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Ca?*t-activated K+ Channel and the Activation
of Ca?t Influx in Vanadate-treated Red Blood Cells
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Abstract. The mechanism by which K+ mhibits vanadate-induced *>Ca** mflux
by human red blood cells (RBC) was studied using several independent approaches
The following results weie found

1 The mhibitory effect of K+ was absent when RBC weie loaded with a
Ca?*-chelator This treatment at the same time mhibited the vanadate-induced
K+ efflux, and the membrane hyperpolarization mduced by Ca?t 1in vanadate-
treated cells

2 The potency of K*, Rb*, and Cs*t to mnhibit vanadate-induced Ca’* 1n-
flux cortesponded to theu ability to depolaiize the RBC membiane via the Ca?*-
activated K* channel (K(Ca))

3 Inhibition of the vanadate-induced **Ca?* mflux bv a protonophore pro-
ceeded mn parallel with the mhibition of the vanadate-plus-Ca?*-induced membrane
hype1 polarization

4 Valmomvemn m pait released the inhibition of the vanadate-induced Ca
influx by known K(Ca) inhibitors (quinine. ohigomycin, 4-aminopytidine) but not by
inhibitois of the Ca’t channel (Cu?t, HS-reagents organmic Ca?* channel blockets)

5 K* did not mhbit the vanadate-induced Ca®** mflux m dog RBC which
have I{(Ca) but no tiansmembiane K* gradient

The mhibition ot the vanadate-induced Ca?* mflux by external K+ appeais
to be due to the eiimination of the electrical component of the Ca2¥-motive force
unposed by opening of the K(Ca) This imphes that the Ca’t carrier mediating the
wflux of Ca?* in the presence of vanadate 1s of uniport tvpe, and that the activity
of Ix(Ca) may serve as a supporting element for Ca?* mflux
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Introduction:

Although the 1ole of the Ca®™ activated ™ channels ((Ca)) m excitable cells 1
widely 1ecogmzed, thenr presence and function m nou-excitable cells 15 much loss
nndeistood In 1ed blood cells (RBC) the activity of the K{Ca) was discovered
by Gardos as Ca-" -sensitive Ikt efffus (further referied to as the Gardos effer )
from metabolically posoned 1ed cells several decades ago (Gardos 1958)  Since
then 1t has been thoroughh studied (see Lew anl Feitenta 1976 Schwartz and
Passon 1983 for review) and shown that the Gardos effect 15 closels Iinked to the
Ca™ mfiun as suggested by the concommitant appearance of Ca=* mflun and
I efftus using different experimental procedures such as ATP-depletion (Gaidos
1958 Fenena and Lew 1977) treatment with propranolol (Manmnen 1970 Szass
and Gaidos 1974 Szass et al 1977) svanadate (Varefha and Caratoh 1982) o
menadione (Fuhimann et al 1985) On the other hand, the Ca?* influx into RBC
loaded with Ca®*t chelators ike BAPTA (Lew et al 1982), or quin-2 {McNamara
and Wiley 1986, Pokudin and Oilov 1986), has not been 1eported so far to be
accompanied by IL(Ca) activation, and by the Gardos effect

The mechanism(s) of activation of the Ca’* nflux ohseived dunng the ac
tivation of the Gairdos effect and the properties of the Ca?t mflux pathway(s)
observed by the above methods are mostly obscure and difficult to compate be-
cause no comptehensive data to he compared are available It seems probable that
Ca?* mmflux induced by ATP-depletion, vanadate, o1 Ca?T chelator entiapnient 1s
mediated by a carner although its detailed desciiption could only be obtained mn
vanadate-treated cells(Vairefha and Carafoli 1982 Varecha et al 1986 Varecha and
Peterajova 1990)

The link of Ca?* influx to k+ efflux which 1s the crucial aspect of the activation
of the Gaidos effect, does not seem to exist if the Ca?t mnflux 15 mduced by the
entiapment of a Ca?* chelator This 1s indicated by the fact that the Ca** influx
mduced by Ca?* chelator entrapment 1s imsensitive to the 1onic composition of the
suspension medium (McNamatra and Wiley 1986 Pohudin and O1losy 1986) unlike
that induced by ATP depletion (Feriena and Lew 1977), o1 vanadate (Varecha and
Carafol 1982), where 1t was found to be ihibited by increasing concentrations or
by dissipation of the K+ gradient by 1onophores The difference n the sensitivity to
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extracellular K, if compared with the different capabilities of the above methods to
activate K(Ca), indicates that K(Ca) activation 1s a prerequsite for the inhibition of
Ca?* influx by extracellular Kt This imphes that 1t 1s the specific action of K(Ca)
which contiibutes to the driving force of the Ca?® influx in vanadate-treated, or
ATP-depleted RBC, and thereby promotes the influx of Ca?* into the cytoplasm

There 1s evidence for this suggestion in propranolol-treated cells (Szasz et al 1977)
and 1n ATP-depleted cells (Gardos et al 1980, Szdsz et al 1981) We used vanadate-
treated RBC as a model to test the above suggestion and found evidence to support
it

Materials and Methods

Red blood cell suspension

Blood from healthy volunteers of both sexes was withdrawn by vemipuncture nto
EDTA-containing anticoagulant (5 mmol/1}, and was used within 3 days, stored at
0-4°C Red blood cells (RBC) were 1solated after centrifugation of the blood (10
min at 600 x g) and aspiration of the supernatant with the buffy coat, and three-
fold washing with and, finally, suspending into a medium containing (in mmol/l) 20
Tis-HCY, pH 7 3, 130 NaCl, 5 KCl, 10 glucose (further referred to as the suspension
medium), to the final haematocnt of 30%, and immediately used for experiment
Dog blood was withdrawn by venipunctuie from non-medicated dogs raised in the
vivaitum of the Drug Research Institute in Modra, Slovakia, by the same procedure
Dog 1ed cells were, however, used for experiments on the same day

Red cell loading with permeant Ca chelators

The 30% suspension was loaded with 75 pmol/l (if not indicated otherwise in the
Figures) BAPTA/AM (o1 quin-2/AM) (and controls with 0 5% DMSO) for 30 min
at 37°C m the presence of 02 mmol/l EGTA, cooled to 25°C, centrifuged, and
adjusted to the same volume of medium of desired composition Test and control
suspensions were handled as pairs in individual experiments

Vanadate-induced Co®t winfluz

The nflux of Ca?t was measured with the 1adionuchde *°Ca, after repetitive
washing to 1emove extracellular radicactivity, as described previously (Varecka
and Carafoli 1982) Aliquots of 30% suspension were premncubated with 1 mmol/1
NaVOg; for 15 min at 25°C, and 4°CaCl, (2 5 mmol/1) was added and incubated for
60 min at the same temperature unless indicated differently The incubation was
stopped by addition of the same volume of the stopping medium contaiming (in
mmol/l) 20 Tus-HCI, pH 7 3, 75 KCI, 60 NaCl, 10 glucose, and 1 EDTA (further
referied to as the stopping medium), and by rapid centrifugation of the sample in
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a microcentrifuge. The supernatant was sucked off, and the pellet was washed with
the stopping medium three more times. Finally, the pellet was precipitated with
10% trichloroacetic acid (TCA) containing 20 mmol/]l LaCls, the precipitate was
centrifuged and the pellet was taken for liquid scintillation counting. Control cells
without vanadate were treated in parallel. When inhibitors were tested, the same
volume of solvent (DMSO, methanol, max. 0.5% V/V) was added to the control
samples. All samples were run in duplicates, and the average value of parallel sam-
ples (+/— standard error) is given in the Figures. The standard error is indicated
by bars when exceeding the size of the symbols. Experiments illustrated in the
Figures were typical of at least two (as a rule, three) separate experiments.

Measurement of 4°Ca®* -induced *3Ca’t efflux

The total volume of the RBC suspension to be used in the experiment was pre-
loaded with 45Ca?* in the presence of vanadate as described above, for 60 min,
chilled on ice, and kept in an ice-water mixture until complete removal of external
radioactivity by repetitive washing with the stopping medium (two washings) and
two washings in the suspension medium containing 0.2 mmol/l EGTA. Finally, the
suspensions were centrifuged at 0—4°C for 5 min at 2000 x g, the supernatants were
quantitatively aspirated, and the pellets were adjusted to the original volume with
the suspension medium containing 0.2 mmol/l EGTA. Aliquots of this suspension
kept on ice were pipetted into test tubes pre-warmed to 25°C for exactly 5 min
and *%CaCl, was added to the test suspensions. No addition was made to the
control suspensions. At the time shown (usually 0, 2, 5, 10, 20 and 50 min), 0.5 mi
aliquots were withdrawn and immediately centrifuged through a silicone oil layer.
The radioactivity of both the supernatants and the pellets was measured after TCA
precipitation of proteins. All measurements were done, and_the results processed
as described in the preceding paragraph.

Measurement of the Gdrdos effect

The Géardos effect was monitored either by measuring the net K* efflux by flame
photometry, or by the release of 8®Rb* from cells pre-equilibrated with it. Net K+
efflux was measured in the vanadate-treated cell suspension as described above.
At time zero, *°CaCly (2.5 mmol/l) was added, and aliquots of the suspension
were withdrawn after a 50 min incubation at 25°C, and after spinning down RBC
through a silicone oil layer the supernatant was used for fiame photometry. Control
test tubes were treated in parallel. When 8%Rb was used as tracer, 2 MBq of the
carrier-free radionuclide was incubated with 7.5 ml of whole blood overnight at
0°C, and RBC were isolated as described previously. Other steps were identical
with those used for the measurement of net K+ eflux except that radioactivity
was measured in the supernatant. Values shown in Figures correspond to what is
described in the preceding paragraphs.
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Measurement of changes i 3 H-TPP* distribution

EGTA (02 mmol/l) was added to the suspension of RBC (pre-treated with
BAPTA/AM, or controls with DMSO, as indicated in the Figure) Alquots of
the 20% suspension were supplemented with 1 mmol/l NaVOj3 and 25 pmol/] 3H-
TPP™ (approx 20,000 cpm/assay), and were equilibrated for 25 min At time zero,
aliquots were withdrawn and centrifuged immediately through a layer of dibutyl-
phthalate (DBP), and the phases were separated quantitatively from each other
immediately after the centrifugation At 5 min, CaCls (2 7 mmol/l) was added Af-
ter 13 mun and 55 min aliquots were withdrawn and treated as above Control cells
were tieated stmilarly The 1adioactivity from pellets was extracted into ethanol,
and separated from the cell debris by centnfugation Correction of medium and
pellet radioactivity for the radicactivity trapped i dibutylphthalate did not sig-
nificantly mfluence the obtained values The radicactivity of the supernatants was
measured 1n paiallel, and this 1s presented in the Figures

Chemacals

SH-Tetraphenyl phosphonium chloiide fiom Radiochemical Centre, Amersham
(Bucks, England), *3CaCl, fiom Radiochemical Works (Swierk, Poland), 3*RbCl
fiom Isocommeirz (Dresden, Getmany) valimomvcin, tonomycin, quin-2/AM, and
BAPTA/

AM from Calbiochem (Luzern, Switzerland), quinine and oligomycin from Sigma
(St Lows USA), 4-amimopynidine from Fluka (Buchs, Switzerland), Tris base.
FCCP, DTNB and dibutylphthalate from Serva (Heidelberg, Germany), 3,3',4’.5-
tetrachloro-salicylanilide (TCS) from Eastman-Kodak Comp (Rochester, USA),
and the methyl-phenyl silicone ol from Lufebni zavody Kolin (Czech Republic)
NaVOj; was from Reachim, (Moscow, Russia) Other chemicals (all of analytical
grade) were purchased from Lachema. (Brno, Czech Republic)

Results

Ca®* chelator entrapment prevents the wnhibition of Ca®t winfluz by K+, and simul-
taneously blocks the Gardos effect and accompanying membrane hyperpolarzation

Fig 1 shows the effect of the substitution of Nat 1ons for Kt on the vanadate-
induced **Ca?* influx which was observed earlier (Vaietka and Carafol 1982). and
1ts modification by cytoplasmic Ca buffering This was brought about by premncu-
bation of cells with tetraacetoxymethyl esters of Ca chelators BAPTA/AM or quin
—2/AM, as described by other authors (Lew et al 1982, McNamara and Wiley
1986, Pokudm and Orlov 1986) Treatment of RBC with 75 pmol/l quin-2/AM
abolished the inhibition of the vanadate-induced *°Ca?* influx by high extracel-
lular K* (Fig 14) When the cells were treated with lower concentrations of the
permeant chelator some mmhibition of Ca?* influx by K* was observed (not shown)
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Figure 1. Effects of Ca-t chelator treatment on the (A) k' gradient dependence of
the vanadate-induced *°Ca’* influx, (B) vanadate and Ca?*-induced K* eflux (the Gar-
dos effect) A Cells loaded with 75 pmol/l quin-2/AM (triangles), control cells without
chelator (0 5% v/v DMSO) (crcles) 1 mmol/l NaVOs3 (closed symbols), controls with-
out vanadate (open symbols) B RBC pre-treated with BAPTA/AM and with 1 mmol/]
NaVOj3 (closed symbols) *°Ca’* (25 mmol/l) added (arcles) Controls without Ca®*
(squares) and without NaVOs3 (open circles)

Treatment with the permeant Ca chelator stimulated the influx both 1n the absence,
and 1n the presence of vanadate The increment of the influx caused by the presence
of the Ca chelator in the presence of vanadate exceeded that i the control with-
out vanadate (Fig 1A4) Under the same conditions, Ca?*-buffering sigmficantly
mhibited the vanadate plus Ca®t-imnduced Gérdos effect (Fig 1B) The highest
concentration of BAPTA/AM used (75 pmol/1) completely inhibited the K* ef-
flux In order to localize the site of the action of the Ca?T-chelator, the effect of
the BAPTA/AM treatment on membrane potential changes induced by the open-
g of K(Ca) was investigated Membrane potential changes were monitored by
changes of 3H-labelled tetraphenyl-phosphomum (*H-TPPT) distribution These
indicated hyperpolarization of the RBC membrane triggered by Ca?* in vanadate-
treated cells as compared with control without vanadate, and 1ts inhibition by the
BAPTA/AM treatment (Fig 2A4) This was not due to a decrease of Ca?*-ATPase
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Figure 2. Effects of BAPTA/AM treatment on the (4) *H-TPP* mflux during the
Gardos effect, and (B) *°Ca?*-induced **Ca’*-eflux from vanadate-loaded human RBC
A RBC loaded with BAPTA/AM (triangles), controls with DMSO (circles) and supple-
mented with NaVO3 and *H-TPP* 2 7 mmol/1 *°Ca®t added at 5 min (closed symbols),
no addition 1n controls (open symbols) Only radiocactivity of supernatants 1s presented
B RBC premcubated with BAPTA/AM (triangles), or DMSO (circles) and subsequently
loaded with **Ca" by means of NaVOs, and washed out of extracellular radioactivity as
described m Matertals and Methods °Ca?* added (closed symbols) or no addition made
(open symbols) Only the supernatant radioactivity 1s shown

mhibition which was not always complete 1n our experimental conditions (Varecka
and Carafoli 1982, Vairecka et al 1986) by the Ca chelator The corresponding
evidence was provided by the measurement of 4°Ca?*-induced *5Ca?* efflux from
15Ca%*-loaded RBC This showed that the radiocactivity pumped out of the ceils
n the initial phase of the exchange process was not significantly different in either
vanadate or vanadate plus BAPTA-loaded RBC (Fig 2B) The loss of sensitivity
of the vanadate-induced Ca?* influx to the increase of extracellular K+ concentra-
tion upon the buffering of cytoplasmic Ca?* suggests that the rise of cytoplasmic
Ca®* concentration and the subsequent opening of K(Ca) are prerequisite for the
mhibition of the Ca?* mflux by K* In oider to corroborate this suggestion by
independent evidence, we studied the effect of the experimental varying of the
membrane potential during the vanadate-induced #3Ca®" mmflux and the use of
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“mutant” RBC species lacking Na*, K+ ATPase

Alkals metal cations influence the vanadate-induced *°Co®* influz and the mem-
brane potential in correlation with thewr selectwnty for K(Ca)

The 1elative permeabilities of human RBC K(Ca) to monovalent cations are Rb*
(10), K+ (067), Cs*™ (005) (Stmmons 1976) We assumed that 1eplacement of Na™
10ns with other alkah metal cations display different degrees of inhibition as com-
pated with k", and that the efficiency of the inhibition can be expected to correlate
with the permeability of the individual 1ons through Kk (Ca) if then inhibitory effect
1s due to the change of the membrane potential Such an assumption seems to be
Justified because 1n 1sotonic solutions, the net transport of KCl after the opening
of K(Ca) was shown to be limited by chlonde efflux (Schubert and Sarkad1 1977)
In our experiments the concentration of chloride was kept constant This assump-
tion 1s valid for human RBC which have a neghgible activity of the Ca’*-activated
Na® /H* exchanger (Escobales and Canessa 1985) and no known active Na® chan-
nel as compated with other cells As shown in Fig 3A, the order of potency of K+,
Rb* and Cs™ in inhibiting the vanadate-induced Ca2* tiansport follows the order
of then known permeabilities in K(Ca) (Summons 1976), unlike with impermeant
choline which stimulated Ca?* mflux (Fig 34) The measurement of the *H-TPP™
distiibution changes mnduced by Ca?* 1n vanadate-treated RBC 1n media with dif-
ferent degrees of substitution of Nat with K, Rb*, and Cs™, respectively, showed
that depolarization was maximal in Rb* media followed by K™ media and, finally,
by Cs' media (Fig 3B) These results aze in accordance with the notion that the
influence of alkali metal 1ons 13 mediated by a K(Ca)-imposed membiane potential

Uncoupler imhibits the vanadate-induced Ca®t influr and dissipates the membrane
potential in a Ca®t -dependent manner

It was found previously (Varecka and Caiafoli 1982) that the uncoupler, FCCP,
strongly mhibited the vanadate-induced Ca?* influx and stimulated the Gardos
effect Because FCCP and derivatives are known to interact with HS-groups (Drob-
nica and Sturdik 1979), and the vanadate-induced Ca?* influx 1s sensitive to HS-
mhibitors (Varecka et al 1986), another inhibitor, 3,3',4’,5-tetrachlorosalicylanilide
(TCS) was used 1n these experiments As shown in Fig 44, T'CS also suppressed
the Ca®* mflux when piesent 1n a concentration of 10 umol/l At the same time,
1t also strongly (but not completely) mhibited hyperpolarization of the membrane
potential induced by Ca’t and vanadate (Fig 4B) Thus, effects of TCS on both
vanadate-induced *°Ca?* mflux and membrane potential changes suggest that to
a significant extent the mhibition of 43Ca?t mflux 1s due to the collapse of the
membrane potential change induced by the opening of K(Ca)
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Figure 3. The substitution of Na® by other monovalent cations affects similarly the
vanadate-induced **Ca?t influx (A), and change of the SH-TPP* distribution (B) A
RBC (90 % haematocnit) pretreated with 2 5 mmol/l NaVOj transferred by a positive
displacement pipette into test tubes containing media with increasing concentrations of
KC1 (open crcles), RbCl (open triangles), CsCl (closed triangles) and choline chlonde
(closed circles) instead of NaCl (final concentrations indicated m the Figure, 5 mmol/1
KCl was present in all test tubes), and the 1sotomcity was kept constant Controls without
vanadate were treated as above, their values did not differ from each other, and wete less
than 1 pmol/lcens B RBC treated with NaVOj; and transferred into KCl (open circles),
RbCl (open triangles), and CsCl (closed triangles) media (final concentrations indicated)
27 mmol/l **Ca®* added *H-TPP? activity mn the supernatant after 8 min incubation
after addition of Ca®% 15 shown No differences caused by substituents were found 1n
controls without vanadate (not shown)

The wmhibttion of vanadate-induced Ca wnfluz by K(Ca) wnhibitors 1s released by
valimomycin

It 1s concervable that the inhibition of K(Ca) by 1ts specific inhibitor should elim-
mate the shift of the membrane potential induced by K(Ca) activation It was
found previously that quimdine, an inhibitor of the K(Ca) (Armando-Hardy et al
1975), mhibited the vanadate-induced *5Ca?* nflux (Varetha and Carafoh 1982)
This may be a consequence of the inhibition of either k(Ca) o1 of the Ca’* car-
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Figure 4. The effects of uncoupler on the vanadate-mduced **Ca’* influx (A), and on the
vanadate plus Ca’t-induced membrane potential changes (B) A The **Ca®' mmflux
the suspension medium 1n the presence of TCS (3,3,4,5 — tetrachloro salicyl anihde) with 1
mmol/l NaVOj (closed circles) Controls without NaVO; (open circles) B The *H-TPP*
activity in the medium induced by Ca®* in vanadate-treated cells in the presence of 3
umol/l TCS (triangles), or methanol (0 5% v/v) (circles) *°Ca®* (2 7 mmol/1) added at
5 min (closed symbols), controls without Ca®* (open symbols)

11er, because the speaficity of quimidine has not been yet tested Later, also othe:
compounds known as inhibitors of K(Ca), such as ohgomycin (Blum and Hoff-
man 1972), or 4-aminopyridine (Thomsen and Wilson 1983, Christé et al 1995)
were tested Both suppressed the vanadate-induced #°Ca?* nflux (and also the
vanadate-induced Gérdos effect) It was assumed that the addition of the K™*-
spectfic 1onophore valinomycin (VM) to cells containing K(Ca) inhibitors would
restore the membiane potential and reveises the inhibition provided that 1t has
been caused by the inhibition of the K(Ca) but not of the Ca?* carrier, and that
the Ca?t carrier 1s uniporter As control substances, Ca’t channel blockers, such
as verapamil, or nifedipin, or divalent 1ons, as well as HS-reagents which were found
to inhibit the vanadate-induced **Ca?* influx (Varecka et al 1986), were tested It
was found that valinomycin never reversed the imhibition of the vanadate-induced
45Ca%* influx m the group of *Ca* influx inhibitors but mcreased 1t n the group
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Table 1. Inhibition of vanadate-mduced **Ca?* influx by mhibitors of Ca** channels and
of k(Ca), and reversal of the inhibition by vahinomycin

*5Ca?t mflux, (pmol/lees)

Control Inhibitor
Quinine 15 mmol/l (n = 3)
Control 361+06 80£05
+VM (1 pg/ml) 34716 149+06
4-aminopyridine, 10 mmol/l (n = 2)
Control 241+11 111+£10
+ VM (1 pg/ml) 200410 148+07
Oligomyain 10 pg/ml (n = 4)
Control 298+£09 109+07
+ VM (1 pg/ml) 27605 15004
Nifedipin, 60 pmol/l (n = 4)
Control 199+19 50£02
+ VM (1 pg/ml) 170+15 47+05
Cu?* 10 pmol/l (n = 3)
Control 270+ 14 13300
+ VM (1 pg/ml) 230407 123406
DTNB 25 umol/l (n = 1)
Control 349+16 129
+ VM (1 pg/ml) 268+£08 76
Verapamil 140 pmol/] (n = 1)
Control 55 18
+ VM (1 pg/ml) 49 15

Presented are results from typical experiments (the total number of experiments per-
foimed 1s shown 1n parentheses) where several concentrations of inhibitors were used The
effects of verapamil and DTNB were tested in pilot experiments only Each value 1s an
average from duplicate assays = S E except in the experiment with DTNB where only
single assays were done in the presence of the inhibitor

of imhibitors of the K(Ca) (Table 1) Valinomycin shghtly mhibited the influx in
control test tubes (Table 1), although on several occasions also a small (about
10%) stimulation was observed (not shown) In some experiments no stimulatory
effect of VM was observed even 1n the presence of K(Ca) mhibitors but no stim-
ulation of the influx by VM mhibited by the Ca?t channel inhibitois was ever
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Figure 5. The **Ca’®" influx mmduced by vanadate in dog RBC 1n media with various 1onic
compositions (A) and the changes of the *H-TPP* distribution induced by Ca®t (B)
A RBC pre-loaded with 1 mmol/l NaVO3 m the NaT-medium which was subsequently
replaced by K* (closed circles), or choline™ medium (closed triangles) contaming 1 mmol/!
NaVOQ3; so that their final concentration was as indicated Control suspensions {open
symbols) were treated in parallel B RBC suspended (20% haematocrit) in the Na¥-rich
(circles) or Kt-rich medium (triangles) and the suspensions were supplemented with 0 2
mmol/l EGTA Vanadate (0 1 mmol/1) added to all samples followed by *H-TPP* *°C'a>t
(2 7 mmol/l) was added at 8 mun (closed symbols)

obseived Thus, the dual effect of VM on the *°Ca?* mflux mhibited by both Ca2*
channel mhibitors and mmhibitors of K(Ca) supports the possibility that the K(Ca)
mhibitors eliminate a part of the Ca?t-motive force duning their actions, which
could be released by valinomycin

Open Ca®*-actwated Kt channel without KT gradient cannot mediate the wnhibs-
tion of the vanadate-mnduced *°Ca®* influr with K+

Dog RBC' do not possess Nat K*-ATPase in then membrane and have no tians-
membrane gradients of monovalent 1ons (Paiker 1977) but vanadate was able to
induce *°Ca?* influx also m these cells Its potency in dog RBC exceeded that in
human RBC by about one order of magnitude At 1 mmol/l vanadate, 1€, un-
der conditions used 1n experiments with human RBC, the mnflux was so massive
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that 1t almost led to an equilibration of Ca?* across the membrane (Fig 54) The
difference could not be ascuibed to any expenimentally mtroduced factoi, and 1t
represents a true interspecies difference Also the *3Ca* mflux was found to be
saturatable with respect to Ca?* and perhaps, lihe in human RBC, 18 mediated
by a catnier (not shown) The vanadate-induced #*Ca?* wflux i dog RBC was not
reduced when Na© were stoichiometiically substituted with either K+, o1 choline™

In contiast, tt was stunnlated regardless of the substituent (Fig 54) When most
of the Na™ were substituted the mflux also meieased 11 controls without vanadate
added {(Fig 51) Probably, both 1esponses aie due to the reversal of the Nat/Ca”t
antiporter activity known to be piesent in the dog RBC membrane The same 1e-
sponse of dog RBC was obtamned when 0 1 mmol/l NaVO3z was used as inducer

with the extent of the mflux onlv being abouat 20/ (not shown) No chauges w
the transmembiane distribution of *H TPPT induced by Ca?* in vanadate tieated
cells and 1 contiols m Nat 11ch medium (1e suspension medium) were found
(Fig 5B) Howeva i a Lt ach medmm the 1elease of °H TPP? 1n the piesence

and to some extcnt also m the absence of vaunadate was observed This could be ex

plained by the proposal that k(Ca) 15 also activated in dog RBC by the mcicase of
the cytoplasmic C ¥t coancentration Ditect evidence supporting this proposal w as

P
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Figure 6. The effect of vanadate and Ca’* on the *°Rb™ efflux from dog RBC Whole
blood was loaded with 8 RbCl and RBC were 1solated as described im Materials and Meth-
ods, and were supplemented with 0 2 mmol/l EGTA 01 mmol/l vanadate (closed sym-
bols), no vanadate (open symbols) After 15 mm at 25°C, **Ca®* (2 7 mmol/l) (circles),

and EGTA (2 5 mmol/l) (triangles) were added Radicactivity 1n the external medium 1s
shown
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obtained using 86Rb™* as a tracer of the K* movement In the Na*-rich medium
where the Kt concentration was approximately equal on both sides of the mem-
brane, 8Rb* release was observed if both Ca?* and vanadate were present in the
suspension, but not n controls with vanadate and EGTA and with Ca’t 1n the
absence of vanadate (Fig 6) Thus, the expeniments with dog RBC show that the
opening of K(Ca) without subsequent membrane hyperpolarzation 1s not sufficient
to mediate the mhibition of the vanadate-induced 5Ca* mnflux by high K+ and
that a steep transmembrane K+ gradient 1s indispensable for this effect to occu

Discussion

The entrapment of the Ca chelator in RBC cytoplasm changed profoundly the
properties of vanadate-induced #°Ca?* mflux (Fig 14) First, the 4°Ca?" nflux
mncreased both in the presence and in the absence of vanadate The inciease of
the influx could be explamned either by an increase in the concentration (osmotic)
component of the Ca?*-driving force due to the buffering of the cytoplasmic Ca’*
concentiation below the 1esting level, o1 by an increase of the passive permeability
during the treatment with permeant chelator Assuming that the minimum con-
centration of trapped chelator of 100 pymol/] (present i our conditions according
to Pokudin and O1lov (1986) lowers the cytoplasmic Ca’* concentration down to
about 100 200 nmol/l (as computed by the Bound and Determined programm of
Biooks and Storey (1992)). a value whach 18 higher than that in the resting state
if data by Lew (1990) are adopted, but 1t 1s approximately equal with the data
published by Simmons (1976) Thus, the chelator loading seems to deciease the
Jesting” cytoplasmic Ca’t concentiation only maiginally and therefore, the in-
crease of the °Ca?* mflux mn the chelator-treated cells might be better explamned
by an nciease of membrane petmeability Remarkably, the ncrement of the 43Ca?*+
influx induced by the quin-2 loading 1n the presence of vanadate was greater than
1 controls without vanadate (Fig 1A) Because both tests were performed under
otherwise 1dentical conditions, this may indicate that the vanadate treatment also
mduced an mcrease of passive Ca’t peimeability This possibility 1s supported
by experimental evidence (Varecka et al 1997) Second, the *5CaT influx became
wmsensitive to external K+ concentration changes This fact and the parallel mhi-
bition of both the Gardos effect and the membrane hyperpolarization suggest that
it 15 opening of the K(Ca) which 1s a prerequisite for the obtaimng the 4*Ca’*
wlux whibitien by K¥ The mvolvement of k(Ca) mn this process could also be
supported by the evidence obtamned 1 experimental conditions where K(Ca) was
open, 1¢ , 1 experiments with monovalent 1ons and TCS (Fig 3, 4), by a pai-
allchsm between the mhibition of ¥*Ca’t mflux and the depolarization potency
The 1inhibitory effects of both monovalent 1ons and TCS on the vanadate-induced
45Ca?* mflux could be explained by their mfluence on membrane potential
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The opening of K(Ca) without generating a membrane potential does not
seem to cause any inhibitory effect of Kt on the vanadate-induced 4°Ca?* influx
This could be demonstrated 1in experiments with dog RBC which lack the Nat K+
ATPase (Parker 1977) but possess the K(Ca) (Richhardt et al 1979) (Figs 5.6)
Howeve1, the ability of these cells to take up *°Ca%* in the presence of vanadate
has not been impaired by this fact, and was apparently driven by the osmotic
component of the Ca?*-motive force mediated by a high-capacity transporting
mechanism

The 1esults show that either the prevention of h(Ca) opening (Figs 1,2) or
the ehmination of membrane hyperpolanzation induced previously by the K(Ca)
opening (Figs 3.4) mhibit *5Ca?* 1nflux, and this implies that K(Ca) blockade
could mimic mhibition of the Ca?* carrier The action of valinomycin on 4*Ca?*
mflux (Table 1} confirmed this notion, and differentiated between mhibitors of
K(Ca) and inhibitors of the Ca?* caitier which could also inhibit the Gaidos effect
mduced by vanadate (Varecka et al 1986) Valimomycin could not be used as a tool
n this 1espect 1n experimental models where the voltage activated Ca?* channel
represent the Ca?t mflux pathways

The experimental approaches used to explain the mechanism of the vanadate-
induced *5Ca?* influx imhibition 1 human RBC by external K* brought results
which deny the role of the osmotic component of the electiochemical potential of
K* and 1dentify the elimination by K+ of membrane hyperpolarization imposed
by opening of K(Ca) as the causative factor of the inhibition Such a model 1mples
that a CaZt uniporter 1s a transporting species operating in our experimental
conditions, (1e, 1 the presence of vanadate) and that the membiane potential
change elicited by the opening of K(Ca) mncreases the total Ca?T-motive force
acioss the RBC membrane Thus, K(Ca) activity (and the subsequent Gdardos
effect) participate 1n facilitating the Ca?t influx 1 our experimental model Our
results support the earlier suggestion of Szasz et al (1981) and Gédidos et al (1980)
based on data obtained with ATP-depleted cells, or La3*-treated RBC (Gardos et
al 1980), or RBC treated with propranolol (Szész et al 1977, Gardos et al 1980)
These authors used inhibition of the anion channel by the stilbene derivative SITS
or dipytidamol (Gardos et al 1980) which stimulated **Ca?* influx as a tool
This approach yielded similar results also in vanadate-treated RBC (Varecka and
Carafoli 1982) but could not identify the component of the K* electrochemical
potential effective 1n the mhibition of the 43Ca?t mmflux by extracellular K+ The
mhibition of the anion channel also blocks the Gardos effect and preserves the K+
gradient Consequently, the stimulation of the 45Ca?* influx could be due to the
increase of the membrane potential (1if the Ca?* carrier 1s a uniporter) or to the
maintaining of the K+ giadient (if the Ca®* carrier 1s a Ca?*t/2K* antiporter)
Our 1esults, however, seem to resolve this ambiguity

In our previous paper (Varetha and Carafoh 1982) we suggested that the dia-
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matic shift i [K*+] at both sides of the RBC membrane caused by the Gardos
effect which led to the dissipation of the K* gradient acts as negative feedback
mechanism preventing the overload of cytoplasm by Ca’* Presented results are
not i contiadiction with this suggestion The stimulation of the Ca?* influx occurs
in the early phase after K(Ca) opening (few minutes after Ca?* addition) when
the membrane hyperpolarization 1s maximal (Fig 2A4) The membrane potential
change fades 1apidly (Fig 2A4) whereas [K¥], mcreases gradually and reaches the
steady-state after 30-45 min (Varecka and Carafol 1982) Thus, both effects are
temporally separated Such a dual effect of Lt has been recently described
synaptic processes (Matyushhin et al 1995)

The suggestion that the activity of k(Ca) promotes the 45Ca?t mflux and
thereby contiibutes to the total Ca?t-motive force contains a contradiction The
K{Ca) could contribute to the total Ca?t-motive foice only after Ca’t accumu-
late 1 the cytoplasm but the accumulation 1s only promoted after opening of the
K(Ca) This contradiction could be explained by proposing that a tiansient pe
110d occurs which starts after the mhibition of the Ca?t ATPase and ends after
the opening of the K(Ca) Dunng this petiod Ca’* accumulate by a mechanism
1esponsible for the 1esting Ca?t cyching Another possibility could be that vana
date exeits a dual (o1 multiple) effect on the RBC membrane, affecting both the
Ca’* mflux mechansm and k(Ca) in a coordinate fashion Oui results published
in the accompanying papel (Vairefka et al, 1997) support the second possibility
Finally our 1esults convincingly explain the loss n the sensitivity of the Ca?* in
flux to the medium composition observed when Ca-chelator tiapping proceduies
were used (McNamaia and Wiley 1986, Pokudin and Orlov 1986) These pioce-
duzes prevented the K(Ca) opening and thereby the membrane potential change
and the Gaidos effect The RBC membiane 1etained 1ts extremely low and almost
dentical ™ and Nat peimeability (Lew and Beauge 1979) which precluded the
“sensing” of the changes in the medium composition unlhke other procedures such
as vanadate tieatment (Varecka and Carafoli 1982) or ATP depletion (Ferreira and
Lew 1977, Szasz et al 1977, 1981, Lew and Ferrena 1978), which ate accompanied
by the Gaidos effect

The stimulating tole of k(Ca) opeming on Ca?* influx 15 not restricted to
RBC Recently, a similar phenomenon was obseived during an analysis of the
mmmunoglobulin-induced #*Ca?* influx by basophilic leukemia cells (Labrecque et
al 1991) Other observations have been made 1n a varlety of cells where the Ca2*
mflux induced by receptor agonists was mhibited by a decrease of the membrane
potential (Oettgen et al 1985 Sage and Rink 1986 DiVirgilio et al 1987, Mohr
and Fewtrell 1987, Penner et al 1988 Savage et al 1989 Luckhoff and Busse 1990,
Pattet et al 1990) However, the role of the K(Ca) has not yet been experimentally
mvestigated It may be mteresting to mention that Macara and Gray (1987) made
this observation also in vanadate-treated A431 epidermal carcinoma cells These
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data suggest that vanadate may mimic some Ca?*-mediated receptor agomst ac-
tion(s) 1n the cell membranes which frequently occur 1n cell membranes (Racay
and Lehotsky 1996) This 1s not necessarly true for other inducers of the Gaidos
effect For example, vanadate and fluoride tuigger the Gardos effect probably by
different mechanisms as indicated by the extent of 4°Ca?* influx and changes in
Na*t permeability elicited by these agents (Varetka et al 1994, 1995)

Acknowledgements. The major part of this work described n this manuscript was
performed during the stay of all authors in the former Mental Health Research Center at
the Psvchiatric Hospital Pezinok The skilled technical assistance by Ms E hovadicova
and Ms E Pisova s acknowledged The authors wish to thank Prof Dr Jozef Pogadv for
general support A munor part of the work was supported by the Science Grant Agency
VEGA (Grant No 1/4203/97)

References

Armando-Hardy M Ellory J C, Ferreira H G . Flemminger S Lew V L (1975) In-
hibition of the calcium-induced increase in potassium permeability of human red
blood cells by quinine J Physiol (London) 250, 32P—33P

Blam R M Hoffman J F (1972) Ca-induced K-transport in human red cells Location
of the Ca-sensitive site to the inside of the membrane Biochem Biophys Res
Commun 46, 1146—1152

Brooks S P Storev K B (1992) Bound and determined A computer program for
making buffers of defined 10on concentration Anal Biochem 201, 119-—126

Christé G, Simurdova M, Simurda J (1995) Use-dependent features of 4-aminopyridine
block of transient outward current 1n rat ventricular myocytes Gen Physiol Bio-
phys 14, 75—89

DiVirgilio ¥, Lew P D, Andersson T, Pozzan T (1987) Plasma membrane potential
modulates chemotactic peptide stimulated cytosolic free Ca*t changes 1n human
neutrophils J Biol Chem 262, 4574—4579

Drobnica [, Sturdik E (1979) The reaction of carbonyl cyanide phenylhydrazones with
thiols Biochim Biophys Acta 585, 462—476

Escobales N Canessa M (1985) Ca®T-activated Nat fluxes in human red blood cells
Amiloride sensitivity J Biol Chem 260, 11914—11923

Ferreira H G, Lew V L (1977) Passive Ca transport and cytoplasmic Ca buffering in
mtact red cells In Membrane Transport imn Red Cells (Eds Ellory ] C, Lew V
L), pp 53—91, Academic Press, New York

Fuhrmann G F Schwarz W, Kersten R Sdun H (1985) Effects of vanadate, menadione
and menadione analogs in the Ca?’ activated K™ channels in human red cells
Possible relations to membrane-bound oxidoreductase activity Biochim Biophys
Acta 820, 223—234

Giardos G (1958) The function of calcium 1n the potassium permeability of human ery-
throcvtes Biochim Biophys Acta 30, 653—654

Gardos G, Szasz [ Sarkadi B Szebem J (1980) Various pathways for passive calcium
transport in red cells In Membrane [ianspoit 1in Ervthrocytes Alfred Benzon
Symp 14 (Eds U V Lassen, H M Ussing, ] O Wieth), pp 163—174, Munks-
gaard, Copenhagen



356 Varecka et al

Labrecque G F, Holowha D . Baird B (1991) Characterization of mcreased K* perme-
abihity associated with the stimulation of receptors for immunoglobuln E on rat
basophilic leukemia cells J Biol Chem 266, 14912—14917

Lew V" L (1990) Permeabihty and permeabilization of red cells to calctum In Intracel-
lular C'atcium Regulation, pp 1—17 Alan R ILiss, New York

Lew V L, Beaugé L. (1979) Passive cation fluxes in 1ed cell membranes In Membrane
Transport 1 Biology (Eds G Giebisch D C Tosteson and H Ussing) Vol 111,
pp 81 115, Springer Beitlin

Lew VL Ferreira H G (1978) Calcium transpoit and the properties of a calciun-
activated potassium channel 1n 1ed cell membranes Curt Topics Membr Transp
10, 217 279

Lew V L, Tsten R Y Minet (' Bookdun R M (1982) Physiological Ca™ level and
pump-leak turnover m mtact red cells measured using an mcorporated Ca®™ chela-
tor Nature 298, 178—4R12

Luckhofl A Busse B (1990) Calcium influx mto endothehal cells and formation of
endothelium-derived relaxing factor 15 controlled by the memnbrane potential Pflu-
ger < Arch 416, 305—311

Macaia I 5, Giay G M (1987) Vanadate-activated calcium influx in Ad31 cells 1~
dependent on the plasma membrane potential 7 Cell Biochem 34, 125 —128

Mannmen V (1970) Movements of sodium and potassium ions and their tracers m
propranolol-treated cells and diaphragm muscle Acta Physiol Scand Suppl 355,
1— 71

Matvushkin D P, kmivor | T Drabkina T M (1995) Svnaptic feed-backhs mediated be
potasstum 1ons Gen Phvsiol Biophys 14, 369—381

McNamara M ko, Wilen J S (1986) Passive permeability of human red blood cells to
calctum Amer J Physiol 250, C26—(C31

Mohr F C', Fewtrell C J (1987) Depolarization of rat basophilic leuhemia cells inhibits
calcium uptake and exocytosis J Cell Biol 104, 783—792

Oettgen H " Terhorst ' Cantley L (', Rosoff P M (1985) Stimulation of the T3-T
cell receptor complex imduces a membrane potential-sensitive Ca*T mmflux Cell 40,
583—596

Parker J ¢ (1977) Solute and water transport in dog and cat red blood cells In Mem-
brane Transport i Red Cells (Eds J C Ellory and V L Lew), pp 427—465,
Academic Press, New York

Penner R, Matthews G, Neher E (1988} Regulation of calcium influx by second mes-
sengers 1 rat mast cells Nature 334, 499—504

Pittet D, Divirgilio F Pozzan T, Monod A Lew D P (1990) Correlation between
plasma membrane potential and second messenger generation in the promyelocytic
cell ine HL-60 J Biol Chem 265, 14256—14263

Pokudin N I, Orlov § N (1986) The Ca’t transport in human red blood cells the
study with cells loaded with highly selective calcium chelator Biol Membrany 3,
108~ 117 (in Russian)

Racay P, Lehotsky J (1996) Intracellular and molecular aspects of Ca’t-mediated signal
transduction 1n neuronal cells Gen Physiol Biophys 15, 273—289

Richhardt H-W, Fuhrmann G F, Knauf P A (1979} Dog red blood cells exhibit a
calcium-stimulated 1ncrease in potassium permeability i the absence of {Na,K)
ATPase activity Nature 279, 248—250



Red Cell Ca2t Homeostasis 357

Sage S O, Rink T J (1986) Effects of romic substitution on [Ca®t], rises evoked by
thrombin and PAF 1n human platelets Eur J Pharmacol 128, 99—107

Savage A L., Biffen H, Martin R R (1989) Vasopressin-stimulated calcium mflux n rat
hepatocytes as inhibited 1 high-potassium medium Biochem J 260, 821827

Schubert A |, Sarkdd1 B (1977) Kinetic studies on the calcium-dependent potassium trans-
port 1n human red blood cells Acta Biol Bioph Acad Hung 12, 207—216

Schwartz W, Passow H (1983) Ca®T-activated K channels in erythrocytes and excitable
cells Annu Rev Physiol 45, 359—374

Simmons T J B (1976) Calcium-dependent potassium exchange in human red cell
ghosts J Physiol (London) 256, 227—244

Szasz I, Gardos G (1974) Mechamsm of various drug effects on the Ca?*-dependent K*
efflux from human red blood cells FEBS Lett 44, 213—216

Szasz I, Sarkad: B , Gardos G (1977) Mechanism of Ca’t-dependent selective rapid K™
transport induced by propranolol in red cells J Membrane Biol 35, 75—93

Szasz 1, Sarhadi B Géardos G (1981) Ca’T-sensitivity of calcium-dependent functions
m human 1ed blood cells In Genetics Structure and Function of Blood Cells
(Eds S R Hoilan et al ) Adv Physiol Sci 6, pp 211- 221 Akademnai hiado
Budapest

Thomsen R H Wilson D T (1983) Effects of 4-amino pyridine and 3,5-diamuno pvridine
on transmutter 1elease m neuromuscular junction J Pharmacol Expt Therap
227, 260 —270

Vareika L | Carafoli E {1982) V\anadate-induced movements of C'a’™ and KT 1n human
red blood cells J Biol Chem 238, 7714— 7721

VareCha L, Petcrajova E (1990) The activation of the human 1ed cell €
Ikt channel by vanadate 1s preceded by a temperature-sensitive step FEBS Lett
276, 169—171

Vare¢ha I, Peterajovd E Pogady J (1986) Inhibition by divalent cations and sulphvdryl
reagents of the passive Ca®t transport m human red blood cells observed in the
presence of vanadate Biochim Biophys Acta 856, 585—594

Varetha I Peterajova E Pi3ova E |, Sevéik J (1994) Vanadate and fluoride activate red
cell Na™ permeability by different mechanism Gen Physiol Biophys 13, 127—135

Varetka I, , Peterajova E |, Sevétk J (1995) The Ca**-dependent activation by fluoride of
human red cell membrane sodium permeability evidence for a chemically activated
tetrodotoxin-sensitive Nat channel Biochem Biophys Res Commun 217, 286
291

Varetka L, Peterajova E, Sevéik J (1997) Vanadate changes properties of the Ca’t
influx pathway in the human red blood cells Gen Physiol Biophys 16, 359 —373

‘a?F activated

Final version accepted December 10, 1997



