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maturation process of Plasmodium is marked by sev-
Isolated P. chabaudi parasites were permeabilized eral physiological and structural features at both

with digitonin and the function of intracellular Ca2/
pathogen and host cell (1–5). Extensive investigation

stores was studied using the Ca2/ indicators arsenazo of signal transduction in malaria parasites at the asex-
III or Fluo 3-acid in the medium. Addition of the sec- ual stage has provided information at the molecularond messenger InsP3 (5mM) to permeabilized parasites level implicating the possible involvement of Ca2/.leads to Ca2/ release into the medium, with the mean

Genes with moderate homology to SERCA have beenextent of release being 40 nmol Ca2//108 cells. This Ca2/

reported in P. falciparum (6) and P. yoelli (7); as wellrelease was completely abolished in the presence of
as the genes encoding: the Ca2/ binding protein cal-heparin, an InsP3 receptor antagonist. The amount of
modulin (8) and a Ca2/ dependent protein kinase withCa2/ released was approximately 50% reduced when
an E-F hand motif (9). Ca2/ homeostasis has also beenInsP3 was added subsequent to the discharge of the
investigated in Plasmodium-infected RBC at the bio-endoplasmic reticulum (ER) Ca2/ pool with the SERCA
chemical level (10–16). Therefore, it is likely that Ca2/

(sarcoplasmic ER Ca2/ ATPase) inhibitors thapsigar-
mobilization and Ca2/ dependent regulation of biologi-gin and tBHQ (2,5-di(ter-butyl)-1,4 benzohydroqui-
cal mechanisms underlying the maturation processnone). The thapsigargin- and tBHQ-sensitive pool ac-

count for 20 nmol of Ca2//108 cells. If InsP3 was added could occur in these parasites.
after the discharge of the residual Ca2/ by addition of Ca2/ mobilization from intracellular pools is a ubiq-
either the K//H/ uncoupler nigericin or the antimalar- uitous mechanism of eukaryotic cells leading to multi-
ial drug chloroquine, no further Ca2/ release was ob- ple processes such as differentiation, cell division, se-
served. This is the first report of InsP3-induced Ca2/ cretion and cytoskeleton rearrangements (17). Phos-
release in a parasite protozoa. In addition our finding phoinositide hydrolysis plays an important role in
that chloroquine depletes an InsP3-sensitive Ca2/ com- signal transduction pathways by generating the intra-
partment, raises the possibility that the InsP3-depen- cellular second messengers InsP3 and dyacylglicerol
dent Ca2/ release from this store might be important (DAG). InsP3, in turn, modulates the opening of a Ca2/

for the regulation of growth and differentiation of the channel in the endoplasmic reticulum, thus releasing
parasite. q 1998 Academic Press Ca2/ into the cytosol, while DAG activates kinase C.

Key Words: malaria; Plasmodium chabaudi; Ca2/ ho- By measuring intracellular Ca2/ levels with the flu-
meostasis; endoplasmic reticulum; thapsigargin; 1,4,5- orescent probe Fura-2 we recently reported that cyto-inositol trisphosphate. solic Ca2/ homeostasis is maintained at a level similar

to mammalian cells in the rodent malaria parasite P.
chabaudi as well as in the human malaria parasite P.

Understanding the signaling pathways in malaria falciparum (18). We also showed that Ca2/ can be
parasites is an important step toward the elucidation stored in ER and acidic pools in these parasites (19, 20).
of their complex biology. After the hepatocyte cycle, the Determining the role and interaction of these different
asexual stage takes place within red blood cells (RBC) Ca2/ pools in the regulation of intracellular Ca2/ is
through defined stages known as ring, throphozoite crucial to understand the signal transduction path-
and schizogony up to the time of rupture of the host ways in these parasites. In this respect, we have now

investigated the ability of the second messenger InsP3cell when merozoites are free to invade new RBC. The
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to mobilize Ca2/ in permeabilized P. chabaudi para- lease into the medium of the order of 40 nmol Ca2//
108 cells. This result demonstrate that also in malariasites. Specifically, in the present study we show that

InsP3 mobilizes Ca2/ in the intraerythrocytic stage of parasite there are intracellular membrane enclosed
compartments capable of accumulating and releasingthe malaria parasite P. chabaudi. Our results demon-

strate that the InsP3-releasable Ca2/ is accumulated Ca2/ in response to the second messenger InsP3.
In order to characterize the organelle involved in thewithin permeabilized parasites in two distinguishable

pools, i.e., a Ca2/ pool that is released by the SERCA InsP3-induced Ca2/ release in these parasites, we
tested the ability of this second messenger to elicit Ca2/pump inhibitors thapsigargin and tBHQ and a nigeri-

cin-and chloroquine-sensitive pool. release after specifically emptying the ER Ca2/ pool.
Fig 1 B shows the effect of InsP3 addition after the ER
pool was depleted by adding 5 mM thapsigargin, a Ca2/

MATERIALS AND METHODS
ATPase inhibitor (23). The amount of Ca2/ released by
thapsigargin was 20 nmoles of Ca2//108 cells, a valueThe experiments described here were carried out using synchro-

nous parasitemia in Plasmodium chabaudi maintained in female consistent with the one that we recently reported in P.
mice (Balb C strain) by weekly transfer infection. Leukocytes and chabaudi parasites (19). Subsequently, the addition of
platelets were removed from whole blood by filtration through a pow- InsP3 elicited the release of 20 nmol of Ca2//108 cellsdered cellulose column (Whatman CF11) (21). The infected erythro-

into the medium.cytes were then washed three times by centrifugation at 1500 g for
5 min in PBS. Another SERCA inhibitor, tBHQ was tested at 10

To isolate the parasites, infected red cells were lysed with 10 hg mM final concentration (Fig 1C). The amount of Ca2/

ml01 saponin. After pelleting to remove red cell membrane material, released by tBHQ corresponded to 20 nmol of Ca2//
the parasites were washed twice in PBS by centrifugation at room

108 cells, which is compatible with the amount of Ca2/
temperature at 2000 1 g for 5 min and resuspended at 108 parasites/

released by thapsigargin, thus corresponding to the ERml in PBS.
Ca2/ flux measurements with arsenazo III were carried out spec- InsP3-sensitive pool. Subsequent addition of 5 mM of

trophotometrically as described by Scarpa (22). The parasites were InsP3 resulted in a Ca2/ release equivalent to 20 nmol
resuspended in buffer A containing 125 mM sucrose, 65 mM KCl, 10 of Ca2//108 cells. These results indicated that in P. cha-mM Hepes, 1 mM MgCl2, 1 mM ATP, 2.5 mM potassium phosphate,

baudi, there is a non mitochondrial, InsP3 sensitive,3.5 mM CaCl2, pH 7.2, in the presence of 40 mM arsenazo III. A
Ca2/ storage compartment that is however insensitivetotal volume of 1 ml parasites (108 cells) were permeabilized by the

addition of 5 mM digitonin. The mean values shown are the average to SERCA inhibitors.
of 4 experiments. The spectrophotometric measurements with arse- To further test the specificity of the InsP3 response,
nazo III were made using a SLM AMINCO DW 2000 dual wavelength we added heparin, an InsP3receptor blocker (24) to per-spectrophotometer at 675-685 nm wavelenght pair. The experiments

meabilized parasites under the same experimental con-were carried out at 377C.
ditions as used in the previous experiment. Fig. 2Ca2/ flux measurements with Fluo-3, free acid, were performed

using a Hitachi spectrofluorimeter model F4500 (Tokyo, Japan) with shows that InsP3, did not promote Ca2/ release from
excitation at 505 nm and emission 530 nm. For these experiments these cells in the presence of heparin, thus confirming
we use permeabilized P. chabaudi parasites in buffer A containing that an InsP3 receptor is involved in the Ca2/ release1 mM fluo-3 instead of arsenazo III. The experiments were performed

observed in our experiments.at 377C.
An indicator with higher sensitivity to Ca2/ as well

as less sensitivity to pH changes than arsenazo III, theRESULTS
fluorescent probe, fluo-3, was also used to investigate
the origin of the InsP3-induced Ca2/ release. It shouldInsP3-Sensitive Ca2/ Pools
be stressed that the amount of Ca2/ released after inhi-
bition of the sarco-endoplasmic reticulum Ca2/ AT-In order to characterize the nature of the Ca2/ stor-

age compartments of P. chabaudi parasites, cells iso- Pases (SERCA) was on average about 50% of that trig-
gered by InsP3 (Fig. 1 A and B). This suggests that thelated from infected red blood cells were resuspended in

a Ca2/ medium and their plasma membrane permeabil- parasites possess another InsP3 sensitive Ca2/ pool.
The possibility that this is identified with the acidicized with the cholesterol preferring detergent digito-

nin. Fig. 1 A shows Ca2/ uptake and release by perme- Ca2/ store recently described in P. chabaudi (20) was
investigated in Fig. 3. Fig. 3 A shows indeed that afterabilized P. chabaudi parasites at the trophozoite stage

measured with the Ca2/ indicator arsenazo III. Active selectively emptying the acidic Ca2/ pool with the K//
H/ ionophore nigericin (1.2 mM) and the ER Ca2/ poolCa2/ uptake by the parasites starts after permeabiliza-

tion of the cells with digitonin. The uptake of Ca2/ can with thapsigargin (0.8 mM) the addition of InsP3 did
not elicit Ca2/ release. The data obtained with fluo-not be attributed to mitochondria, given that the exper-

iments presented in Fig 1 were carried out in the pres- 3 correspond quantitatively and qualitatively to those
obtained with arsenazo III. In fact discharge of the ERence of the mitochondrial poisons antimycyn A and oli-

gomycin, thus assuring the inhibition of H/ ATPase pool with thapsigargin released 19.7{3.8 nmol of Ca2//
108 cells ( nÅ8), but there was still a substantial resid-and the electron flow through the respiratory chain,

respectively. Addition of 5 mM InsP3 elicited Ca2/ re- ual Ca2/ release with subsequent challenge with InsP3
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FIG. 1. Ca2/ mobilization by InsP3 in P. chabaudi permeabilized parasites in the presence of SERCA inhibitors. The reaction medium
contained 125 mM sucrose, 65 mM KCl, 10 mM Hepes pH 7.2, 1 mM MgCl2, 1 mM ATP, 2.5 mM potassium phosphate, 3.5 mM CaCl2. and
40 mM arsenazo III in a total volume of 1 ml. Parasites were permeabilized by the addition of 5 mM digitonin. The experiments were carried
out in medium containing the mitochondrial poisons antimycin and oligomycin (1 mg/ml). Where indicated, 5 mM InsP3, 5 mM thapsigargin
or 10 mM tBHQ were added.

(Fig. 3B). Addition of InsP3 alone released 38.9{3.9 the amount of InsP3 releasable Ca2/ matches very
closely the sum of that released by the two drugs sepa-nmol/108 cells of Ca2/ release (nÅ5) (Fig. 3C). Addition

of nigericin caused a Ca2/ release of 16.5{3.7 nmol of rately, further confirming that the InsP3 -Ca2/ pool is
composed of two independent stores, one that utilizesCa2//108 cells (nÅ8) (Fig. 3D). It should be noted that
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mulate Ca2/ in thaspigargin and pH sensitive Ca2/

stores (18–20), while Martin et al (28) have demon-
strated the production of InsP3 in P. falciparum ga-
metocytes during exflagellation. On the basis of the
last data, the suggestion has been put forward that
Ca2/ could be involved in the development of gameto-
cytes and in the transformation into gametes after
blood ingestion by the vector mosquito from the ver-
tebrate bloodstream. To our knowledge, however
there is no direct indication that InsP3 can indeed
mobilize Ca2/ in the malaria parasites. In the pres-
ent report we demonstrate that InsP3 can efficiently
release Ca2/ in isolated permeabilized P. chabaudi
parasites at the trophozoite stage. So far, the exis-
tence of an InsP3 sensitive Ca2/ store has never been
demonstrated in any parasite. This finding in P. cha-
baudi is of major significance not only because it
demonstrates that the signaling pathway based on
this second messenger is operative also in very prim-
itive organisms, but also because it raises the possi-
bility that malaria parasites could utilize InsP3 to
mobilize Ca2/ during the intraerythrocytic cycle, andFIG. 2. InsP3 addition on permeabilized P. chabaudi parasites
thus employ a Ca2/ based signaling pathway duringin arsenazo III medium containing heparin. The reaction medium

and cell permeabilization are described in the legend of Fig 1. The division and maturation processes.
concentration of heparin was 10 mM. In other cell types, the InsP3 and thapsigargin sen-

sitive stores have been identified with the endoplas-
mic reticulum, but do not represent the only Ca2/

a SERCA to accumulate Ca2/, the other that requires storage compartment of eukaryotic cells. In particu-
a pH gradient (acidic inside) to retain ( and possibly
accumulate) calcium ions in the lumen. The latter re-
sult is confirmed by using the antimalarial drug chlo-
roquine which also collapses the pH gradient within
acidic compartments. In agreement with our findings
that P. chabaudi parasites contain an acidic Ca2/ pool,
chloroquine caused a substantial Ca2/ release on its
own. Evidence that the chloroquine-induced Ca2/ re-
lease is derived from the acidic compartment comes
from the experiment shown in Fig.3E, which shows
that nigericin did not promote further Ca2/ release
when added after the antimalarial drug. Fig. 3F shows
that there was still a residual InsP3-sensitive Ca2/ re-
lease component after chloroquine treatment, presum-
ably derived from ER. A schematic diagram of the InsP3

Ca2/ pools of P. chabaudi that takes into account the
present findings is presented in Fig. 4.

DISCUSSION

Information concerning the signaling events in
Plasmodia is fragmentary and largely incomplete
(25). In fact, though we and others have shown pre-
viously that tyrosine kinase inhibitors prevent P. fal- FIG. 3. Ca2/ mobilization by InsP3 in P. chabaudi permeabilized

parasites occurs in two distinguishable pools. The reaction mediumciparum invasion and impair its intraerythrocytic
and cell permeabilization are the same as those described in thedevelopment (26, 27), the role and nature of the ki-
legend of Fig. 1, but for the use of the Ca2/ indicator fluo-3 (1 mM).nases involved in these phenomena is still obscure. Where indicated 1.2 mM nigericin, 0.8 mM thapsigargin, 5 mM InsP3.

As far as Ca2/ signaling is concerned, we have shown and 10 mM chloroquine were added to the parasite suspensions. DF10
AU: changes in fluorescence intensity (DF) in arbitrary units (AU).that human, as well rodent, malaria parasites accu-
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