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Abstract. K-Cl cotransport (COT), a ouabain- dependent regulatory pathway, causes an altered re-
insensitive, Cl-dependent bidirectional K flux, is ubiqui- sponse of K-Cl COT to pH and volume.
tously present in all cells, plays a major role in ion and
volume homeostasis, and is activated by cell swellingkey words: Lithium — K-ClI Cotransport — Phospha-
and a variety of chemical interventions. Lithium modu- tidylinositol — Erythrocytes — Protein kinasC — Cell
lates several cation transport pathways and inhibits phossye|ling
pholipid turnover in red blood cells (RBCs). Lithium
also inhibits K-CI COT by an unknown mechanism. To
test the hypothesis whereby Li inhibits swelling- Introduction
activated K-ClI COT by altering either its osmotic re-
sponse, its regulation, or by competing with K for bind- Red blood cells (RBCs) from various species, including
ing sites, low K (LK) sheep (S) RBCs were loaded with sheep, toadfish, dog, rabbit and man, have been used as
Li by Na/Li exchange or the cation ionophore nystatin. models for the study of K-Cl cotransport (COT) and cell
K-CI COT was measured as the Cl-dependent, ouabainsolume regulation [13, 21, 23]. K-CI COT is defined as
insensitive K efflux or Rb influx. The results show that a Na-independent, Cl-dependent, ouabain-insensitive K
Li altered the cell morphology, and increased both cellflux. In sheep (S) RBCs, this system is stimulated by
volume and diameter. Internal (Libut not external acid pH, cell swelling, thiol modification, oxidative
(Li,) Li inhibited swelling-activated K-Cl COT by 85% stress, nitrite (a nitric oxide derivative), Mg depletion
with an apparent Kof (07 mm. In Cl, Li; decreased K and vasodilators [2, 3, 4, 24, 29, 36]). K-CI COT is
efflux at relative cell volumes between 0.9 and 1.2, andnhibited by quinine and quinidine, stilbene derivatives,
at external pHs between 7.2 and 7.4; téduced the bumetanide and furosemide [1, 25, 29] and has a low
Vmax @nd increased the Kfor K efflux in Cl. Further-  affinity for both of its carried ions. These features dis-
more, Lj increased the production of diacylglycerol in a tinguish it from other K transport pathways [29].
bimodal fashion, without significant effects on the phos- K-CI COT is activated by staurosporine and is in-
phatidylinositol concentration, and revealed the presenchibited by genistein, both kinase inhibitors [8, 15]. In
of a complete PI cycle in LK SRBCs. Finally, phorbol addition, the protein phosphatase 1 (PP1) inhibitors, oka-
ester treatment and PD89059, an inhibitor of mitogen-daic acid and calyculin, are inhibitors of the system [19,
activated protein kinase (ERK2) kinase, caused a time22]. The effect of these compounds on K-CI COT ac-
dependent inhibition of K-ClI COT. Hence, Llappears tivity suggests control by phosphorylation/dephosphoryl-
to inhibit K-CI COT by acting at an allosteric site on the ation reactions [19]. K-ClI COT is mediated by[#50
transporter or its putative regulators, and by modulatiorkDa protein with 12 putative transmembrane domains
of the cellular phospholipid metabolism and a PKC-and cytoplasmic N- and C-termini [16]. Of the four iso-
forms identified, KCC1 is ubiquitously distributed and
possesses kinase consensus sites (i.e., phosphorylation
- by casein kinase and PKC) located on the C-terminal
Correspondence to\.C. Adragna domain [16]. Aside from cytosolic regulation, LK
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SRBC K-Cl COT may be regulated at the membraneNaH,PO, and NgHPQ,; glucose; sucrose; nystatin; piperazine-N; N
level [36, 45] as well as by the Lantigen [29]. bis [2-ethanesulfonic acid] (PIPES); N, N-bis [2-hydroxyethyl] glycine
Alterations in cell morphology have been associated®/C!NE): N-methylo-glucamine (NMDG); 3-[N-morpholino] pro-

with chan in Il volume durin llular differentia- pane-sulfonic acid (MOPS); 5,’4&lithiobis-2-nitro-benzoic acid
changes cell volume during ceflula erentia (DTNB); glacial metaphosphoric acid; ethylene diamine tetra-acetic

tion and pathological conditions such as sickle cell anexcig (EpTA); 12-0-tetradecanoylphorbol-13-acetate (TPA): calyculin

mia. Nonspherical cells incubated in the presence of Lia and Na-citrate; synthetic diolein (C18:1, [cis]-9) of 99% purity,

undergo significant morphological changes [30]. For ex-which consisted of two separable isoforms of 1,3-diolein 85% (used for

ample, CV1 and HeLa cells become spindlelike and reguantitation) and 1,2-cis-diolein 15%; L-alpha-phosphatidylinositol

tract from their substrates after several days of Li expo-‘; gg‘psh‘;yst;iz':f dS?:f;]gﬁ g.gr,ny\::c(ggmiftce ‘;é{fshoi?: iﬁfﬁgkagﬁcfggl

L . . . idy i . Wi ili

e o B o ar s 10 2o 5 koot Sant
~"Chloroform, methanol, petroleum ether and acetic acid were obtained

dependent manner. In contrast, HL-60 cells show Li-fom Fisher Scientific (Pittsburgh, Pa). lodine crystals were from

induced cell surface smoothing and hole developmentyiatheson Coleman and Bell Manufacturing Chemists (Norwood, OH).

leading to eventual cell morbidity [51]. Speculations on PD98059 was purchased from CalBiochem (San Diego, CA).

the mechanism of Li on cell morphology include changes

in phospholipid and cholesterol contents, and membrangl_OOD COLLECTION AND CELL PREPARATION

fluidity. Parker (1986) showed that in dog RBCs, Li

decreases the response of K-CI COT to changes in cefjqoq from a 4-5-year-old Hampshire ewe homozygous for LK RBCs

volume and leads to cellular swelling [38, 40]. was drawn by jugular venipuncture into heparinized syringes and used

In skate RBCs, swelling increases the formation ofwithin 24 hr or kept overnight in plasma at 4°C. Hb concentration per
DAG, a PI turnover product and second messenger in thanl of original packed cells (pc), cellular volume and water content were
PKC signal transduction pathway [31, 34], Suggestmgdetermined as described preyiously [12, 20, 24]. Relative cell volume
that this pathway may be associated with volume regu_(RCV) was calcul_at(_ed asaljatlo othe cellwat_er content of treated cells

. . and that of cells in isosmotic solution. Following buffy coat removal,
Iatlon.. Furthermore, Li modulates the Pl turnover path'cells were washed three times with isotonic buffer solution (295
way in human RBCs [5]. The complete Pl turnover mosmy containing (m): 160 NaCl and 5 Na-phosphate (pH 7.45),
cycle is present in both human and skate RBCs [5, 14prior to further treatments, as described below.

34] but has not yet been identified in SRBCs. Cell lysis in percent was calculated by the following equation:

Li also modulates the transport of other cations (i.e., , .

Ca, Na, K, and H) through competition and allosteric % Lysis = (OD:™" - 100)/OD;, - DF), @
meChamsmS, [,1,1’ 44, 47,]’ and, affects kinase and pho%l_\lhere OD is the optical density measured using a Gilford Response
phatase activities by displacing Mg from membranespectrophotometer at 527 or 540 nm, DF the dilution factor, s the
components, ATP and the PI turnover enzyme myO-=sample, and h the hemolysate collectet at0. Samples with greater
inositol 1-phosphatase [33, 42, 43]. than 7% hemolysis were discarded.

Here, it is shown that in LK SRBCs, i|_indl,|ced Methemoglobin (metHb) was estimated from the ratio of the
morphological changes and modulated Swe”ing_absorban_ces of tr_eated samples at 500 and 540 nn?ofmD>+9)
activated K-CI COT in a bimodal fashion, |nh|b|t|ng by as_ dESCI'I.bed previously [26]. Cellular GSH (mmol/Lpc) was deter-
a “mixed” noncompetitive mechanism, and in a concen-mmed as:
tration-dependent manner. Like Li, the PKC modulator,GS,_Lc = [OD%2 - DF g /Engl/hct. @
TPA, was found to affect K-CI COT in a time-dependent
bimodal fashion. Agents against specific components ofvhereOD$*?is theOD of the sample measured at 412 rbf, s, the
a PKC-dependent signaling pathway, including MAPK dilution factor forGSHdetermination (55X)E,,,; = the molar extinc-
and PP-1, were found to inhibit K-Cl COT in LK tion coefficient of GSH(14.0), Lpc = liter of packed cells antct, =

: hematocrit of the sample.
SRBCs. Li also altered the reSpon.se .Of K-Cl COT to pH . Cellular pH was r?”leasured with a Fisher Scientific Accumet pH
?‘”9' C.e” volume Changes' Th?se flndlngs suggest that Lrjneter 910 (Fisher Scientific, Pittsburgh, PA) and standard Accumet
inhibits K-CI COT by allosteric effects on the cotrans- gjass-body combination electrodes in frozen-thawed cell pellets, as
porter molecule or via putative regulators. These studiegescribed previously [53].
also revealed the presence of a complete PI turnover
cycle in LK SRBCs. Thus, Li may affect the response of
K-CI COT to changes in pH and volume through modu-
lation of the cellular phospholipid metabolism and a _
PKC-dependent pathway. External Li

LI TREATMENTS

To demonstrate the effects of external Li on K-CI COT, washed LK
SRBCs were pre-swollen to RCV equal to 1.2 (20% swelling) to acti-
vate K-Cl COT, in a solution containing ¢m): 115 NMDG-NGO, and 5
Na-phosphate for 20 min (227 mOsM, 37°C, pH 7.45). Cells were then
All reagents were of analytical grade. The following chemicals were resuspended at 5¥ctand fluxed in a Cl solution containing (m: 10
obtained from Sigma Chemical (St. Louis, MO): LiCl; NaCl; KCI; or 100 LiCl and 122 or 15 NMDG-CI, 10 RbCl, and 5 Na-phosphate for

Materials and Methods

CHEMICALS
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Rb influx determination (See below). In this protocol, NMDG replaced experiments, 10 m ouabain prepared from a 7OM stock solution in

Na to avoid transport of Li through the Na/Na exchanger. deionized water was added prior to fluxing. Flux data were expressed
in mmol K, Rb or Li/[LCW x hr], based on determination of CW by the
Na/Li EXChange drying technique described previously [23].

Li was Ioadeq through the Na/Li ‘exchanger at approm_mately 1 mmOI/ACUTE AND CHRONIC STUDIES WITH L1 AND
LOC x hr, without altering the internal K concentration, [H#4].

Loading with Li caused RBC swelling. Thus, the osmolality, at which MODULATORS OF THE PKC-DEPENDENTPATHWAY

loaded cells attained the control volume was determined by addition of

sucrose and was 345 mOsM. Washed RBCs were incubated at 37°C iAcute Studies

345 mOsM solutions at 10% hct, containingMjn for controls, 125

NaCl, 15 KClI, 5 Na-phosphate (pH 7.45), 10 glucose and sucrose; fot K SRBCs were pre-incubated up to 1 hr in media of the following
Li-treated cells, 125 LiCl, 15 KCI, 5 Na-phosphate (pH 7.45), 10 glu- composition (nw): 125 NaCl or 125 LiCl, 15 KCI, 5 Na-phosphate (pH
cose, and sucrose. All solutions contained 12 units penicillin/ml (0.1%7.45 at 37°C), 10 glucose, = 10&TPA, or 50um PD98059, or 20 m

total volume) and 12.g streptomycin/ml (0.1% total volume). After- calyculin A, and sucrose to bring the osmolality to 345 mOsM. Flux
wards, cells were swollen to 20% above isotonic volume by incubationsolutions contained (sr): 122 NMDG-CI (240 mOsM) or 115 NMDG-

at 37°C and 5%ctin hyposmotic solutions (240 mOsM for Cland 227 NO, (227 mOsM), 5 Na-phosphate (pH 7.45 at 37°C), and*1@
mOsM for NG;) containing (nw): 122 NMDG-Cl or 115 NMDG-NQ, ouabain. TPA and PD98059 stock solutions were dissolved in DMSO
5 Na-phosphate (pH 7.45), and 10 glucose. Internal cation concentraand stored at -80 and —20°C, respectively. Calyculin A was dissolved
tions of Na, Li, Rb and K were determined by atomic absorption orin ethanol and stored at —80°C.

emission spectroscopy using a Perkin EImer 5000 Spectrophotometer

as previously described [24, 44]. Chronic Studies

Nystatin loading LK SRBCs were pre-incubated up to 20 hr in media of the following
composition (nw): 125 NaCl or 125 LiCl, 15 KCI, 5 Na-phosphate, 15

Nystatin was used to load Li into LK SRBC as described previously PIPES/bicine (pH 7.45 at 37°C), 10 glucose + 180TPA, or = 50uMm

[12, 20]. A nystatin stock solution containing 60 mg/ml nystatin in PD98059, or + 20 nM calyculin A, and sucrose to bring osmolality to

dimethylsulfoxide (DMSO) was freshly made. Washed cells were in-345 mOsM. Flux solutions contained g1 122 NMDG-CI (240

cubated for 30 min at 0°C in a 345 mOsM hyperosmotic loading mOsM) or 115 NMDG-NQ (227 mOsM), 5 Na-phosphate (pH 7.45 at

solution (LS) containing (m): 130 NaCl (for controls) or 130 LiCl (for ~ 37°C), and 10* m ouabain.

Li-treated cells), 20 KCI, 5 Na-phosphate (pH 7.45), 10 glucose, su-

crose and 6Qug/ml nystatin. Cells were then incubated for another 30

min at 0°C in the same LS without nystatin. To remove membrane-M ORPHOLOGICAL STUDIES

bound nystatin, cells were washed 7 times in warm (37°C) LS con-

taining bovine serum albumin (BSA, 0.5 mg/ml) and 4 times in a Changes in LK SRBC morphology were observed by microscopy.

BSA-free solution containing (m): 122 NMDG-CI (230 mOsM) or  Digitized images were collected using a Hamamatsu model XC-77

115 NMDG-NG; (220 mOsM) and 5 Na-phosphate (pH 7.45) at 0°C. CCD video camera module, CD2400 CCD camera control, frame grab-

Compared to controls, nystatin-treated cells were shrunken and therdser board and imaging software (Computer Eyes/RT Mono, v 5.12,

fore were re-swollen in solutions of lower osmolality to maintain 1.2 Digital Vision, Dedham, MA), with a 100x magnification via Hoffman

RCV during preincubation and flux procedures. Modulation Contrast (HMC) optics. LK SRBCs were washed thrice in
isosmotic solution, and preincubated in isosmotic or hyperosmotic so-
lutions for 20 min at 37°C, pH 7.45 prior to resuspension in the test

K, RB AND LI FLUXES solution. Images of control and Li-treated cells were collected at 1 and
20 hr under isosmotic (295 mOsM) or hyperosmotic (345 mOsM)

Zero-trans K efflux was determined as described previously [12, 24].conditions. The isosmotic solution containedv)n125 NaCl or LiCl,

Briefly, cells were preincubated at 10Bet for 20 min at 37°C, ina 15 KCI, 5 Na-phosphate (pH 7.45), 15 PIPES/BICINE and 10 glucose

hyposmotic solution (227 mOsM) containing i 115 NMDG-NG;  (37°C). The osmolality of the hyperosmotic solution was adjusted with

and 5 Na-phosphate (pH 7.45). Warm flux solutions (37°C) containingsucrose (pH 7.45, 37°C). Addition of the test solution was considered

(mm): 122 NMDG-CI or 115 NMDG-NQ and 5 Na-phosphate (pH t = 0. Samples were taken as quickly as possible.
7.45), were added to packed cells to obtain a final hct of 5%. Cells

were incubated up to 60 min, samples were taken at 10 min intervals,

placed immediately on ice and centrifuged up to 12,0apwhen the PROTEIN SEPARATION

exact time was recorded. Supernatants were transferred to tubes con-

taining 1/100th volume of a concentrated hemolysing solution (HS,Separation of phospholipids and their protein products were accom-
100X) (seebelow for HS composition). For Rb influx measurements, plished using procedures described previously, with modifications spe-
solutions contained (mn): 10 RbCI/NQ,, 140 NMDG-CI or 132 cific for the extraction of DAG [7, 10, 37, 48, 50]. Briefly, 0.5 ml
NMDG-NO; and 5 Na-phosphate (pH 7.45). Samples of 0.15 ml pc (unity volume) of Li-treated or control packed cells (pc) were added
were taken every 10 min and added to tubes containing 0.15 ml of coldiropwise to 5 ml of methanol (MeOH) at a 1:10 (v:v) ratio and vor-
MgCl, solution (295 mOsM) and 10 mTris-MOPS (pH 7.45 at 0°C).  texed for 10 sec. The same volume (5 ml) of chloroform (ChHi@ias

The tubes were immersed in iced water, and the cells washed twicadded to the suspension to give a final ratio of 1:10:10 (v:v:v) and the
with cold MgCl, solution by centrifugation at 6,000 gfollowed by a suspension was again vortexed for 3 min. A second 5 ml of Gi@s

final spin at 12,000 >g for 1 min. The packed cells were diluted 1:14 added to give a volume ratio of 1:10:20 (v:v). Four volumes (two ml)
(v/v) with HS containing 0.01 m NH,OH, 4 mv CsCl, and 3% non-  of deionized water were added, the solution vortexed briefly, and then
cationic detergent Acationox (Baxter Health Care, McGraw Park, IL) allowed to sit on ice, in the dark, for 5-10 min. The solution was
[44] to determine Li by atomic absorption and Rb by emission. For all centrifuged at 2,900 g for 5 min and returned to ice for 5 min. The
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MeOH-water extract contained the more polar substances, includingvhereV,, ., was calculated from 1/slope and 7Ks the intercept with
the phospholipid inositol monophosphate, IP, while the CHRtracts the x-axis. For estimation of the I or the apparent Kfor Li, the
contained the nonpolar substances including diacylglycerol, DAG.Dixon plot of 1A vs.[Li]; was used under the assumption of a simple
These organic layers, 7 ml of MeOH-water extract and 10 ml GHCI type of inhibition:

extract, were carefully pipetted off and transferred to new containers.

Two volumes (1 ml) of deionized water were added to the GHCI V = Vj,o/(1 + [Li]i/K®P). (4)
extract to further separate out any remaining polar substances. The o
CHCl,-water extraction mixture was vortexed briefly and kept on ice Average K, and V., were calculated from a compilation of

for 5 min to separate the layers. The aqueous layer formed from thighdependent experiments. In each experiment, K efflux rate constants
second extraction was combined with the MeOH-water extract from thefor each [K] were calculated from 3-5 time points. Independent de-
first extraction (total volume, 8 ml). To remove the contaminant Hb, terminations ofV,,, and K, were obtained for each experiment. In-
the CHCL, extract was filtered through 0.5 ml of silica gel. Organic dividual data points ([KIK efflux) vs.[K];) were selected based on
solvents were removed by evaporation in the dark for 16-20 hr.their adherence to a 95% predictability confidence curve obtained with
Samples from each extraction mixture were collected and run on a TLC&l the individual values (whole population) according to Statistix ver-
slide preparation to verify the location of IP and DAG prior to large- Sion 4.0 (Analytic Software, St. Paul, MN). For calculation of indi-

scale chromatography. Data were expressed in terms of liters of Origiyidual parameters, points were omitted if their inclusion significantly
nal cells (LOC). altered (>3sp) the calculated/,,..and K, values with respect to those

of the whole population.

THIN LAYER CHROMATOGRAPHY (TLC) STATISTICAL ANALYSIS

Dried lipids were resuspended in 1400f either MeOH or CHC} and The statistical significance of the results was determined by paired or

spotted 2 cm apart on a TLC plate. Samples were run in parallel to a ; : ) g
standard of 0.05 mg of either diolein or phosphatidylinosiBed unpaired two-populatiotitest at theP < 0.05 level, using the Microcal

Chemicals in Material and Methods for further details). Nonpolar lip- ergln 3.5 program (Mlcrqcal Software,_ Nort_hampton,_ MA)' Calibra-
. . - : tion curves were fitted by linear regression with the Origin 3.5 program
ids were developed in a solvent containing CEIGleOH: petroleum (Microcal). Results were expressed as either the mesn(¥ + s&) or
ether (PET): acetic acid (AA) in a ratio of 5:1.6:3:1 (by volume), as ' P -

described previously [7, 37]. Polar solutions were developed in amean * standard deviation (X ).
modified solvent containing: CHGI MeOH: PET: AA (11.6: 0.8:7:
0.5, by volume). Plates were dried by ventilation and exposed for 1 hrABBREVlATlONS/S\(MBOLS
to iodine. The resultarRf values (expressed as the measn} (n =
8) were 0.31 + 0.01 for the Pl standard, and 0.68 + 0.06 for the dioleinyct hematocrit; TLC, thin layer chromatography; PL, phospholipase;
standard. The mean slope valuestffwere 46.7 + 0.9 average peak GSH, glutathione; Hb, hemoglobin; metHb, methemoglobin; KCC,
intensity (AP1)/0.1 mg of Pl standard and 15.5 + 0.28 AP1/0.01 mg of otassium-chloride cotransporter; LOC, liter of original cells; LCW,
diolein standard. liter of cell water; RCV, relative cell volume; PKC, protein kinase C;
Li, lithium; K, potassium; Rb, rubidium; CI, chloride; NQnitrate;
Pl, phosphatidylinositol; DAG, diacylglycerol; TPA, 12-0-
QUANTITATION tetradecanoylphorbol-13-acetate; MEK, mitogen activated protein ki-
nase (ERK2) kinase; PP-1, protein phosphatase-1Lij K;, K., Pl;,
Stained plates were analyzed by densitometry using Imagcalc, versiopaG,, denote respective cation and substrate presence in the intracel-

1(C.H.A. van de Lest). Images were created using Photoshop versiopyar () or extracellular ¢) compartments. Concentrations in these
4.0 (Adobe Systems), and the data were quantified using Excel versiogompartments are expressed as [ion/subsfgate]

6.0 (Microsoft). Peak intensity values of a grouping of ten vertical

scans were averaged to calculate one data point. Calibration curves

were created from the averaged peak intensities of three separate eRagylts

periments, using standards of Pl ranging from 0 to 0.25 mg and stan-

dards of diolein ranging from 0 to 0.08 mg. The rate of change in

intensity (m), determined by linear regression, was a function of con-|_| EErecTts oNCELL VOLUME
centration for each standard used in the calculation of samples. The

formula used to determine concentrations Was= mX+ b, whereY Previous studies showed that dog RBCs swelled when

is the average peak intensity, the slope of the calibration curv, . L . .
the unknown concentration ar the background intensity. This pa- incubated in Li-salt solutions, an effect attributed to K-Cl

rameter was obtained for each plate by extrapolation of the standarg:QT inhibition due to an increase in the volume “set
intensities. point” [38—40]. Therefore, the effect of Li was tested on

RCV and morphology in LK SRBCs, prior to assessing

the action of Li on K-CI COT. As shown in Fig. 1, all
CALCULATION OF THE KINETIC PARAMETERS K, cells incubated in LiCl for 1 or 20 hr in isosmotic or
AND V ma hyperosmotic solutions, had increased spindle and an-

, . . _ throcyte shape changes. The Table shows a 15% shrink-

The Hanestransformation of the Michaelis-Menten equation was ap- B trol LK SRBC ded in 345 mOsM
plied to estimate K (i.e., the [K]} at which K efflux ) was half age for con ro ; S suspended In mos
maximally activated) an¥,,., (the maximum K flux): compargd to isosmotic (_:ontrolstai: 0. In contrast, LK

SRBCs in both isosmotic or hyperosmotic 13 iCl
KLV = K/Vimaxt KTV mase ®) media swelled about 14%, an effect also reported in dog
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""l\;,?j‘" 71 solution had diameters significantly larger than the 1 hr
DR ‘.0')\3 :S' controls, a result unchanged after 20 hr. Li had no effect
AT AT

: Q ¥ 2 on the pH of cells incubated at any of the osmolalities
'ff - Ja )l

. tested (345 to 240 mOsMljata not shownh Thus, the

x, changes in cell volume were not due to changes in cel-
lular pH. In subsequent experiments, LK SRBCs were
first loaded with Li in hypertonic media (345 mOsM) (to
avoid massive lysis and loss of a large proportion of the
cell population), and then were incubated in hypotonic
media (240 mOsM) (to stimulate K-CI COT). This pro-
tocol differs from that used in studies with dog RBCs
[38].

AcTION OF Li oN K AND Rb A.UxEs

Like other cations (Ca, Na, K and H), Li may alter K-CI
COT by binding to cationic sites (as it occurs in the Na/K
APTase and Na/Na exchanger) or to allosteric effector
sites (as in the Na/H exchanger) (11, 44, 47). To explore
the mechanism of Li effects on RBC volume regulation,
the sidedness of Li effects on K and Rb fluxes through
K-CI COT were studied.

External Li Effects on Rb Influx

The external effect of Li was tested by suspending pre-
swollen cells in solutions with 10 and 100wnkiCl prior

to flux measurements. Rb influx (mmol Rb/LCW x hr)
for control cells was 1.15 + 0.2 (= 6), 1.34 + 0.08 for
cells in 10 nu [Li] ,, and 1.10 £ 0.03 in 100 mn [Li] ,.
The data indicate no significant effect of lan swelling-

Fig. 1. Changes in morphology and cellular diameter of LK SRBCs in activated Rb influx.

response to incubation in Li-containing solutions. Freeze frame images

were collected and cellular diameters were determined as described ithternal Li Effects on K Efflux

Materials and Methods. PanedsandB: 1 and 20 hr in isosmotic (295

mOsM) media. PanelS andD: 1 and 20 hr in Li-containing, isosmotic . . .
media. Panel€ and F: 1 and 20 hr in hyperosmotic (345 mosm) LI Was loaded into LK SRBCs by Na/Li exchange or

media. Panel§ andH: 1 and 20 hr in Li-containing, hyperosmotic Nystatin. The Na/Li exchanger eliminates potential iono-
media. Average cell diameters ¢ 20) were determined and used for phore artifacts such as membrane damage (i.e., choles-
statistical comparison between conditions. Similar results were obterol loss [9]). In contrast, nystatin permits a quick in-
tained from 3 independent experiments. crease of [Li] to values above 20 mmol Li/LOC [44]
without affecting K fluxes in LK SRBCs [18]. Since
incubation of LK SRBCs in 295 mOsM Li solutions
RBCs [38]. The Table also reveals that the cellular di-induced between 15-20% cell swelling within 10 min
ameters for controls were smaller in hyperosmotic metegardless of the [Li](results not shown LK SRBCs
dia, though not significantly different from those in is- were incubated in 345 mOsM media so that the final
osmotic solutions. Their diameters increased by 17.5%wvater content was 1.83 KgCW/KgDCS (RC¥ 1.02).
after 20 hr incubation, compared to the 1 hr values. Cells  Figure 2 shows K efflux in Li-loaded cells as a func-
incubated in isosmotic LiCl solution swelled by an ad- tion of [Li];. In Fig. 2A, the ordinate represents total K
ditional 10 and 20% above controls after 1 and 20 hrefflux in either Cl (squares) or N{Xcircles). In Fig. B,
incubation, respectively, and lysed close to their criticalthe Cl-dependent K efflux or K-ClI COT was calculated
hemolytic volume [32] of 2.3 KgCW/KgDCS (equiva- from data in panelA. In Cl but not NQ, media, Lj
lent to 24% swelling). The diameters of the small frac-inhibited K efflux between 1 and 15 wp plateauing
tion of cells that did not lyse during incubation in LiCl thereafter (Fig. &), and independently of the loading
were not significantly different from 1 hr controls. In procedure. Because of its therapeutic significance, we
contrast, cells incubated for 1 hr in hyperosmotic LiCl also tested the effect of 0—1.2wnfLi]; [5]. At these low
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Table 1. Effect of Li incubation on relative cell volume (RCV) &= 0 and on cellular diameteD] att = 1 and 20 hr of incubation in LK SRBCs

Condition (mOsM) R® <0 hr (@] P) D(mm)t=1 n) (P) D (mm)t = 20 ) (P)

Control 295 1.03 +£0.03 6 — 4.0+0.22 20 — 4.7+0.25 20 0.0001*
345 0.85+0.02 5 — 3.7+0.22 20 — 4.6 +0.25 21 0.0001*

LiCl 295 1.14+£0.01 6 0.00% 4.5+0.22 20 0.0001* 5.0+0.25 20 nNsD

(130 mwv) 345 1.03+0.04 4 0.005 4.7+0.35 22 0.0024* 5.0+0.33 20 NsD

RCV and D, expressed as (mean * SE).

Results shown correspond to a representative experiment. Similar results were obtained from 3 independent experiments.

(*) Values are significantly different with respect to the= 0 control.
(*) Values are significantly different with respect to the 1 hr control.

NsD values are not significantly different with respect to the 20 hr control.

concentrations, Ljincreased K efflux in Cl by 30% with
no effect in NQ (Fig. 2A). As shown in Fig. B, Li; (>3
mmol LCW) inhibited K-CI COT reaching 85% at >14
mmol Li/LCW. The apparent Kor IC5, was 7.9 nm
[Li]; calculated from a Dixon plosgeinsert). Figure £
shows that the I, was 6.6 nw [Li]; for the calculated

varying pH,. In Fig. 4, control cells exhibited a pH
activation profile of K efflux in CI similar to previous
reports, with peak activation near pt8.8 [28]. In Li-
loaded cells, however, the response of K-ClI COT to
changes in pHdecreased by 41 and 32% at pH2 and
7.4, respectively, compared to controls. This indicates a

Li-sensitive component of the Cl-dependent K efflux left shift in the pH response of K efflux in ClI towards

(data from Fig. B). Thus Li inhibited swelling-
stimulated K-CI COT with an apparent &f (7 mm [Li] ;,
an effect independent of the Li loading regime.

Internal Li Effects on Swelling-Activated K flux

Lithium inhibits K-CI COT in dog RBCs by increasing

the volume “set point” [38—40], the cell volume at which

K-Cl COT activity is zero [26, 39]. If Li alters the

lower pHs. Plotting the data of Fig. 4 in a relative scale
for K efflux did not cancel the left shift, indicating that
the shift was not due to a decrease in the maximum
fluxes of Li-loaded cells. At pH6.8 and 6.6, hemolysis
was 4-7% and may have reduced the statistical signifi-
cance. The insertto Fig. 4 shows the RCV of control and
Li-containing cells as a function of pH There was no
significant difference in the pf—induced cell volume
changes between control and Li-containing cells.

response of K-Cl COT to changes in cell volume, it

should affect the relationship between K efflux in Cl and Internal Li Effects on V., and K, for the K
RCV. A previous study showed that the basal K efflux Activation of K Efflux

in NO; is not volume-dependent [26]. Thus, we used K

effluxes in Cl as representative for K-CI COT. Figure 3 To further characterize the Li-induced inhibition of

shows K efflux in Cl as a function of RCV for control swelling-activated K-Cl COT, the effects of lon V.,

and Li-containing cells (21 mmol [[/LCW). Note that : P

and K, of K efflux in Cl were studied in swollen (RCV
0.8 RCV corresponds to shrunken and 1.3 to swollen_ 1.2) LK SRBCs. Cells were preloaded with >14
cells. Li decreased the response of K efflux to cell

swelling from 3.5 in controls to 2.2 (mmol K/LCW x mmol Li/LCW and 5-35 mmol KLCW using nystatin.

hr)/0.1 RCV and right-shifted the curve towards higherSwelllng-actlvated K efflux was a hyperbolic function of

K], for both control and Li-containing cells. Linhib-
RCV values_. Thus, to transport K at the same rate as th ed swelling-stimulated K efflux in Cl, and decreased
controls, Li-loaded cells should be about 20% more

swollen. In other words, at the same cell volume, controlthe apparent affinity for K Figure 5 is a Hanes plot (Eg.

. ) 3 in Methods) of [K]/K efflux in control and Li-
I(;eK"SSRBCS transport K at twice the rate of Li-loaded containing cells as a function of [K]The V,,,, values

for K efflux, calculated from the slopes of the lines, were
7.0 for controls and 4.0 mmol ;K L.CW x hr for Li-
containing cells, i.e., a decrease of 43%. Theu&lues
were 61.5 for controls and 82.1 mmol/KCW for Li-
K-CI COT in volume-clamped LK SRBCs is stimulated containing cells, equivalent to a 34% increase by Li.

Internal Li Effects on pH Dependence of K Fluxes

by slightly acid pH, (6.8), with minima at plg 6 and pH,

8 [28]. To explore the effect of Li on the volume re-

sponse of K-CI COT to changes in pHLK SRBCs were
loaded with 19 mmol LILCW, swollen to an initial
RCV of 1.2 at pH 7.4, and incubated in solutions of

The averag®/,,,.values were (mean s£), 6.5 = 0.4 for
controls o = 3), and 3.8 £ 0.3 (mmol/LCW x hr) for
Li-treated cells i = 4). The average K values were
57.4+0.7 and 74.1 + 3.3 mmol,;KCW for controls and
Li-treated cells, respectively. Based on the two popula-
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tion unpairedt-test, bothV,,,, and K, values for Li- sites on the transporter. To test for this possibility, the
treated cells were significantly different from control fractional Li loss as a function of the [Liin either Cl or
values P = 0.003 and 0.008, respectively). The com- NO; was measured. A significantly greater loss of Li
bined results indicate a “mixed” noncompetitive inhibi- occurred in NQ as opposed to Cl. The rate constants of
tion by Li;. Li efflux in cells loaded with 13.6 £ 0.03 mmol/LOC Li

A “mixed” noncompetitive inhibition of K-CI COT  were (hi'*): 0.019 + 0.001 in Cl, and 0.038 + 0.003 in
by Li. may be explained by competition for; Kinding ~ NO; (P = 0.0002,n = 6). Thus, cells lost Li at a rate
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Fig. 3. K efflux in Cl for control and Li-containing cells as a function Fig. 4. Effect of Li; on the response of K-Cl COT to changes inspH
of relative cell volume (RCV). Experimental LK SRBCs cells con- in LK SRBCs. Li was loaded by the Na/Li exchanger or nystatin to 18.6
tained 21.2 + 1.3 mmol LALCW loaded by either the Na/Li exchanger + 0.9 mmol Li/LCW. K efflux values for control (open squares) and
or nystatin. Values were grouped by RCV for controls (open squares) i-containing cells (closed circles) are expressed as the meansk:
and for Li-containing cells (solid circles); meansefor 3—6 indepen-  efflux for Li-containing cells at pls 7.2 and 7.4 were significantly
dent experiments were calculated. Data were fitted by linear regressiodower [(P = 0.007,n = 4) and P = 0.016,n = 3)], respectively, than
The relationship between K efflux in Cl and RCV exhibited a slope of their controls as determined by the two population pairéest (*).
3.5+ 0.1 standard deviatiosr) (R = 0.998) for controls and 2.2 £ 0.1 Insert: RCV * sk of control (open squares) and Li-containing (closed
(mmol/LCW x hr)/0.1 RCV R = 0.999) for Li-containing cells. The circles) LK SRBCsvs. external pH (initial RCV was 1.2).

stippled, horizontal line defines the base flux in N&3 measured at 1.2

RCV in Fig. 2A. N .
nre and inositol-1, 4, 5-triphosphate ¢Pare the two end

products of the turnover pathway. 5| hydrolyzed into

of about¥sth of that of K loss in Cl. In NQ, the rate of ~@n intermediate of the cycle. In contrast, DAG breaks
Li loss was of similar magnitude to that of K. down into phosphatidic acid (PA), which is not an inter-

Increased metHb formation and decreased GSH conMediate of the Pl pathway. There are 4 potential sources
centration are indicators of increased cellular oxidationfor DAG formation: (i) 1-phosphatidyl-3, 5-inositol
known to be associated with stimulation of K-Cl COT [2, Pisphosphate (PIP2) hydrolysis by phospholipase C
29]. Long-term incubation of LK SRBCs in the absence (PLC); (i) direct PI hydrolysis by PLC; (iii) direct hy-
of Li (control cells) revealed a characteristic red to browndrolysis of phosphatidylcholine (PC) by PLC; and (iv)
color change (metHb formation) likely associated with Phospholipase D (PLD)-associated formation of PA, fol-
cellular oxidation. In contrast, Li-loaded cells remained /0wed by conversion to DAG by phosphatidate phospho-
bright red. To test whether Linhibition of swelling- ~ hydrolase [41]. Since the presence of DAG and i
activated K-Cl COT was due to modification of the Nnot sufficient evidence to postulate a complete PI turn-

redox-state of the cell, GSH was measured. HoweverOVer pathway, a known effector of the pathway must
neither cellular GSH nor metHb formation were signifi- induce predictable changes to support this hypothesis.

cantly altered when compared to controtfaa not Li alters the PI turnover pathway in human erythrocytes
showr). Thus, these results could not explain the lack ofPY inhibiting myo-inositol monophosphatase, which by

Hb oxidation (observed in the long-term incubations) in converting inositol monophosphate (IP) into myo-
Li-loaded cells. inositol [42], decreases cellular Pl and increases DAG.

In contrast, Li does not alter DAG production through
the PLD pathway. Thus, Li-dependent changes in Pl and

INTERNAL Li EFFECTS ONPHOSPHOLIPIDTURNOVER DAG concentrations would uncover the presence of a
complete PI turnover cycle in LK SRBCs.
In skate RBCs, cell swelling induces DAG formation, DAG and [PI] were determined in swollen (1.2

indicating that the PI turnover pathway may be involvedRCV) LK SRBCs. Figure B presents changes in [Pih

in RVD [31]. PI participates in two ways in the cycle: control (open squares) and Li-containing cells (closed
one, as an intermediate of the cycle itself, and the othecircles) loaded by Na/Li exchange. The incubation time
through a second pool in the cytoskeleton [10]. DAGin h equals [Li] (mmol/LOC) as indicated on the ab-
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Fig. 5. Hanes Plot of the effect of Li oW,,.cand K., Plotted is the 53 0.201 B
ratio of [K];/K efflux in Cl for control and Li-containing LK SRBCs as Q-
a function of [K]. For control cells (open squares)= 19,V, .= 7.0 E
mmol K/LCW x hr, and K,, = 61.5 mmol K/LCW. For Li-containing 7o) .
cells (solid circles) n= 21,V = 4.0 mmol K/LCW x hrand K, = o 0.15-
82.1 mmol K/LCW. Statistical significance was determined by two ;)
population-unpaired-tests. Individual experiments included 3-5 time =

points. Values for kinetic parameters were based on their adherence to~

a 95% predictability confidence curve. For calculations on independentg 0.10-
experiments, values were omitted if their inclusion significantly (>3
sTD) altered the calculated, . and K, values determined for the total
sample.

0.05+

scissa of Fig. 8. The upper trace for [Pl]n controls as
well as the lower for Li-containing cells as a function of &
incubation time (hr) was about 0.2 mg/0.5 ml pc. The®Q 0.00.
lack of significant changes in [RHvith increased [Li]is ’ 0 3 5 8 15 20
possibly due to the fact that Pl is better buffered (it has Internal Li (mmol/LOC) or
more than one source in RBCs, where the cytoskeleton incubation time (h)
harbors several Pl intermediates) and is present at con-
centrations between 1.3- to 4-fold higher than DAG.Fig. 6. phosphatidylinositol (Pl) and diacylglycerol (DAG) concentra-
These factors together with the low sensitivity of thetion in LK SRBCs as a function of [Li]or incubation time in hypos-
method, may not allow for detectable changes in;[PI] motic solution. §) Effect of [Li]; and time on PI concentration. Data
even though Li decreased Pl by 0.8, 4.5, 8.0, 5.6 and® the means + range of 2 independent experiments for control cells
7.8%, with respect to controls, at 0, 5, 8, 15 and 20 hr’(open squares_) and L'i-containing cells (solid.circles) at RCVs of 1.2.
respectively. Furthermore, taking the Change at 0 time a! ) Effect of [Li]; and time on D_AG concentration. Data are the means

. . : ¥ sk for 3 independent experiments or the mean fio.= 2. Open
a reference (i.e., [Piljn L"I_Oaded CEIIS'[_PIJ In CO””?' columns for controls and filled columns for Li-containing cells. Aster-
cells), the decrease in Pl induced by Li as a function ofisks () denote values significantly differerfe & 0.05) for both initial
time was: 0, 435, 847, 665 and 929% at 0, 5, 8, 15 andontrols as well as from the average of comparable control values.
20 hr, respectively.

Figure 8 shows the changes in [DAGH mg/0.5

ml pc as a function of incubation time (hr) for controls control values (0.083 + 0.018 mg/0.5 ml pB, =
(open columns) and of [Lifor Li-containing cells (filled  0.0001), and at 20 mmol [Li][DAG]; was still 0.080 +
columns). In controls, [DAG]increased by 84% after 5 0.002 mg/0.5 ml pc, significantly greater than the 20 hr
hr, from 0.045 + 0.002 to 0.083 + 0.018, with respect tocontrol (0.058 + 0.003 mg/0.5 ml p&, = 0.001).
initial values P = 0.0001). Between 5 and 15 hr, the In summary, the presence of the two components of
control [DAG], remained unchanged. At 20 hr, [DAG] the PI turnover cycle, Pl and DAG, and the sensitivity
decreased slightly, but remained still different from ini- of DAG formation to changes in [Li] suggest that LK
tial values P = 0.032). In Li-treated cells, [DAGJin-  SRBCs possess a complete Pl cycle. The DAG forma-
creased beyond the controls: at 5 mmol [y 81% (to  tion responded in a bimodal fashion to increasing;[Li]
0.145 + 0.006 mg/0.5 ml pc) as compared to the 5 hrand was significantly greater than controls at all [lihd

G concentrati
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time points tested. However, [PWvas not significantly 30%. At 1 hr, K-Cl COT in Li- and TPA-treated cells
altered by Lj. No correlation was found between K ef- was significantly greater than controla & 4) (P <
flux in Cl and DAG formation as a function of [Li]  0.0002) but not different from each other. Beyond 3
perhaps because DAG, as a second messenger, has @mol Li/LCW or 3-hr incubation with TPA, K-CI COT
independent downregulatory mechanism [41]. was concentration- or time-dependently inhibited with an

IC5o of 3B mm LI/LCW (as in Fig. B) equivalent to 8 hr

incubation in 100 m TPA (TPA data not shown K-ClI
INTERNAL Li EFFECTS ONK-CI COT AND COT was 50% inhibited in cells containing 20 mmol
PKC-DEPENDENTPATHWAY Li/LOC or incubated for 20 hr in TPA.

To test the effect of PD98059 (a MEK inhibitor) and

calyculin A (a PP-1 inhibitor) on K-CI COT, LK SRBCs
Phorbol esters such as TPA (40@)rare commonly used \yere preincubated in hypertonic medium (345 mOsM),
for short-term (e}cute, 1-10 .mln) exposure tp stimulate, the presence and absence 050 PD98059 or 20 m
PKC [49]. TPA is used at higher concentrations (>400¢gycylin A for 3 hr. K loss was determined as a function
nv) and long-term (chronic, 24 hr) exposure to induce s fime in hypotonic medium (240 mOsM for Cl and 227

irreversible doyvnregl_JIation of PKC [49]. The me.c.ha- mOsM for NG;). Preliminary studies showed no effect
nism of PKC-stimulation by TPA is through competition ¢ e innibitors on K loss in NO The K efflux rate

with DAG for binding to the enzyme, causing increased =
. ! ) constants (RrY) were (mean #sb, n,, n,, number of
PKG tran'sltl)ca'uon and phosphorylation. TPA stlmuIaFes oints for rate constant determina%ion2 and number of
PP-1 activity in a time- and dose-dependent fashio ndependent experiments, respectively): 0.092 + 0.023
through a PKC-dependent pathway, facilitating MAPK 4 1)in Cl: 0.024 + 0.002 (4. 1) in NO0.059 + 0.001
hosphorylation of PP-1 [49]. Okadaic acid and cal cu-( . )”? o o (4, 1) in NOO. RS
phosphory : YEU" 17 3)in CI + PD89059; and 0.029 + 0.001 (13, 3) in Cl

lin A inhibit PP-1 phosphatase and swelling-activated : S
K-CI COT [19 22].pBasFe),-d on these studies %nd the ef_and Calyculin A. Thus, PD89059 and calyculin A inhib-

. P - 0 -
fect of Li on the PI cycle shown above, we tested Wheth-Ited swellmg .ac'tlvated K-Cl COT by .48 af‘d 92%, re
er in LK SRBCs, Lj modulates swelling-activated K-CI spectively. Similar results were obtained in a separate

COT through a PKC-dependent kinase/ohosphatase caset of ex_periments, in which LK SRBCs were inc_ubated
cade whiLcj:% includes M,IZPK and :DP—l phosp or 2 hrin Cl and NQ = PD98059 and * calyculin A.

Acute or chronic time-dependent effects of TPA PD98059 and calyculin A inhibited K loss in Cl by 59%,

PD98059, a MEK inhibitor, and calyculin A were deter- P = 0-015,n = 3, and by 73%p = 0.002,n = 3,
mined on cellular morphology and swelling-activated '€SPectively. No effect was observed in NO
K-CI COT in control and in cells loaded with Li by Na/Li Furthermore, they inhibited the swelling-activated K-CI
exchange. As shown for Li (Fig. 2), incubation in the COT by 50% P = 0.01) (PD89059) and 100% (calycu-
presence of TPA (100 nM) or PD98059 (5®1) modi- !ln A) (results not shown Incubation for up to_ 30_0_m|n
fied cellular morphology data not showp After 1 hr, in the presence and absence of60 PD98059 |nh|b!ted
K-Cl COT increased in Li- (at 1 mmol/LOC) and TPA- K-CI COT by 34 to 80% between 60 and 300 min, re-
treated cells by 25 and 38%, respectively,£ 0.002,n  spectively ( = 2, results not shown
= 4, results not shown In another set of experiments, The above results suggest that Li and TPA modulate
Li caused 9 and 27% increases in K-Cl COT at 30 and 6d<-Cl COT through a similar pathway. Based on the ac-
min, respectively, and TPA 7, 24 and 40% increases ation of TPA on PKC, these results point to an association
10, 30 and 60 min, respectively, above their controls.between a PKC-dependent pathway and K-CI COT. The
In contrast, 30-min incubation of LK SRBCs with ca- PKC-dependent pathway includes MAPK kinase (inhib-
lyculin A inhibited K-CI COT by 71%. ited by PD98059), and PP-1 (inhibited by calyculin A).
To simultaneously test the chronic effect of Li and Thus, K-CI COT was modulated or inhibited by all the
TPA, LK SRBCs were pretreated for up to 20 hr in the tested agents (bimodal effect of Li and TPA, and inhi-
presence and absence of Li (12%)ror 100 m TPA,  bition by PD98059 and calyculin A).
followed by 20 min incubation in hyposmotic media In conclusion, our study confirms the findings by
prior to flux measurements. Li modified K-ClI COT as Parker and others [38—40] that Li-inhibits swelling-
previously shown in Fig. 2—C. Likewise, TPA affected activated K-Cl COT and reduces its volume sensitivity.
the swelling-activated K-CI COT in a bimodal fashion, This study reports for the first time that Li alters the
as it was observed for Li-loaded cells in Fid3.2Stimu-  response of swelling-activated K-Cl COT to changes in
lation of K-CI COT by TPA occurred between 0 to 60 pH. Furthermore, TPA and PD98059 inhibited K efflux
min, was maximal (approximately 35% above controls)in Cl, and therefore implicate a PKC-dependent pathway
at 1 hr, and declined to controls after 3 hr. On averagein swelling-activated K-ClI COT, identifying putative up-
1 hr incubation with Li (1 mmol/LOC)ri{f = 4) or TPA  stream components of the regulatory pathway. This
(n = 3) stimulated swelling-activated K-CI COT by study also validates a new TLC protocol for the quanti-
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tative determination of cellular Pl and DAG and thus is pear to play a more significant role in anion selectivity
the first report of the presence of a complete PI turnovethan in K-Cl COT regulation [26].

pathway in LK SRBCs. Li; modified the characteristic bell shaped acid-
activation curve for K-Cl COT [28, 53]. Control cells

) ) showed a maximum K efflux between pHs 6.8 and 7,
Discussion which shifted to pHs 6.6 and 6.8 in Li-containing cells
(Fig. 4). The nature of the putative site where Li could

Our study examined the relationship between K-Cl COTact is unknown. It is interesting to note, however, that
activity, cellular morphology, cell volume, and DAG quinine and quinidine, both positively charged mol-
production to determine the mechanism of Li action ongcyles, inhibit K-CI COT in LK SRBCS [1], and that
the transporter and its regulatory pathways. _ protons inhibit K-Cl COT through an unidentified proton
The Li-induced rapid cellular swelling and spindle “sensor” [28]. It is conceivable that Li, the smallest

or anthrocyte formation of LK SRBCs (Fig. 1) were not mongyalent cation, could act through this putative pH
Fhe_r_esult of changes in ngnternaI but not e_xternal Li «sensor’. In human RBC ghosts, positively charged

inhibited the swelling-activated K-CI COT with an 6> 6 lyamines exert similar effects, presumably by binding

of LB mu [Li]; and by a "mixed” noncompetitive mecha- 1, negatively charged phospholipids on the cytoplasmic

nism (F|gs. B, Cand 5). In CI Li decrea_sed K fo_lux side of the membrane [45]. The effects of cations, in-
in the entire range of osmolalities testeseé¢right shift in cluding Li, on K-Cl COT may point to the involvement

&5t negatively charged cytosolic components participating

by Li occurred without affecting piinduced cell vol- in or influencing the PI turnover cycle and the associated
ume changes (Insert Fig. 4) or the metaboIism-depender|13tKC_deF)endent pathwayiseebelow). Thus, the action

T . of Li on K-CI COT may be indirect.
oxidative state of the cells. Furthermore, Li modulated The effects of Ljon the kinetic parameters (Kand
DAG production in a bimodal fashion through the PI L P

: . P . Vma Of swelling-activated K-CI COT in LK SRBCs
turnover cycle (Fig. B), without significantly affectin ma o
the ceIIuIa)r/ P éongcen)tration (Figg& y 9 (Fig. 6) were of a complex nature. Thus, the “mixed

Incubation in Li solutions resulted in fast (within noncc_)mpetl_tlve inhibition .Of K-CI COT by leay_ re-
<10 min) changes in cell volume and morphology (Fig.ﬂeCt its action on cytoso_llc compon_ent_s_r_egulatmg the
1), not correlated with the [Ljjand similar to those ob- transporte_r. H.owever, this form of inhibition does not
served in HeLa cells [30]. Because Hela cells are imJule out Li gcnon at an a}lostenc sn_g on thg transpor.ter
mortal leukemic cells with myeloid characteristics, they that alters its conformation and ability to bind K. This
may resemble other hematopoietic progenitors (i.e., offféct may explain the increase inand the significant
red blood cells). The mechanism by which Li alters cell décréase iV, for K efflux in Cl. The fact that the
morphology is not clear. Hematopoietic cells may haveinhibition of K-CI COT was never “competitive” only
extracellular sites for Li binding mediating cell swelling Proves that Li was not acting directly at the K binding
and Cytoske'eta' deformation_ Despite Swe”ing (Tab|e8|te of the transporter. Moreover, Li was not Car”ed on
1), the cells exposed to Li displayed spindle and anthro2 Cl-dependent pathway. Instead, Li appears to move
cytic forms ruling out a correlation between cell volume through a predominantly “N@dependent” pathway.
and the Li-induced morphological changes. Further-The Lileak pathway in LK SRBCs is unknown but may
more, although Parker [38] speculated that cell swellingoe related to a Cl-independent, Ca-dependent pathway
may be the result of inhibition of K-CI COT by Li, we for K transport (K, recently observed in mature LK
found no correlation between Li-effected changes in cellSRBCs [35]. Alternatively, it may represent the Li leak
volume and K-CI COT activity (Table 1 and Fig. 3).  pathway observed in resealed human RBC ghosts [46].

Li; inhibited K efflux in Cl by 39%, inducing a right In humans, Li is known to inhibit myo-inositol
shift towards higher RCVs (Fig. 3). These results sug-1-phosphatase, an enzyme of the PI cycle, without af-
gest that Li-treatment interferes with the mechanism thafecting other DAG forming pathways (i.e., phospholi-
turns on the K-CI COT volume regulatory pathway. Thepase D (PLD) activity). The bimodal production of
response of K-Cl COT to cell volume changes may in-DAG with increasing [Li] (Fig. 6B) suggests the pres-
volve the effect of ions on the transporter itself, on theence of a complete Pl cycle. The Li-induced bimodal
regulatory cascade or on both. For example, like Li,response of K-ClI COT further indicates a cytosolic site
thiocyanate (SCN) shifts the response of K-Cl COT tofor Li action within the regulatory pathway. In this
cell volume changes towards higher osmolalities [26].study, the [PIJwas not significantly affected by L{Fig.
Whether the observed effects are ionic in nature or &A), as seen in rat hepatocytes [6]. The observed results
function of molecular crowding [39], remains to be de-in SRBCs may be due to the fact that there are two ways
termined. lonic effects on K-CI COT are well known in in which PI may contribute to the cycle: one, as an in-
trout RBCs [17]. However, in SRBCs, these effects ap-termediate of the cycle itself, and the other from a second

in pH, (seeleft shift in Fig. 4). The decrease of K efflux
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pool in the cytoskeleton. DAG, however, is a Pl turn- dependent regulation pathway. Li may effect this PKC-
over product and can be formed either from the directpathway indirectly, with and Ig, of 7 mwm, through
hydrolysis of Pl intermediates and of phosphatidylcho-modification of DAG production and thus elicit a change
line (PC) or by PA conversion by phosphatidate phos-n the transporter's response to pH and cell volume.
phohydrolase [41]. Of these possibilities, Li is known to
affect only those pathways that involve PI turnover in- This work was in part supported by National Institutes of Health grant
termediates. As DAG is a second messenger for th&K37.160, National American Heart Association grant 0050451N, and
PKC signal transduction pathway, its potential role in thein part by tr,le Biomedicql Sciences Ph.D. Program in fulfillment of
regulation of swelling-activated K-Cl COT justified con- C.M. Ferrell's Ph.D. thesis. We thank Dr. Olga Ortiz-Carranza for her
- . - . . . . guidance in experimental designs, Dr. Jay Dean for his help in acquir-
sideration, in particular, since earlier work did not clearly jng the images captured by freeze frame photography, Dr. Julian
address this issue. The modulation by TPA and inhibi-Gomez-Cambronero for input on MAPK involvement, and Ms. Kath-

tion by PD98059 geeResults) suggests participation of leen Rainey for her help with experimental details.

a PKC-dependent pathway in K-CI COT regulation.

Studies on skate RBCs [31], showing that incubation,
in 10 mv [Li]; for 30 min did not significantly affect PI
turnover intermediates or product formation, appear to ;.
contradict our findings. The Li load occurring in that
short period of time was less than the levelldf mm
[Li]; used therapeutically in manic bipolar depression. 2:
Therefore, no Li effect would be expected based on the
data shown in Fig. 2. In addition, differences between
skate and sheep erythrocytes, amongst them nucleation
may account for some interspecies variability. However,
in support of the data presented in Fi@, & was shown
that swelling of skate RBCs increased DAG, presumably 4
through changes in PLC activity and phospholipid turn-
over [31]. Later, it was reported that the swelling-
induced increase in [DAG]Jnvolves PC hydrolysis and
the PLD pathway [34]. In support of the data presented
in Fig. 6A, inositol 1-monophosphate in skate RBCs in- 6.
creases during swelling, suggesting a potential decrease
in [PI1]; although it was not measured [31]. Studies in-
volving human skin fibroblasts show that high-density
lipoprotein 3 stimulates multiple signaling pathways si-
multaneously, including the PC-specific PLD pathway s.
and the PC-specific PLC pathway, both of which lead to
increased DAG formation [52]. The bimodal response of
DAG formation induced by swelling and Li treatment
(Fig. 8B) may be due to an initial activation of the PC-
PLD pathway followed by a sustained increase in the;q
activity of the PC-PLC pathway. At high [Li] DAG
production decreased again (FigB)6 perhaps in re- 11.
sponse to an increase in the activity of the DAG kinase
or a PKC-mediated negative feedback on PLC as dei
scribed previously [41].

In conclusion, Li may act both directly (at the trans-
porter level) and indirectly (through a regulatory path- 13,
way). The direct effect of Li on the transporter may be at
a site different from that for K binding, but which alters
the conformation of the transporter and interferes with14.
the binding of K (as reflected in an increase ip, Knd a
decrease inv,,,). Alternatively, Li may decrease the
number of active transporters, and through this mechazg
nism, decrease th¥,,,,. The Li-induced inhibition of
swelling-activated K-CI COT may involve a PKC-
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