy RBCs depends ori Kfflux through
cant rise in intracellular G4, it translocates to the FLAP a conductance that is activated during cell swelling by a
[6, 8]. The formation of a FLAP-enzyme complex regu- Ca&®*-calmodulin dependent process [1]. The time
lates the interaction of 5-lipoxygenase with its substrategcourse for activation of this Kcurrent during cell swell-
arachidonic acid, resulting in leukotriene synthesis [6, 8]. ing coincided with the time course for volume recovery
We found both types of antagonists (direct and in-from hypotonic shock [1]. In addition, the rate of RVD
direct) consistently increased the limit of osmotic fragil- was accelerated in the presence of gramicidin, indicating
ity and reduced the degree of cell volume recovery fol-that the K permeability was a rate-limiting process and
lowing hypotonic shock. This indicated that RVD by that CI' permeability was high in swollen cells [1]. This
mudpuppy RBCs is associated with a 5-lipoxygenasesell type also displayed a high Tpermeability in isos-
metabolite. A similar phenomenon was reported formotic conditions [1].
Ehrlich ascites tumor cells [17-19]. In this case, hypo- In this study we demonstrated both pharmacologi-
tonic shock stimulated production of leukotrienes andcally and electrophysiologically that the' i¢onductance
simultaneously inhibited synthesis of prostaglandinsis modulated by 5-lipoxygenase metabolites. Firstly, a
However, if these cells had access to sufficient arachidependence of Kefflux on 5-lipoxygenase was shown
donic acid there was no decrease in the synthesis afsing the cationophore gramicidin in a low Na&holine
prostaglandins. It was concluded that in the absence dRinger solution. In this case, the only two permeable
exogenous arachidonic acid, the 5-lipoxygenase pathwaipns of significance were Kand CI. Gramicidin con-
is favored during cell swelling at the expense of metabo-sistently reversed the effect of 5-lipoxygenase antago-
lism by the cyclooxygenase pathway [18, 19]. nists so that the limit of osmotic fragility and cell volume
It also was recently shown in our laboratory that recovery with the ionophore and inhibitor together were
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not different from control values. Secondly, using the EDBCA had no effect on osmotic fragility, cell volume
whole cell patch clamp technique, we found that 5-li- recovery, nor whole cell currents. The lack of an effect
poxygenase antagonists blocked adénductance thatis by EDBCA in our study also indicates that inhibition of
activated by cell swelling in a hypotonic Ringer. In fact, RVD and K' currents by NDGA, a general lipoxygenase
with 5-lipoxygenase inhibitors the 'Kconductance in a antagonist [15, 33], can best be explained by its blocking
hypotonic bath was reduced to levels found for control5-lipoxygenase. Our observation that & &onductance
cells in isosmotic conditions. Further, the inhibition of was specifically modulated by the 5-lipoxygenase path-
both RVD and the K conductance with 5-lipoxygenase way is consistent with studies concerning regulation of
antagonists was indistinguishable from the inhibition wethe G protein-gated K channel in cardiac cells [16].
previously reported with quinine, a specific inhibitor of The cardiac K channel also was inhibited by NDGA and
K™ channels [1]. For example, the decrease in whole-celAA-861 but not by indomethacin nor by baicalein, an
P« :Pc, with 5-lipoxygenase antagonists was identical toinhibitor of 12-lipoxygenase [16]. Further, the cardiac
the decrease we previously observed with quinine [1]channel was specifically stimulated by 5-lipoxygenase
Taken together, these results indicate that 5-lipoxygenasmetabolites (e.g., 5-HPETE, LTAand LTD,) and was
metabolites stimulate Kefflux during RVD by opening not effected by products of 12-lipoxygenase (e.g., 12-
K* channels. This is consistent with other reports thatHPETE).
have shown K channels are regulated by leukotrienes On the other hand, our finding that 12-lipoxygenase
(LT), products of the 5-lipoxygenase pathway [18]. For metabolites had no effect on the Konductance in mud-
example, LTD stimulates K channels in Ehrlich ascites puppy RBCs is different from what was reported for
tumor cells [17, 19], whereas the pertussis toxin-some K channels in other cell types. For example, the
sensitive G protein-gated cardia¢ khannel is activated S-K* channel in Aplysia is modulated by 12-
by LTA, and LTG, [16]. lipoxygenase products of arachidonic acid [2]. In this
Although all 5-lipoxygenase antagonists used in thiscase, probability of S-Kchannel opening increases with
study increased the LOF and reduced cell volume recovapplication of 12-HPETE to cell-free membrane patches
ery, the effect of curcumin was greater than AA-861.[2]. It is therefore apparent that different"kchannels
This finding, however, is consistent with the observationare modulated by different eicosanoids. This view is fur-
that diarylheptanoids, like curcumin, are more potent in-ther supported by our use of inhibitors of cytochrome
hibitors of 5-lipoxygenase than AA-861 [7]. It also P450 monooxygenase. For instance, we found ketoco-
should be mentioned that curcumin has been shown toazole, a monooxygenase antagonist, had no effect on
block cyclooxygenase as well as 5-lipoxygenasewhole cell currents. In contrast,"Kchannels in coronary
[7]. Nevertheless, there are several lines of evidence tarteries of the pig [14] and in small renal arteries of the
support the conclusion that the effect of curcumin werat [34] are activated by cytochrome P450 metabolites.
observed on mudpuppy RBCs can best be explained bin the latter case, 11, 12-epoxyeicosatrienoic acid acti-
its inhibition of 5-lipoxygenase. For instance, curcuminvates a large conductance Taensitive K channel
consistently increased osmotic fragility and reduced cel[34]. Further, K channels in cardiac cells [15] and in
volume recovery whereas, indomethacin and aspirin hadmooth muscle cells [25] are activated by arachidonic
the opposite effect and actually enhanced RVD. Weacid. However, unlike mudpuppy RBCs, in these two
also found that curcumin significantly inhibited a*K cases arachidonic acid activates channels without being
conductance in swollen cells. In contrast, specific cyclo-metabolized by cyclooxygenase, lipoxygenase, and cy-
oxygenase antagonists slightly increased whole cell curtochrome P450.
rents. Further, we used a concentration of curcumin that ~We found that application of low concentrations of
was 2.5 times the reported dgfor 5-lipoxygenase (8.0 arachidonic acid (0.5—{um) reversed the effect of phos-
M) but less than half the I for cyclooxygenase (52.0 pholipase A antagonists on osmotic fragility and cell
M) [7]. Lastly, we also utilized specific inhibitors of volume recovery, and also increased the whole cell con-
5-lipoxygenase that do not block cyclooxygenase (e.g.ductance in an isosmotic Ringer solution. In fact, the
AA-861 and L-655,238) [6, 33], and these agents had theonductance with arachidonic acid in an isosmotic bath
identical effect as curcumin on osmotic fragility, cell increased to the same level for control cells exposed to a
volume recovery, and whole cell currents. Thus, inhibi-hypotonic bath. This indicated that normally quiescent
tion of RVD by curcumin can best be explained by its channels were activated by arachidonic acid, and that the
antagonism of 5-lipoxygenase. resulting increase in membrane permeability mimicked
Our results not only indicate that activation of & K the change that occurred during cell swelling.
conductance and RVD by mudpuppy RBCs depend on Interestingly, compared to lower levels of arachi-
5-lipoxygenase, but that these processes do not rely odonic acid, higher concentrations (&) of this com-
other lipoxygenase enzymes. This was supported by ugound gave inconsistent and variable results that rangec
ing EDBCA, which inhibits 12- and 15-lipoxygenases. from no effect at all to causing the opposite effect on cell
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volume regulation. This concentration dependence for
the action of arachidonic acid may have been due to the
reported nonspecific detergent effect of an unsaturated
fatty acid on membrane permeability [17]. For example
although LTD, accelerates RVD and activates Kfflux

in Ehrlich ascites tumor cells, arachidonic acid in the
5-10 uwm range inhibited RVD by these same cells. It
was concluded that the inhibitory effect of arachidonic
acid was due to its inhibition of the volume-induced K
and CI transport pathways by nonspecific detergent ef-
fects [17].

We also found that arachidonic acid was only effec-
tive at enhancing RVD when Gawas present in the
extracellular medium, and it had no effect on RVD when 8.
Ca* was absent. This observation is consistent with our
previous finding that RVD by mudpuppy RBCs depends °:
on C&* influx through a stretch-activated channel during
cell swelling [1]. It also is consistent with the results of 4
our present study that 5-lipoxygenase metabolites are

' 6.

necessary to activate the"i€onductance, and that phos- 11.

pholipase A and 5-lipoxygenase are €asensitive en-
zymes [8, 13, 18, 23]. Further, the finding that arachi-
donic acid stimulated a whole-cell conductance in a
isosmotic Ringer suggests that basaPChkevels were
sufficient for 5-lipoxygenase activity.

In conclusion, RVD by mudpuppy RBCs was me-
diated by K efflux through a channel that was activated 14.
during cell swelling. Both RVD and this channel were
inhibited by antagonists of 5-lipoxygenase metabolites of
arachidonic acid. In contrast, neither RVD nor thé K 15
channel were blocked by inhibitors of other eicosanoids.
We therefore propose that leukotrienes stimulate recovyg

13.
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