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Abstract. Previous reports have indicated tiRlasmo- Key words: Calcium transport — Potassium trans-
dium falciparuminfected red cells (pRBC) have an in- port — Red cells —Plasmodium falciparum

creased CA permeability. The magnitude of the in-

crease is greater than that normally required to activate

the C&"-dependent K channel K, channel) of the red  Introduction

cell membrane. However, there is evidence that this

channel remains inactive in pRBC. To clarify this dis- The total C&* content of normal human red cells is less
crepancy, we have reassessed both the functional statysan 5umol (I cells)* (Harrison & Long, 1968; Book-
of the K¢, channel and the & permeability properties chin & Lew, 1980: Engelmann & Duhm, 1987). Of this
of pRBC. For pRBC suspended in media containingamount less than Jumol (I cells)* can be extracted
Ca™, K¢, channel activation was elicited by treatment using ionophores in the presence of extracellular chela-
with the C&" ionophore A23187. In the absence of tors (Bookchin & Lew, 1980). This condition is main-
ionophore the channel remained inactive. In contrast tqained throughout the life-span of the cells by five fac-
previous claims, the unidirectional influx of €ainto tors: a low intrinsic C&" permeability (Lew et al., 1982),
PRBC in which the C& pump was inhibited by vanadate a powerful CZ* extrusion pump (Schatzmann, 1983),
was found to be within the normal range (30860l  minimal cytoplasmic C& buffering capacity (Ferreira &
(10" cells- hr)™), provided the cells were suspended in Lew, 1976; Tiffert & Lew, 1991), a total absence of
glucose-containing media. However, for pRBC in glu- C&*-accumulating compartments of endoplasmic reticu-
cose-free media the €ainflux increased to over 1 mmol |um or mitochondrial origin (Williamson et al., 1992),
(10" cells- hr)™, almost an order of magnitude higher and a minimal presence of endocytic inside-out vesicles
than that seen in uninfected erythrocytes under equivag_ew et al., 1985). The pump-leak turnover of Can
lent conditions. The pathway responsible for the en-red cells suspended in autologous plasma is about 30-50
hanced influx of C&" into glucose-deprived pRBC was umol (I cells- hr)™* (Lew et al., 1982; Desai, Schlesinger
expressed at approximately 30 hr post-invasion, and wag Krogstad, 1991; Tiffert et al., 1993) and the physi-
inhibited by NF*. Possible roles for this pathway in ological free C&" level, [C&™;, is less than 100m (Lew
pRBC are considered. et al., 1982; Scharff & Foder, 1986; Murphy et al., 1986;
Engelmann & Duhm, 1987; David-Dufilho, Montenay-
Garestier & Devynck, 1988; Tiffert & Lew, 199y.
E— Invasion of red cells bylasmodium falciparunm-
Correspondence ta4.M. Staines duces profound changes in the®Chomeostasis of the
Abbreviations:pRBC, parasitized red cells; [€],, free internal cal- cells. External C& is required for both th? invasion and
cium concentration; [CGd/Ni®"],, external calciulm/nickel concentra- SUbse,quent deveIOpment of the parasite (Wasserman’
tion; NPP, new permeation pathways; DBP, dibutylphthalate; HBS,Alalrcon & Me”dQZa’ 1982; Raventos Suarez_ _et al.,
HEPES-buffered saline; DICAP, depletion-induced calcium permeabil-1982), and there is a net uptake of‘Chy parasitized
ity. cells (pRBC) as the parasite matures (Bookchin et al.,
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1980; Tanabe, Mikkelsen & Wallach, 1982; Adovelande In experiments comparing infected with uninfected cell suspen-
et al., 1993), with the bulk of the intracellular %febeing sions, uninfected red cells from the same donor were incubated in
localized within the parasite (Shalev et al., 1981; Leida parallel with pRBC cultures under identical conditions for at least 24 hr

. . prior to the experiment. To ensure that the infected and uninfected cell
Mahoney & Eaton, 1981; Tanabe et al., 1982). The II’]'suspensions were strictly comparable, the uninfected cells were har-

creased uptake of €aby pRBC has been attributed to a yegteq (as above) prior to experimentation. Uninfected cells from the
marked, stage-dependent elevation in thé"Qaerme-  malaria-infected culture were obtained by subjecting trophozoite-stage
ability of the red cell (Tanabe et al., 1982; Krishna & Ng, infected cultures to a sorbitol lysis (as described above) leaving unin-
1989; Kramer & Ginsburg, 1991; Desai et al., ]_996)’fected cells with less than 5% immature ring-stage infected cells.

though the mechanism underlying this increase is un- Experiments in which C4 influx into pRBC was measured over
clear the parasite’s 48 hr life cycle required highly synchronized cultures.

| d 4 infl is ch teristic of oth d This was achieved by a combination of consecutive sorbitol lysis and
ncrease Infiux 1S charactensiic or other re elatin flotation steps over the week prior to the experiment. At the

cell disorders. In deoxygenated sickle cell anemia recEeginning of the experiment the culture was harvested by gelatin flo-
cells the C&" permeability is increased about 3-5-fold tation at approximately the time of schizogony and placed onto fresh
by the reversible formation of a poorly cation-selective red cellsimmediately (this step removed any early ring-stage parasites).
pathway, which is generated from the interaction of de-Approximately 5 hr later the culture was subjected to a sorbitol lysis (to
oxy-haemoglobin S polymers and the red cell membranéemove remaining schizonts). This process allowed the parasitized

P . . cells to be synchronized to within 4-6 hr of each other. Harvesting for
(BOOkChm & Lew, 1981; Etzion et al,, 1992)' The con experimentation was performed using 65-80% v/v Percoll (produced as

sequent increase in [éal is sufficient to trigger activa- described above), depending on the age of the culture, as the density of
tion of C§+'Sensitive K Channe|S KCa or GardOS Chan' infected erythrocytes decreases with age.

nels, (Gardos, 1958)) in sickle cell subpopulations (Lew,  Cell counts were made using either a Coulter Multisizer or an
Ortiz-Carranza & Bookchin, 1997). In normal red cells aimproved Neubauer counting chamber. Parasitemia was estimated
less than tenfold elevation in €apermeability, induced ~from methanol-fixed Giemsa-stained smears.

experimentally with the use of ionophores is sufficient to
elicit K-, channel activation (Tiffert, Spivak & Lew,
1988). Yet in pRBC, reportedly showing a much higher

increase in their passive €apermeability (Kramer &  petailed compositions of the media used in this study are shown in the
Ginsburg, 1991; Desai et al., 1996) dirétRb" flux  figure legends. All solutions were adjusted to pH 7.4 using/2aOH
measurements have ruled out activatiorkgf, channels  and the osmolality adjusted to@& 3 mOsm (kg HO)™* (with distilled
(Kirk et al., 1992). water or the dominant salt, usually NaCl), measured with a freezing-

The aim of the present work was to investigate thePoint osmometer (Roebling, Germany).
origin of this apparent discrepancy. In so doing we have
investigated the functional status of tKg, channel in
pPRBC, as well as the relationship betwdég, channel
activity, C&" permeability and metabolic status of these estimates of the unidirectional effiux ofivere made from the efflux

cells. of ®Rb" used as a congener for'KAll such measurements were
carried out at 37°C. Cell suspensions (1 ml, 10% hematocrit) were
preincubated in microcentrifuge tubes for 1 hr at 37°C in growth me-
Materials and Methods dium containing®®Rb" at an activity of 10u.Ci (ml)™* in the presence
of 0.1 mv ouabain, which was added 10 min before loading, and 0.01
mM bumetanide (to inhibit the N&™ pump and the Na-K-2Cl co-
PLAsMODIUM FALCIPARUMCULTURES transporter, respectively). Under these conditions infected cells were
able to load wittf°Rb" via the parasite-induced new permeation path-
Human red blood cells (type O) infected with the ITO4 line Rf ways (NPP), which are permeable &Rb* (Kirk et al., 1994), with
falciparum(Berendt et al., 1989) were cultured under 1% 8% CO,, minimal tracer incorporation into uninfected cells from the malaria-
96% N, in RPMI 1640 culture medium, supplemented witylucose infected culture. Following the loading period, to remove extracellular
(10 mw), glutamine (2 ), HEPES (40 mn), gentamicin sulfate (25 radioactivity, the cells were washed three times in ice-cold efflux sa-
mg ()™, and human serum (8.5% v/v, pooled from different blood line. Following the third wash, the efflux was commenced with the
donors). Most experiments were carried out using infected cells withaddition to the cell pellet of 1 ml of prewarmed saline containing the
mature, trophozoite-stage parasites (36—40 hr post-invasion), synchr&za* ionophore A23187 and various inhibitors as indicateskfig. 1
nized by a combination of sorbitol hemolysis (Lambros & Vanderberg, legend). At predetermined intervals 0.1 ml aliquots were removed
1979) and gelatin flotation (Pasvol et al., 1978). Parasitized cells werdrom the suspension and transferred to microcentrifuge tubes contain-
harvested from culture immediately prior to experimentation by cen-ing 0.5 ml of ice-cold ‘stopping solution’ (to inhibit further efflux)
trifugation on Percoll for 10 min at 400 g, as described elsewhere layered over 0.3 ml of dibutylphthalate (DBP). The tubes were centri-
(Kirk et al., 1996). For 100 ml, 66 ml of Percoll were diluted with 9.1 fuged immediately (10,000 g, 30 sec) to remove the red cells below
ml of 10 x phosphate buffered saline (containing (g'{l)1.44 the oil layer and then 0.5 ml of each supernatant solution was trans-
KH,PO,, 90 NaCl and 7.95 N&IPO, - 7H,O, pH 7.4 (Gibco)) and ferred to scintillation vials for counting usinggascintillation counter.
24.9 ml of water to a density of 1.090 (approx. 66% v/v) and an At the end of the efflux time course single 0.1 ml aliquots of the
osmolality of 320 mOsm (kg kD). This method yielded suspen- remaining suspensions were transferred into microcentrifuge tubes con-
sions of 80-96% parasitemia. taining 0.1% v/v Triton X-100 (0.3 ml), to lyse the cells and 5% w/v

ComMPOSITION OFMEDIA

EFFLUX EXPERIMENTS
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trichloroacetic acid (0.3 ml), to deproteinize the sample. The tubesfluxes in infected and uninfected cells, where fluxes are traditionally
were then centrifuged (10,000gs 10 min) and 4 x 0.1 maliquots of reported in mol per liter normal cells per hour or mol per 340 g he-
the supernatant solution were transferred to scintillation vials for count-moglobin (the mean hemoglobin content of one liter of normal red
ing, thus enabling an estimate of the init!8Rb*" content of the cells.  cells) per hour.

ATP DEPLETION
INFLUX EXPERIMENTS

Infected red cells deplete their stores of ATP within a matter of minutes

Estimates of the unidirectional influx of Kand C&* were made from N the absence of external glucose, as they consume glucose up to 100
the influx of 8Rb" and5Ca2*. All such measurements were carried times faster than uninfected cells (Roth, Jr., 1990; Kirk, Horner & Kirk,
out at 37°C. In all cases, cells were washed (x4) then resuspended ih996). In this study parasitized cells were depleted of their intracellular
HEPES-buffered saline (HBS) containing additional solutes (as specif1P by incubation with glucose-free media (compositions are stated in
fied in the text and figure legends) before the commencement of a fluxth€ text and figure legends) or by replacing glucose in the media with

In carrying out influx experiments, washed cell suspensions were® ™ 2-deoxyp-glucose. 2-Deoxy-glucose was found to induce a
dispensed into microcentrifuge tubes and allowed to equilibrate to tem!{@Pid depletion of ATP, even in the presence of low levels of glucose.
perature for at least 10 min. Influx commenced with the addition to the In contrast to infected cells, glucose-deprivation of uninfected
suspension of the radioisotope, to give final activities between 1 and 1¢€!IS has little effect on the cells’ ATP levels in the short-term (Lew,
wCi (ml)™* (as specified in the figure legends), a final cell concentra- 1971)- ATP depletion of uninfected cells was achieved by preincuba-
tion of 1-4 x 16 cells (mly™%, and a final sample volume of 0.5-1.5 m. tlon_ at 5% hemat(_)crlt_ for 3 hr at 37°C in media cgntamlng iodoacet-
At predetermined time intervals aliquots of suspension (10042p0 ~ amide (6 ) and inosine (10 m) (Lew, 1971; Ferreira & Lew, 1977
were removed and placed into microcentrifuge tubes, which contained®Sai, Schiesinger & Krogstad, 1991; Desai et al., 1996). Control red
0.3 ml of DBP. In*5C&"* influx experiments a ‘stopping solution’ cells (|.e.,_not ATP-depIeted) were |ncubat§d (inthe presence oflO m
(ice-cold HBS containing 2 m EGTA (1 ml) and layered over DBP) glucose) in parallel with red cells undergoing ATP depletion.
was used to stop further influx, remove externally bound radiolabel and
dilute the total radiolabel to reduce the extracellular radioactivity in the
cell pellet. These were centrifuged immediately (10,0@) 30 sec) to MATERIALS
sediment the cells below the oil. The aqueous supernatant solution was . ) )
removed by aspiration and the radioactivity remaining on the walls of  RP", *°C&" and PH]-hypoxanthine were obtained from Du Pont New
the tube removed by rinsing the tubes (x4) with water, removing theEngland Nuclear. RPMI 1640 growth medium, gentamicin sulfate, and
DBP on the final wash. Alternatively, for auptake experiments 1% and 10x phosphate-buffered saline were from Gibco BRL, Life
under physiological conditions the aliquots of suspension were washed echnologies (Paisley, Scotland). Human serum was supplied by Na-
(x4) by addition and then centrifugation (10,000,40 sec) of ice-cold  tional Blood Services (South West, Bristol). Ouabain, bumetanide, fu-
HBS containing 0.1 m EGTA (1 ml per wash) to stop further influx ~ fosemide, quinine, gdimethyl sulfoxide (DMSO), ethylene glycol-
and remove externally bound radiolabel. The cell pellets were therPiS(8-aminoethyl ether) N,N,NN'-tetraacetic acid (EGTA), ATP bio-
processed by the addition of 0.1% v/v Triton X-100 (0.5 ml) and 5% luminescent assay kit, buffers and sodium vanadate were from Sigma
wiv trichloroacetic acid (0.5 ml). After centrifugation (10,00@yx10 ~ Chemical (Poole, Dorset). Nighas from Aldridge Chemical (Gil-
min), the supernatants were transferred into scintillation vials for count-ingham, Dorset). Clotrimazole and charybdotoxin were from Calbio-
ing. chem-Novabiochem (Beeston, Nottingham). Nitrendipine was a gift

For samples in which cells were spun through a DBP layer, thefrom the late Dr. M. Wolowyk (Faculty of Pharmacy and Pharmaceu-
extracellular space in the cell pellet was estimated from the amount ofical Science, University of Alberta). All inhibitors were added to cell
radiolabel in pellets derived from samples taken within a few secondsSUSPensions as a stock solution in DMSO. All reagents were of ana-
of combining the cells with radiolabel. lytical grade.

Throughout this study influx rates were estimated from the
amount of radiolabel taken up within a fixed incubation period that fell
within the initial, linear phase of the uptake time course (characterizedResults
either in the course of this work or previously). FSRb" influx ex-
periments a single time point of 20 min was used (Kirk et al., 1991).
For“°Ca* influx experiments a single time point of 25 min was used. |S THE K, CHANNEL IN A FUNCTIONAL STATE IN pPRBC?
For these influx measurements the flux was terminated as described
abOVTr,] t:(l)(::g ten)?pl)lgfil;feiﬁtl;n\ef:agaf:wazazz.ed to inhibit the plasm The function of theKca channel in PRBC was investi-

H : 86D |+

membrane C& pump of red cells, allowing the study of their passive 13?69 by measurlpg the Cainduced R? efﬂlflx from
Ca* permeability properties (Desai et al., 1991; Tiffert & Lew, 1897 Rb -preloaded, '”feCte‘?' cells. THERD -loading pro- .
Vanadate was used at concentrations between 1 andt Sorensure ~ c€dure consisted of a brief exposure of the cells to high
over 99.5% pump inhibition (Tiffert & Lew, 199¥. Stock vanadate ~ Specific activity ®Rb"(K*) in the presence of ouabain
solution was added to the appropriate flux medium and the pH wasand bumetanide and was designed to label the parasitized
adjusted to 7.4. The me(_jiur_n containing vanadate was then boiled U_nt&ells via the new broad_specificity permeation pathways
cle_ar to remove polyanionic form_s1 of vanadate and the osmolallty(NPP) induced by the parasite in the host cell (Kirk etal.,
adjusted to 30 £ 3 mOsm (kg HO) 1994; Ginsburg & Kirk, 1998), with minimal tracer in-

All fluxes were expressed in mol (or subunits) peft3eells per . . . .
hr (mol (10° cells- hry™%). 10 cells represents the approximate num- COrporation into uninfected cells. Typical results of

86, : (N
ber of cells in one liter of packed cells. This form of expressing fluxes  Rb" efflux exper[ments are .Shown in Fig. 1 |n_th(_5 .
allows straightforward comparisons (albeit approximate) betweenpresence of ouabain, bumetanide and furosemide (inhibi-
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A The C&*-dependent component of the A23187-
induced®Rb" efflux was inhibited by charybdotoxin,
nitrendipine, clotrimazole and quinine (FigB) all in-
hibitors of the red celK., channel. The mean rate con-

01 stant of the C&-dependentK., channel inhibitor-

- sensitive,®°Rb* efflux was 0.62 + 0.09 hr (mean *

SEM; N = 3).

0.0

-0.2

Do K¢, CHANNELS PARTICIPATE IN THE K* (°RB™)
TURNOVER OF pPRBC AT PHYSIOLOGICAL
0.3 — [Ca®"], LEVELS?

Ln (I®°Rb"], (1) / [PRb", (t = 0))

L I | | In the absence of ionophore, the., channels of pRBC

0 5 10 15 20 remain inactive at the [C4], of 0.4 mv normally used
for in vitro cultures (Kirk, Elford & Ellory, 1992). This

B indicates thaiK., channel activity is not necessary for
normal parasite growth in vitro, but does not rule out
K, channel participation in the Kturnover of parasit-
ized red cells at the higher €aconcentrations found

80 — in the plasma (typically 1.3 mn). It has been reported

7 that the C&" permeability of pRBC is much higher than

60 — that of normal red cells, and, furthermore, thafCia-

flux into pRBC increases steeply with [€3, (Kramer

& Ginsburg, 1991). It was therefore investigated wheth-

er the K, channel was activated in pRBC suspended

in medium having a [C&], similar to that found in

20 Vivo.
. ﬁ ﬁ 8Rb" influx into infected cells was measured in me-

0 dia with 1.3 mu [Ca?"],, with and without transport in-
hibitors, both in the presence and absence of glucose.
In the presence of glucose (FigA2clear columns),
Fig. 1. Effect of (&) [Ca"]; and B) K, channel inhibitors on the ®Rb" influx was about 7 mmol (15 cells- hr)™. This
efflux of K* (3Rb") from pRBC at the mature trophozoite-stage. Cells Was reduced to about 1.4 mmol efa?e"S' hry™ by a
were preloaded wittf°Rb*, washed with ice-cold efflux medium to combination of ouabain, bumetanide, and furosemide.
remove externaf®Rb" and packedgeeMaterials and Methods). The ~ About thirty percent of the influx of°Rb" into glucose-
efflux medium contained (m) KCI 5, NaCl 150, HEPES 10, glucose  feq cells was inhibited by ouabain and is therefore at-
10, MgC}, 0.24 and CaGl0.40 (pH 7.4, 300 + 3 mOsm (ko) ). i taple to the NEK* pump. Approximately 60% was

Efflux measurements were initiated by mixing packed cells with pre- . L .
warmed (37°C) efflux medium. All parasitemias were above 80%. VIa the NPP, inhibited by furosemide, and the rest was

Points and bars represent means from single experiments on red ceid@ Na-K-2Cl cotransport, inhibited by bumetanidet(
from three different donors. Error bars indicatem and, where not ~ showr). The further addition oK, channel blockers
shown, fall within the symbolsA) unfilled circles, no additions; filled  nitrendipine or clotrimazole had no significant effect on
circles, 10um A23187; filled squares, 1um A23187 and 1 ma 86RK" influx.
oo ey oS s i Th actiiy of thekcc, channels was clso mvesi-
for nitrendipine (10um), charybdotoxin (10 ,lm), cIotrir’nazoIe (2um) gated in glucose-deprll\_/ed 'f‘feCt?d cells (Figh, Blled
and quinine (0.1 m), respectively. columns), under conditions in which the £a&ontent of
the cells was increaseddeFigs. B and B). Glucose-
deprivation of cells with mature trophozoite-stage para-
tors of the N&/K™ pump, the Na-K-2Cl cotransporter and sites causes rapid depletion of ATP (Kanaani & Gins-
the NPP, respectivelyf®Rb" loss was approximately burg, 1989; Roth, Jr., 1990; Kirk et al., 1996). This con-
exponential with time fo=20 min under all conditions dition resembles that of the “Gardos effect” in uninfected
tested. Addition of the ionophore A23187, in the pres-cells (Gardos, 1958) in which rapid ATP depletion is
ence of 0.4 mn [Ca?"],, induced a significant increase in induced by the combined effects of metabolic substrates
86Rb* efflux relative to controls (Fig.A). Thisincrease and inhibitors (Lew, 1971, 1974). It can be seen (Fig.
was largely but not completely reversed in the presenceB) that glucose-deprivation caused increasing Gep-
of excess EGTA. The incomplete reversal is attributableake with a lag period similar to that of metabolic deple-
to a minor component of th#Rb" release being due to tion treatments used previously to study the Gardos
ionophore/C&'-induced hemolysis. channel in uninfected cells (Lew, 1971). However, the

Time (min)

100 — —

40 —

(% of control)
|

EGTA-Sensitive K* (®*Rb") Efflux

Control N T C Q
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Fig. 2. The effect of glucose deprivation o) the influx of K*
(®®Rb*) and @) the time course of*Ca* uptake in pRBC at the mature
trophozoite-stage A) K* (®°Rb") influx measurements were initiated
by addition of tracer (1nCi (ml)™) after a 60-min incubation of the
cells at 37°C in efflux mediumsgelegend of Fig. 1) with 1.3 m
CaCl,, and either with or without 10 mn glucose. Unfilled columns,
glucose-fed cells; filled columns, glucose-deprived cells; “OBFNC”,
abbreviations for ouabain (0.1m), bumetanide (1Quv), furosemide
(0.1 mm), nitrendipine (10um) and clotrimazole (3uwm), respectively.

(B) “°Ca* uptake measurements were initiated by addition of packed
washed cells to prewarmed (37°C), glucose-free efflux medium con
taining 1.3 nm CacCl, with tracer (2uCi (ml)™). Values were recal-
culated equivalent to 100% parasitemia. Points and bars represe

17

150 —

[Ca*], (umol (10™ cells)™)

B
1200 — 18
-112
1000 —
800 —

[Ca®*]; (umol (10" cells)™)

60

20 40
Time (min)

Fig. 3. The effect of metabolic perturbation on the time courses of
45Ca* uptake into A) uninfected and®) pRBC at the mature tropho-
zoite-stage?*Ca?* influx measurements were initiated by addition of
tracer (10uwCi (ml)™ to uninfected and glucose-fed infected cells and
2 nCi (ml)™* to glucose-deprived infected cells) together with unla-
beled CaC] (final concentration of 1.3 m) to prewarmed (37°C) cells

in influx media. The media contained ¢ KCI 80, NaCl 50, sucrose
30, HEPES 20 for uninfected red cells and NaCl 130, sucrose 30,
HEPES 20 for infected red cells (both media were pH 7.4, 300 + 3
'mOsm (kg HO)™). Values were recalculated equivalent to 100% par-
“asitemia. Points represent means from single experiments on red cells
from three different donors. Error bars indicatev and, where not
Fhown, fall within the symbolsA) Unfilled circles, uninfected cells in

means from single experiments on red cells from three different donorsghe presence of 10 mglucose (i.e., metabolically normal); unfilled

Error bars indicatsem and, where not shown, fall within the symbols.

final C&* uptake rate of glucose-starved cells was order

triangles, uninfected cells, which were ATP-depleted by preincubation
for 3 hr at 37°C in media with 6 m iodoacetamide, 10 minosine;
unfilled squares, ATP-depleted uninfected cells in the presence of 5 m
vanadate. B) Filled triangles, glucose-deprived infected cells (i.e.,
ATP-depleted); filled squares, glucose-deprived infected cells in the
%resence of 5 m vanadate. Inset: filled circles, infected cells in the

of magnitude larger than that observed in either glucosepresence of 10 mglucose (i.e., metabolically normal); filled inverted

depleted uninfected cells, or glucose-fed pRBEef-ig.
3). The nature and origin of this high €apermeability
state is addressed below. Here we consider the effects
glucose deprivation oA°Rb" fluxes.

As shown in Fig. 2 (filled columns), in the absence
of inhibitors, 8Rb" influx into glucose-depleted pRBC

triangles, glucose-fed infected cells in the presence ofvlvamadate.

efas about 4 mmol (I8 cells- hr)™* (lower than the rate
seen in glucose-fed cells, consistent with ATP-depletion
causing inactivation of the N&™ pump). Treatment of
the cells with ouabain, bumetanide, and furosemide
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reduced the flux to approximately 1.4 mmol ¢#0 inhibition of C&* uptake by vanadate in glucose-
cells- hr)™. As was the case in glucose-fed pRBG,,  deprived infected cells observed in Fi@® ®as not found
channel blockers were without significant effect. Thus,to be significant P > 0.2, pairedt-test) when the data
in the glucose-deprived parasitized cells, the largé'Ca were analyzed with data from further experimergeg
gains observed did not triggét., channel activation. ~ Table 2).

The results show tha, channels do not partici- In glucose-fed, vanadate-treated cells?Captake
pate in the K (]°Rb") turnover of glucose-fed infected approximates the true passive ‘Cgpermeability of the
cells at physiological [CH], levels, and that they remain infected, metabolically competent cells, with minimal ef-
inactive in glucose-deprived, ATP-depleted cells underfects of residual C& pump activity. If the sole effect of
conditions of large net cell Gagains. glucose deprivation (with or without additional vana-

date) had been to inhibit the €gpump, the C&" uptake
. of glucose-deprived cells would have been similar to that
Is THE C&* PERMEABILITY OF pRBC UNDER observed in glucose-fed, vanadate-treated cells. There-
MeTABOLIC CONTROL? fore, the progressive increase in‘Captake, which de-
velops during glucose deprivation (FigsB 2nd 3B),
Figure 3 shows typicaf°Ca* uptake results in unin- represents the formation or activation of a new’Ca
fected and infected red cells in different metabolic con-permeability that is absent or inactive in glucose-fed in-
ditions, with and without C& pump inhibition by vana- fected cells (Fig. B).
date. The external Gaconcentration was 1.3m Ca* These data are consistent with the hypothesis that
uptake was linear for at least 20 min under all conditionsin pRBC, unlike in uninfected cells, the €aperme-
Similar results were obtained in uninfected cells isolatedability is under metabolic control, increasing in response
from P. falciparuminfected cell cultures, as well as un- to a depletion of cellular ATP. To characterize further
infected cocultured cellsnft showi). the depletion-induced G4& permeability (referred to

Glucose-fed cocultured uninfected cells took uphenceforth as DICAP) we compared its kinetic properties
Ca* at arate 64 + 1 pmol (10" cells- hr)™* (mean +  and inhibitor-sensitivity with those of the passive?ta
sem; n = 3; Fig. 3A). In fresh red cells, Cd uptake permeation pathway of uninfected, cocultured cells.
under similar conditions is immeasurably small (Ferreira
& Lew, 1977; Schatzmann, 1983). €auptake by un-
infected cells predepleted of ATP by the combined use ofEXTERNAL Cé" CONCENTRATION-DEPENDENCE OF
iodoacetamide and inosine was increased to 2quin@|  PASSIVE C&" PERMEATION PATHWAYS IN UNINFECTED
(10*2 cells- hr)™* (mean +sem; n = 3; Fig. 3A). Re- AND pRBC
sidual C&* pump activity fueled by low remaining ATP
levels limits C&" gain under these conditions (Harbak & C&" influx was measured in uninfected and infected
Simonsen, 1987; Alvarez, GaseBancho & Herreros, cells at different [C&7],. All cells were ATP-depleted.
1988). Vanadate, at concentrations aboveM, mhibits  Uninfected cells were depleted by inosine-iodoacetamide
the C&" pump of intact red cells by over 99.5% (Tiffert treatment and G4 uptake was measured in the presence
& Lew, 1997b) and under these conditions (i.e., ATP- of vanadate to block residual €apumping. Infected
depleted and vanadate-treatedf Qaptake was 113+ 12 cells were depletedyba 1 hrpreincubation in glucose-
wmol (10" cells- hr)™ (mean +sem; n = 6; Fig. 33),  free media. Figure 4 shows €auptake as a function of
2-3 times higher than previous estimates of the rate ifCa®*],. It can be seen that €auptake in infected cells
fresh red cells under the same conditions (Lew et al.was much higher than that in uninfected cells (Fig. 4,
1982; Desai et al., 1991). Thus, for uninfected cocul-inset) at all [C&"],, and that this difference was contrib-
tured cells or uninfected cells isolated from the malaria-uted by both, saturable and linear components.
infected culture, the general €auptake pattern fol- The continuous lines in Fig. 4 describe fits of the
lowed that observed before in fresh red cells under dif-experimental points by equations with Michaelis-Menten
ferent experimental conditions, with a tendency toand linear terms. The fitted parameters are given in
moderately elevated values. Table 1. In the uninfected cells, the saturable component

The situation in pPRBC was significantly different retained a K, value of 0.7 nw, similar to that of fresh red
(Fig. 3B). C&"influx in glucose-fed pRBC, without and cells (0.8 nm, (Tiffert et al., 1984; McNamara & Wiley,
with vanadate was 15 + 1.2 and 37 + G3nol (10"  1986)), but the slope of the linear component was sig-
cells- hr)™, respectively (Fig. B, inset), whereas in glu- nificantly higher. In infected cells the JKof the satu-
cose-deprived cells, without and with vanadate?'Ga- rable component was approximately 3.6umand its
flux was increased to 1043 + 86 and 758 ool (10"  maximal capacity was over twentyfold that of the unin-
cells- hr)™%, respectively. This increase was almost anfected cells. At physiological [G4], levels, the major
order of magnitude greater than that seen under equivaifference in C&" uptake between infected and unin-
lent conditions in uninfected cells. The small, apparentfected cells is therefore attributable to the saturable com-
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8 — 08 sive C&" permeability of infected red cells are shown in
Joe Table 2. N*, at a concentration of 0.1 m had rela-
02 tively little effect on C&* uptake into ATP-depleted,
6 — o0 uninfected cells, with or without vanadateot showi).

In infected cells it had no effect in the presence of glu-
cose, whereas it inhibited up to 90% of the’Cimflux in
the glucose-deprived cells. The inhibition of DICAP by
Ni2* appeared to be partially antagonized by vanadate.
The reason for this is unknown.
2 The concentration-dependence of the effects 6t Ni
on DICAP is shown in Fig. 5. The half-maximal inhibi-
tory potencies of Ni* in the absence and presence of
vanadate were 6 and 15v, respectively. Ni* exerted
0 5 10 15 20 its maximal inhibitory effect at concentrations of be-
[CaZ"], (mM) _tweg_n 0.land 1 m Ata congentration of 1 m, Ni®*

° inhibited >90% of the depletion-induced Cauptake.
Fig. 4. The effect of [C4"], on the influx of“°C&* in ATP-depleted Ni?* inhibition was partially prevented or antagonized by
uninfected cell and ATP-depleted pRBC at the mature trophozoitevanadate, reaching only 70% inhibition at m
stage°Ca" influx measurements were initiated by addition of washed
cells to prewarmed (37°C) influx mediadelegend of Fig. 3) contain-
ing tracer (2uCi (ml)™) and varying amounts of CagIValues were  AcTIVITY oF THE DICAP DURING THE 48 Hour

recalculated equivalent to 100% parasitemia. Points represent mean§ TRAERYTHROCYTIC PHASE OF THE P. FALCIPARUM
from single experiments on red cells from three different donors. ErrorL”:E CYCLE

bars indicatesem and, where not shown, fall within the symbols. Un-
filled circles, ATP-depleted uninfected cells in the presence ofvb m
vanadate; filled circles, glucose-deprived infected cells. Inset: shows & he developmental stage-dependence of DICAP was in-
more detailed view of the concentration-dependence 6t @dlux in vestigated, by measuring the Nlisensitive C&" uptake
ATP-depleted uninfected red cells. into pRBC depleted of ATP by preincubation for 1 hrin
glucose-free media. The €ainflux rates are shown in
Fig. 6, and the efficiency of the ATP-depletion procedure
ponent of the DICAP-mediated transport; at higherthroughout the relevant stages of parasite development is
[Ca’"], the dominant effect is through the linear compo- reported in Table 3. All measurements were performed
nent which is also increased substantially. The DICAP iSusing highly synchronized parasite cultures, prepared as
therefore via one or more pathways with kinetic proper-described in Materials and Methods. The results in Fig.
ties, differing somewhat from those of the passivé'€a 6 show that the DICAP was expressed only after 28 hr
permeation pathway of cocultured uninfected cells.  post-invasion, was fully inducible by ATP depletion at
Unlike the broad-specificity NPP, induced by the 35 hr, and remained so at least up to 43 hr. Table 3
intracellular parasite in the host cell membrane (for re-shows that inducibility was not related to the ATP deple-
cent reviewseeGinsburg & Kirk, 1998), the DICAP is tion efficiency of glucose-deprivation, since this proce-
not functional in normally metabolizing pRBGdeFig.  dure was equally effective at 28 hr, when the DICAP was
3B). Involvement of the NPP in DICAP was ruled out by not yet inducible, as at all subsequent times thereafter.
measuring C& uptake through DICAP as a function of Thus, the DICAP is a late-comer relative to the NPP of
[Ca’"], in the presence and absence of furosemide, @ormal cultures, which is reported to be induced within
potent inhibitor of the NPP (Kirk et al., 1994). As an- the range of 6 to 15 hr post-invasion (Elford et al., 1985;
ticipated, furosemide (0.1 m) was without effect on  Kutner et al., 1985).
DICAP-mediated C# uptake over the [Cd], range 0.1 The results in Table 3 deserve separate consider-
to 20 mm (not showi. ation. The ATP content of parasitized cells was obtained
by subtracting the contribution of the uninfected cells
oy . present (assumed to be the same as cocultured cells, the
ErFECT OFNi*" ON THE Passive C&* UPTAKE OF ATP content of which was unaffected by 1 hr of glucose
UNINFECTED AND pRBC deprivation) and thereby correcting to 100% parasitemia.
Error propagation affected the estimates of residual ATP
Divalent cations are known to act as partial inhibitors ofin the glucose-deprived pRBC much more than in the
passive C& transport pathways in different cells, in- glucose fed pRBC, reflected in a 6-fold increase in the
cluding red cells (Varecka & Carafoli, 1982). Prelimi- relative errors of the ATP content estimates in ATP-
nary experiments indicated that Niwas an effective depleted pRBC (20%) relative to fed pRBC (3%). With
inhibitor of DICAP. Its relative effects on the pas- such large errors, the residual ATP content of glucose-

Ca?" Influx (mmol (10" cells.hr)™)
N
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Table 1. Parameters from curve fits of €auptake as a function of [¢4, in uninfected (RBC) and parasitized
(pRBC) red cells

Kon v,

max
(mm) (mmol (10 cells- hr)™) (mmol (10 cells- hr - mm)™)
RBC 0.7 £0.04 0.185+0.019 224+ 1.6
pRBC 3.63+£0.42 3.98 +0.65 205 %40
P (pairedt-test) <0.01 <0.01 <0.02

The data g¢eelegend of Fig. 4 for the conditions used) were fitted to the equatiafiux rate = ((Viax ¥
[Ca (K., + [Ca™],)) + (kg X [Ca*],) using Sigmaplot software (Jandel Scientific). Data fits without the
linear component were found to contain much larger errdega( not showh Least mean squares parameter
values from single experiments on cells from three different donors are shown as the searTtie P values
report the statistical significance of the difference between the parameterg’af@eport between uninfected
and malaria-infected red cells.

Table 2. The effect of N¥* on the influx of**C&* in pRBC at the mature trophozoite-stage

ATP- Vanadate i Influx NiZ*-induced
depleted (wmol (10'2 cells- hr)™) inhibition (%)
- - - 154+ 0.5 -4

- - + 16.0+ 0.8

- + - 404+ 5.7 32

- + + 275+ 3.4

+ - - 1070 +49 88

+ + 125 +27

+ + - 1019 +56 61

+ + + 400 +30

45Ca* influx measurements were performeskélegend of Fig. 3 for the conditions used) in the absence and
presence of 0.1 m Ni?*. Values were recalculated equivalent to 100% parasitemia and are shown as the mean
+ sem, from single experiments on cells from three different donors.

deprived pRBC may not be significantly different from dose-response curve to the right. Nevertheless,M. m
zero. In the experiments giving rise to FigA2t was  Ni?* inhibited DICAP-mediated C& uptake by approxi-
found that in pRBC subjected to glucose-starvation therenately 90%, both in the presence and absence of serum.
was negligible effect of ouabain on*K®°Rb") influx At the same concentration it had little effect on parasite
(not showi. This is consistent with ATP depletion (at growth, consistent with DICAP not playing an important
least in the red cell compartment) being sufficiently com-role in the growth ofP. falciparumin vitro.

plete to cause inactivation of the NK™ pump.

Discussion
Is THE DICAP REQUIRED FORNORMAL P. FALCIPARUM
GROWTH IN VITRO? The aim of this study was to clarify the apparent dis-
crepancy between reports that pRBC show a highly in-
The conditions of glucose deprivation required for creased C& permeability (Kramer & Ginsburg, 1991;
DICAP activation suggest that it is not required for nor- Desai et al., 1996) and the report that thg,iKchannel
mal parasite growth. This was tested directly using'Ni remains inactive in these cells (Kirk et al., 1992). The
to inhibit the DICAP. A growth assay (in 10% v/v hu- present results confirmed & channel inactivity at
man serum) was carried out in parallel with dose-physiological [C4"], levels, even in ATP-depleted cells
response experiments to study the effect &f'Min C&*  in which the C&" influx rate was elevated to a level well
uptake in glucose-deprived infected cells, in the presencabove that sufficient to activated§ channels in normal,
and absence of 10% v/v human serum. Figure 7 showaninfected red blood cells and in sickle cells.
the dose-response curves for the effect of'in [°H]- The only condition in which K, channel activation
hypoxanthine incorporation (a measure of parasitecould be elicited in parasitized cells with mature-
growth) and DICAP-mediated Ghuptake. The serum stage parasites was by €gpermeabilization with the
reduced the ability of Ni* to block DICAP, shifting the ionophore A23187. The mean rate constant for the iono-
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Fig. 5. Dose-response curves for the effect ofNon the influx of Fig. 6. Influx of *°Ca* into glucose-deprived pRBC over the intra-
**Ca* in glucose-deprived pRBC at the mature trophozoite-stage.erythrocytic phase of the life cycle of the parasite. Cultures were syn-
45Cat* influx measurements were initiated by addition of tracep.(2 chronized as detailed in Materials and Methods. At the indicated times
(ml)™) and unlabeled Cagl(final concentration of 1.3 m) to pre-  aliquots of the infected culture were enriched using Percoll density
warmed (37°C) cells in influx mediss¢elegend of Fig. 3) containing  separation and then the cells were incubated at 37°C in glucose-free
varying amounts of NiGl All parasitemias were above 80%. Ta  media for 1 hr before experimentatioffCa* influx measurements
influx measurements are expressed as percent of the values obtainedwere initiated by addition of tracer (2Ci (ml)~*) and unlabeled Cagl
Ni2*-free controls with the same parasitemia. Bars represent meanginal concentration of 1.3 m) to prewarmed (37°C) cells in influx
from single experiments on red cells from three different donors. Errormedia geelegend of Fig. 3). Values were recalculated equivalent to
bars indicatesem and, where not shown, fall within the symbols. Filled 100% parasitemia. Points represent means from single experiments on
circles, glucose-deprived infected cells; filled squares, glucose-red cells from two different donors. Error bars indicata and, where
deprived infected cells in the presence of & wanadate. not shown, fall within the symbols.

phore-induced®®Rb" efflux was 0.62 + 0.09 hit.  function and [C&"]; levels during controlled C4 per-
Although direct comparisons between infected and unmeabilization, and on the dynamics of parasite-host Ca
infected cells were not feasible because thgkols and and K" exchange will be required to establish the extent
driving forces for’®Rb" efflux are substantially different, of K., channel function conservation or alteration. The
it is relevant to note that under equilibrium exchangeonly firm conclusion that can be drawn from tA'Rb"
conditions, at high external Kconcentrations, maximal flux data is that K, channel activity is neither elicited
tracer equilibration rates in resealed ghosts (Simonsnor required during normal parasite growth at theqa
1976) and intact (uninfected) red cells (Lew & Ferreira, present in vitro or in vivo.
1976) are in the range 3 to 107hr 8°Rb" efflux from The most significant findings in the present study
infected cellsm a 5 mu [K*], medium is predominantly are: (i) that the C& permeability of glucose-fed pRBC
by tracer exchange, because the host céllpgéol is remains comparable with the normal levels found for
substantially reduced (Lee et al., 1988). The rate of efcocultured uninfected cells throughout the whole asexual
flux of 8Rb" from ionophore-treated parasitized cells is developmental cycle of the parasite in red cells; and (ii)
therefore substantially less than that expected for normathat the high C& permeability of infected cells reported
uninfected cells, though whether this is due to an impairpreviously (Kramer & Ginsburg, 1991; Desai et al.,
ment of K-, channel function in parasitized cells, or to 1996) probably represents the late expression, between
the compartmentalization of much of the preloaded28 and 35 hours after invasion, of aisensitive C&"
85Rb* within the intracellular parasite is unclear. permeability that is only activated under conditions of
Although the®Rb" efflux data are consistent with ATP-depletion. Whether DICAP mediates the influx of
the hypotheses that theK channels of parasitized red C&"* into the red cell cytosol, or perhaps provides a
cells operate with reduced activity and<Gaensitivity,  direct (“parallel”) route from the external medium into
uncertainties concerning the effect of N&*™ gradient the intracellular parasiteséeGero & Kirk, 1994; Gins-
dissipation on I, channel function, and the extent to burg & Kirk, 1998) remains to be resolved.
which different treatments induce elevated {Gain the To stress the fact that the novel Tgpermeability
host cell cytosol, do not allow firm conclusions to be becomes measurable only after ATP depletion, it was
drawn on the true state of thecK channels in pRBC. named the depletion-induced €germeability, DICAP.
More detailed information on cytoplasmic €auffer-  The failure of Nf* to inhibit the in vitro growth of the
ing and compartmentalization, on host cell®Caump  parasites, at concentrations sufficient to cause >90% in-
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Table 3. The ATP contents of cocultured, uninfected cells and pRBC over the intraerythrocytic phase of the life
cycle of the parasite

Time (post-invasion; hr) 28 35 39 43 Mean £SEMm
parasitemia (%) 36 49 69 78
Uninfected 1.07+£0.10
[ATP] Glucose-fed 1.72 2.14 2.22 2.54
(mmol (10 cellsy™®) (100% parasitemia) 2.87 3.25 2.73 2.95 2.95+0.09
Glucose-deprived 0.86 0.79 0.46 0.44

(100% parasitemia) 0.49 0.50 0.18 0.26 0.36 +0.07

Glucose-deprived cells were incubated at 37°C in glucose-free media for 1 hr before the ATP assay. Cultures
were synchronized as detailed in Materials and Methods. At the indicated times aliquots of the infected culture
were enriched to the indicated parasitemias using Percoll density sepasaidtaterials and Methods). Note

the improved enrichment efficiency with the stage of the culture. The firefly luciferase method was used to
measure ATP levels (Brown, 1982) and adapted as described elsewhere (Kirk et al., 1996). Similar results were
obtained in an experiment on cells from a different donor.

120 —

5 . One possibility is that the DICAP may represent the
® = 100 — activation of a capacitative €achannel. In the in vivo
g % . situation, at the developmental stage in which DICAP
§ 3 § 80 — becomes expressed, most pRBC are sequestered in the
2 E S 7 blood capillaries. In some vessels, parasitized cell den-
£5 & 60— sity may become high enough to transiently reduce
= \°° é 7 plasma glucose levels. Glucose deprivation, and the
g= £ 407 consequent ATP-depletion, may prevent the operation of
f Ng 20 B the C&" pumps responsible for maintaining intracellular
T i C&* stores within the parasite (Garcia et al., 1996; Pas-
= 0 sos & Garcia, 1997, 1998), resulting in € atore deple-

R L B B tion. It may be this, rather than ATP depletiper se

0% 10% 107 107 10° that triggers the activation of the DICAP. In this context

[Ni**], (mM) DICAP might provide a route for the rapid refilling of
the parasite’s Cd stores.

Fig. 7. Dose-response curves for the effect ofNon the influx of Alternatively, the DICAP might conceivably play a

“*Ca" (closed symbols) andfii]-hypoxanthine incorporation (open  role in killing the parasite under conditions where its
symbols) in pRBC at the mature trophozoite-stdjea’” influx mea- o ntinyed survival would threaten the host. If the den-
surements were initiated by addition of tracerp€i (ml)™) and un- sity of pRBC in the microcirculation becomes high

labeled Cadl (final concentration of 1.3 m) to prewarmed (37°C) . . .
cells in influx media ¢eelegend of Fig. 3) containing varying amounts enough to reduce or block circulation and compromise

of NiCl,. Filled circles, glucose-deprived infected cells; filled squares, the glucose supply to the highly metabolically active
glucose-deprived infected cells in the presence of 10% human serurparasitized cells, the DICAP would be activated. This
(for this condition 5 nw 2-deoxye-glucose was also present in the would result in the increased uptake ofz(’;atogether

medium to ensure ATP-depletion despite the presence of glucose in thgjith other local alterations, Ieading to the rapid demise

o 0 24 ) ! )
serum). All parasitemias were above 80%: ‘C@flux mea_lsurements of the parasite and host cell. This may ultlmately act to
are expressed as percent of the values obtained 3ftfidie controls - .

Jimit damage to the host organism.

with the same parasitemia. Points represent means from single expe

ments on red cells from three different donors. Error bars indiezte
and, where not shown, fall within the symbols. The effect of'Nin
parasite growth (unfilled squares) was tested ustitj-flypoxanthine

It is important to stress that our finding that the
passive C& permeability, in pRBC under physiological
conditions, is within the range found in normal, unin-

incorporation as a marker of parasite growth (Desjardins et al., 1979fected cells and is not at odds with the previous finding
adaptedf as d8escribe_d elstewhere |(|Ki:‘k et al., '19|93)d PointsE reprsserfhat pRBC show a marked increase in their totaf'Ca
means 1rom experiments on cells from a single donor. error pars . .
indicate sem. Notepthat 10% human serum Wasg present during theContent (Bookchin et al." 1980; Leida et .al" 1981; Tan-
growth assay. abe et al., 1982). The intracellular parasite may be able
to take up significant quantities of €aacross its plasma
membrane and to accumulate®Cavithin its organelles,
hibition of DICAP is consistent with the DICAP not without necessarily inducing a significant increase in
playing a role in parasite development under culture conhost cell [C&"];. The mechanisms by which it does so,
ditions. The question remains, however, of whetheras well as those involved in the DICAP phenomenon
DICAP has a functional role in vivo. described here, are yet to be clearly defined.
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