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Ponte-Sucre, A., Campos, Y., Fernandez, M., Moll, H., and Mendoza-
Lebn, A. 1998. Leishmania sp.: Growth and survival are impaired by
ion channel blockers. Experimental Parasitology 88, 11-19. In the
present work we examined the effect of ion transport blockers on
the growth and viability of Leishmania sp. and on the infection of
macrophages by the parasite. 4-aminopyridine and glibenclamide block
voltage-dependent and K* ATP channels, respectively; amiloride is
used to detect Na* channels and Na'/H* antiporters; and anthracene-
9-carboxylic acid affects chloride channels. The ECg, for promastigote
cultures of three strains of the Leishmania subgenus, namely, Leish-
mania (Leishmania) NR, Leishmania (Leishmania) amazonensis
LTBO0016, and Leishmania (Leishmania) major, at their stationary phase
of growth, were, respectively, 39, 46, and 464 wM for 4-aminopyridine;
7, 0.8, and 10 uM for glibenclamide and 66, 170, and 10 uM for
anthracene-9-carboxylic acid. The amiloride ECg, for NR was 264 M
and 10 puM for L. (L.) major, but was never reached for LTBOO16.
Higher concentrations of the drugs impaired the exponentia growth
of Leishmania promastigotes. These results suggest the susceptibility
of Leishmania sp. to blockers associated with K* and Cl~ and to Na*
or Na'/H* transport systems. Blockade of such systems might have
impaired the survival of the parasites as promastigotes. In addition, it
affected the persistence of parasitesin host cells. Although theinfection
of the macrophage cell line J774 and peritoneal-exudate macrophages
was not significantly decreased by concentrations of the drugs around
thepromastigotes’ ECs, thesurvival of intracellular parasites decreased
significantly in the presence of these drugs without affecting the viabil-
ity of the macrophages. Some blockers consistently gave small ECg,
and significantly decreased the infection process aswell asthe surviva
of intracellular parasites. Thus, elucidation of their mechanism of action
in Leishmania isrelevant, since they could represent a potential subject
for the development of leishmanicidal drugs.  © 1998 Academic Press
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Index Descriptors and Abbreviations: BEL21, Leishmania (Leish-
mania) mexicana; PH8C5, Leishmania (Leishmania) amazonensis;
LTBO0016, Leishmania (Leishmania) amazonensis, JAP78, Leishmania
(Leishmania) garnhami; L. (L.) major, Leishmania (Leishmania) majo;,
NR, Leishmania (Leishmania) NR; M2903, Leishmania (Viannia) bra-
ziliensis; protozoa; parasitic; 4-AP, 4-aminopyridine; GLIB, gliben-
clamide; AMIL, amiloride; 9-CA, anthracene-9-carboxylic acid; ABC,
Adenine Nucleotide Binding cassette; ion channel blockers; RPMI,
culture medium RPMI; FCS, fetal calf serum; J774, macrophage cell
line J774; PEC, peritoneal exudate cells; GABA, gammaamino butyric
acid; DMSO, dimethyl sulfoxide; PBS, phosphate-buffered saline;
IFN,, interferon gamma, DNA, desoxyribonucleic acid; RFLP, restric-
tion fragment length polymorphism.

INTRODUCTION

The World Health Organization estimates that there are 12
million cases of |eishmaniasis worldwide, with over 400,000
new cases every year (Olliaro and Bryceson, 1993). Al-
though improvements have been made on the diagnosis of
leishmaniasis and efforts to devel op successful immunother-
apy and chemotherapy are constant, the exponential increase
of primary and secondary resistance of the parasitic strains
to the classic chemotherapy stresses the necessity of precise
methods for the accurate identification of the strains in-
volved, the understanding of the host-parasite interactions,
and the rational design of new and effective compounds
with a better therapeutic index.

11



12

During its life cycle, Leishmania switches from inverte-
brate to vertebrate hosts in a series of obligatory develop-
mental stages. The parasite’stolerance and probably various
unknown mechanisms guarantee its survival in hostile envi-
ronments characterized by various stress conditions such as
differences in pH, temperature, osmolarity, nutrients, and
serum components (Zilberstein and Shapira, 1994).

It has been documented that the intrinsic membrane pro-
teins involved in the building of ion transporters are ubiqui-
tous and found in the plasma membrane of excitable and
nonexcitable cells (Chen and Hess, 1987; Hille, 1989). In
multicellular as well as unicellular parasites such as Ascaris
suum and Plasmodium, GABA-operated chloride channels,
nutrient (lysine and glucoronate) permeable channels, and
Na'/H* antiports have been defined electrophysiologicaly
(Desai et al. 1993; Rheinallt et al. 1991; Bosia et al. 1993).
In Trypanosomatidae, the best characterized studies on the
role of the plasma membrane transport proteinsin the physi-
ology of the parasite are those related to the capacity of the
cell to adapt to widely different extracellular pH values,
through a surface membrane H* translocator ATPase (Bak-
ker-Grunwald, 1992; Zilberstein and Dwyer, 1988); the
maintenance of intracellular Ca2* concentrations through
Ca®* buffering systems such as calmodulin Ca?*/Mg?*-AT-
Pases or respiratory-dependent and independent intracel lular
Ca?* transport systems (Benaim et al. 1991; Philosoph and
Zilberstein, 1989), or the uptake of nutrients such as proline
and glucose, by proton motive force-driven systems (Glaser
and Mukkada, 1992; Zilberstein and Dwyer, 1985). Direct,
as well asindirect data suggest the presence in Leishmania
sp. of K* aswell as anionic channels (Blum, 1992; DiFranco
et al. 1995); their existence is further sustained because the
surface membrane H*-ATPase is responsible only partialy
for the plasma membrane potential (Glaser et al. 1992).
On the other hand, the identification of P-glycoproteins,
members of the Adenine Nucleotide Binding Cassette (ABC)
transporters have also been reported in Leishmania (Ouel-
lette et al. 1990; Callahan and Beverly, 1991); their impor-
tance is evidenced by the fact that they can extrude drugs
against concentration gradients, thus decreasing the intracel -
lular drug concentration (Borst and Ouellette, 1995).

One approach for analyzing the presence of ion channels
in diverse systems has been the use of specific toxins and
inhibitors of the function of these proteins. Thus, voltage-
dependent and voltage-independent K*-gated channels have
been detected by the use of 4-aminopyridine (Castle et al.
1989); or glibenclamide (Schmid-Antomarchi et al. 1987);
amiloride is used to detect both Na" channels and Na*/H*
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antiporters (Dale, 1982; Bosia et al. 1993); and anthracene-
9-carboxylic acid is used as a chloride channel inhibitor
(DelLucca et al. 1990).

Using these classical ion transport blockers we investi-
gated and demonstrated for the first time the susceptibility
of Leishmania parasites, either cultured as promastigotes or
hosted by macrophages of the cell line J774 or peritonea
exudate macrophages, to specific ion channel blockers. As
the drug concentrations which affected intracellular Leish-
mania did not affect the viability of the host cell, the elucida-
tion of the mechanism of action of these drugs could be
relevant for the development of alternative chemotherapeu-
tics with a better therapeutic index.

MATERIALS AND METHODS

Chemicals. All the drugs were obtained from Research Biochemi-
cals International. 4-AP was dissolved in deionized water to 0.5 M
and diluted in Schneider’s Drosophila or RPMI medium to reach a
concentration range between 10~° and 10-2 M. 9-CA and AMIL were
dissolved in DMSO to 0.1 M and diluted as above, to reach concentra-
tions between 1076 and 1072 M. GLIB was dissolved in ethanol to 4
X 1072 M as mentioned and diluted in Schneider’s Drosophila or
RPMI medium to reach a concentration range between 10-° and 103
M. Control experiments done with the maximal DMSO and ethanol
concentrations (0.001-0.025%) indicated that these solvent concentra-
tions do not impair cell growth. As GLIB has an affinity for serum
abumin of 96-98%, we have estimated the free drug concentration
using the methodology described by Bennet et al. (1996).

Cell lines and cultures. All Leishmania strains used are listed in
Table I. Leishmania NR is not a reference strain, it was originally
isolated in 1980 from a Venezuelan patient with tegumentary diffuse
leishmaniasis, and was kindly provided by Dr. Angel Hernandez, I nsti-
tuto de Biologia Celular, Universidad Central de Venezuela. Therefore,
it was important to identify this strain as a member of the Leishmania
subgenus (Fig. 1). The Leishmania identification was carried out by
restriction fragments length polymorphism (RFLP) of the B-tubulin
generegion as previously described (Mendoza-Ledn and Barker, 1996;
Mendoza-Lebn et al. 1995). Promastigotes of Leishmania strains were
grown at 26°C in Schneider’s Drosophila medium supplemented with
10% FCS, 20 png mi~* of chloroamphenicol and 100 wg mi~! of
ampicillin (Eresh et al. 1993; Mendoza-Lebn et al. 1995). The origin
and propagation of the L. (L.) major strain have been described else-
where (Solbach et al. 1986). This strain was grown in blood agar.

The J774 cell line was maintained in RPM| medium supplemented
with 10% FCS, 2 mM glutamine, 10 mM Hepes buffer, 100 pug ml—1
penicillin, 160 wg ml~* gentamycin, 7.5% NaHCO; and 5 X 1075 M
2-mercaptoethanol. For the preparation of the BALB/c PEC, thioglyco-
late-elicited peritoneal exudate cells were washed, resuspended in
RPMI culture medium supplemented as above, and allowed to adhere
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TABLE |
Designation of Leishmania Species
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Subgenus Species? Strain designation® Abbreviation Origin
Leishmania (L.)
mexicana MHOM/BZ/82/BEL 21 BEL21 Belize
amazonensis IFLA/BR/67/PH8 PH8C5® Brazil
MHOM/BR/77/LTB0016 LTB0016 Brazil
garnhami MHOM/VE/76/IJAP78 JAP78 Venezuela
majord MHOM/IL/81 Israel
unknown® MHOM/VE/80/NR NR Venezuela
Viannia (V.
braziliensis MHOM/BR/75/M2903 M2903 Brazil

@ The nomenclature of Leishmania proposed by Lainson and Shaw (1987).
b The majority of these strains have been designated as reference strains by WHO.

¢Thisis acloned derivative of L. (L.) amazonensis PH8.
d Solbach et al. (1986).

€ This Venezuelan strain has been identified as member of Leishmania subgenus.

for 4 hr at 37°C, 5% CO,, and 95% air humidity. Nonadherent cells
were removed by extensive washing with culture medium.

Drug effect during growth curve and stationary phase. The leish-
manicidal activity of the compounds was studied with Leishmania
promastigotes. To evaluate the capacity of the drugs to impair the
exponential parasite growth, Leishmania were seeded at an initia
density of 1.5 X 108 cellsml~* in the presence of afixed concentration
of each drug; their growth was then followed daily spectrophotometri-
cally at 560 nm up to their stationary phase and compared to the growth
of control vials seeded in parallel. To evaluate the capacity of the drugs
toimpair the survival of stationary phase Leishmania, the parasiteswere
harvested at their stationary phase of growth and the cell suspension was
adjusted to a density of 2 X 10° cells ml~* in a final volume of 0.1
ml of fresh Schneider’s Drosophila medium. Aliquots of stationary
phase Leishmania were then exposed to various concentrations of the
drugs at room temperature for 2 or 4 hr. At the end of the incubation
time, the number of alive cellswasestimated in each of the experimental
vials, compared to the number of alive cells of control vials incubated
without drugs, and expressed as percentage of alive cells. To test the
spontaneous death of the parasites, the viability was monitored at the
beginning and at the end of the experiment in the control vidls; this
value never was higher than 1%. The viability of Leishmania was
determined by a modification of a previously described procedure
(Jackson et al. 1985). That is, at the end of the incubation time, the
cells were washed twice in PBS, resuspended in the same buffer at
the same density, stained for 2 min at 25°C with 125 g ml~* fluorescein
diacetate, and observed through a Nikon fluorescence microscope at
495 nm. To calculate the ECs, the method of linear interpolation was
used. This equation is commonly used in the field of parasitology and
has been demonstrated to be valid for the calculation of the ECs,
(Huber and Koella, 1993).

Infection of macrophages. The leishmanicidal effect of the drugs
was tested in cultures of the cell line J774 or BALB/c PEC. For these
experiments, 2 X 10° macrophages ml~ were infected at a ratio
parasites:macrophages of 5:1 with stationary phase promastigotes of
L. (L.) major, in afina volume of 0.5 ml of RPMI culture medium.

Similar cultures were incubated with Leishmania only or with Leish-
mania plus 20 U ml~* of IFN,. At the ratio of 5:1 (Leishmania:
macrophage), the macrophages were not extensively loaded with para-
sites. This was important because it prevented the massive dying of
the infected macrophages due to the high parasite load. To ensure the
survival of J774 and PEC, their sensitivity was explored at the same
concentration range asfor Leishmania. Thus, the viability of the macro-
phages at the drug concentrations tested was always greater than 96%
(data not shown).

To evaluate the effect of the drugs on the process of infection of
macrophages by Leishmania, the drugs were added to the macrophage-
parasite culture at the beginning of an 18-hr incubation period. On the
other hand, to explore the susceptibility of intracellular parasites to
the drugs, the macrophage-parasite cultures were incubated without
drugs for 18 hr; after removal of the excess of parasites by exhaustive
washing with fresh RPMI culture medium, the drugs were added to
the cultures which were then incubated for further 6 hr. Intracellular
parasites were detected by a modification of a previously described
procedure (Channon et al. 1984). That is, amixture of acridine orange
(0.005 mg ml~%) and ethidium bromide (0.05 mg ml~!) was added to
the macrophage cultures, the plates were then placed for 10 min at
room temperature, washed with PBS, fixed for 15 min with 1% para-
formaldehyde prepared in PBS, and analyzed by fluorescence micros-
copy at 495 nm. In both types of experiments the frequency of infected
macrophages and the ratio of alive vs dead parasites in infected macro-
phages were evaluated for each condition.

Satistical analysis of the data.  In the promastigote culture assays
the results are expressed as mean = SEM of six replicas. The infection
data are expressed as mean = SEM of three to four replicas where at
least 300 macrophages were analyzed. To express the significant de-
crease of macrophage infection, an index was calculated as described
by Belosevic et al. (1988). Differences between the frequencies of
infection of treated and control macrophages cultures were tested for
statistical significance by the minimum x2 method (Schefler, 1981).
The dive vs dead data, obtained from the same experiments were
analyzed by a one-way ANOVA analysis (Schefler, 1981).
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FIG. 1. Leishmania identification. Genomic DNA from New
World Leishmania was digested with the endonuclease Sall, fraction-
ated on 1% agarose gel, and transferred to a nylon membrane. The
blot was hybridized at medium stringency conditions (2X SCC, 0.1%
SDS 2x Denhardt solution, 100 wg/ml—* calf thymus DNA, 67°C) to
the Leishmania B-tubulin pLgB4. L. (V.) braziliensis M2903 (Lane 1),
L. (L.) mexicana BEL21 (lane 2), L. (L.) garnhami (Lane 4) and L.
(L.) amazonensis PH8CS (lane 5), were used to identify the Venezuelan
L. (L.) strain NR (Lane 3). Molecular weight markers are from the
Hindlll digestions of DNA.

RESULTS

In order to evaluate the effect of ion transport blockers
on the exponential growth of Leishmania, cultures of two
Leishmania strains, NR and LTB0016, were exposed to con-
centrations of these drugs within the range known to affect
these systemsin other organisms (Fig. 2) (Castle et al. 1989;
Dale, 1982). A concentration of 10 mM 4-AP impaired the
growth of the cultured Leishmania from the beginning of
the experiment. The effect of GLIB wasevident at 16 wM (as
freedrug) even at exponential phasesof growth, adecrease of
50% occurred in both Leishmania strains. The drug 9-CA
at 1 mM did not affect the growth of the NR strain, although
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FIG. 2. Effect of ion channel blockers, 10 mM 4-AP (filled rhom-
bus), 0.1 mM GLIB (filled upside down triangles), 1 mM 9-CA (filled
squares), and 1 mM AMIL (filled triangles) on the growth curve of

Leishmania sp. Data are presented as mean = SEM of 8 replicas.
Filled circles, control cells.

a decrease of 40% was observed in the LTB0016. The drug
AMIL at 1 mM impaired the growth of NR by 40%, but not of
LTBO0O016. These results suggest that logarithmic Leishmania
cells are sensitive to these ion channel blockers.

It has been demonstrated that the generation of infective
or metacyclic promastigotes (metacylogenesis) in some spe-
cies of Leishmania is associated with the stationary phase
of growth (Sacks and Da Silva, 1987; Sacks, 1989). Since
biochemical cell-surface changes are associated with this
metacyclic form, we further evaluated the effect of ion chan-
nel blockers on stationary phase cultures. In preliminary
experiments, stationary phase cultures of Leishmania ex-
posed to high concentrations of 4-AP (10 mM), GLIB (16
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wM), or 9-CA (1 mM) for 2 hr evidenced a decrease in
viability of 70%; 4 hr were needed to evidence a decrease
of 43-59% when AMIL (1 mM) was used. These incubation
times were used to evaluate the effect of different concentra-
tions of these drugs on the viability of stationary phase
Leishmania cells. The dose-response curves for 4-AP
showed an ECgy of 39 wM for NR, 46 wM for LTB0O16,
and 464 pM for L. (L.) major. The curves for GLIB for al
the three strains are closely similar; the ECs, was 7 wM for
NR, 0.8 wM for LTB0016, and 10 pM for L. (L.) major.
The dose-response curves for 9-CA and AMIL show that
the susceptibility among the three Leishmania strains to
these drugs differed broadly. Different ECs, were found, and
in the particular case of AMIL ECg, was never reached for
the LTBO0016 strain; at 1 mM, the maximal drug concentra-
tion assayed, the decrease in viability was 30%. A summary
of ECs, obtained for each drug and for each strain is pre-
sented in Table I1. The results presented herein suggest that
stationary phase parasites are at least one order of magnitude
more sensitive to the drugs than the parasites at exponential
phases of growth and that stationary phase New World Leish-
mania promastigotes are more sensitive than L. (L.) major
promastigotes to 4-AP and GLIB. Nevertheless, this last
strain showed more susceptibility to 9-CA and AMIL than
New World Leishmania promastigotes.

To further evaluate the potential effect of the ion transport
blockers on the interaction of parasites with host cells, we
studied their capacity to impair macrophage infection by L.
(L.) major. The percentage of infection and the ratio of aive
vs dead parasites were estimated in two series of experi-
ments. To acknowledge if the drugs impair the entrance of

TABLE I

Effect of lon Channel Blockers on the Viability of Stationary Phase
Cultured Leishmania

ECso (M)
Isolate 4-AP GLIB 9-CA AMIL
NR 39 £ 471 7+067 67282 264+ 374
LTB0016 46 =576 08 *= 020 172 = 3.29 ND

L. (L) major 464 + 1329 10+ 052 10+ 032 10+ 141

Note. The data represents the mean = SEM of six replicas done in
duplicate. ND, not determined. To calculate the ECg, the method of
linear interpolation described by Huber and Hoella (1993) was used.
This method is based on the use of two concentrations, x; and X,, such
that the parasite density y,, at concentration x,, is more than half of
the density found in the control vial (yo) and the density found at X,(Y-)
islessthan half of y,. The ECsy isthen found by the linear interpolation
between x; and x, by the following equation: Log (ECsp) = log (x1)
+ {1 = (o/2N/(y1 — ylllog(xz) — log(xy)]
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the parasites in the macrophages, the drug was added at the
beginning of an 18-hr incubation of macrophage cells J774
or PEC with Leishmania parasites. There was a decrease in
the percentage of infection which was significant for 3 uM
GLIB inthe céll line J774 and 10 uM AMIL in PEC (Table
[11) and which represents an impairment of infection of 64
and 39%, respectively. In the second series of experiments,
and to evaluate if the drugs can interfere with the replication
or survival of theintracellular parasites, the drugswere added
when the macrophageswere already infected by Leishmania.
The decrease on the percentage of macrophages infected
was significant in the cell line J774 for 4-AP (57%), GLIB
(47%), and AMIL (41%) and for 4-AP (30%) and AMIL
(41%) in the PEC (Table I11). The effect of the drugs was
also estimated by the ratio of alive vs dead parasites. This
isan index of the survival of the parasites established inside
the macrophage regardless of the percentage of infection
found. Thisindex, i.e., the survival of intracellular parasites,
decreased significantly (82—97%) when the drugs were
added at the beginning of the 18-hr incubation (Table 1V).
For established infections, the decrease in this ratio was also
significant (72-96%) (Table 1V). Thus, the drugs seem to
decrease the percentage of infection more dramatically in
an established infection and seem to impair the surviva of
intracellular parasites in both types of procedures without
affecting the viability of the macrophages.

DISCUSSION

lon transporters are essential for several physiological
phenomena in all organisms including unicellular parasites
(Bakker-Grunwald, 1992) and have been implicated in spe-
cific events such as drug resistance (Borst and Ouellette,
1995). In order to search for compounds that could affect
the survival of Leishmania parasites, we have evaluated the
efficacy of known inhibitors of ion channels on the viability
of Leishmania.

During their life cycle parasites are subjected to different
stresses; for instance, the intracellular environment within
which amastigotes proliferate is acidic and imposes an ho-
meostatic regulation which probably involves the participa
tion of special ion channels or membrane elements related
with them. Apparently, the susceptibility of Leishmania to
ion channel blockers could be stage regulated since station-
ary phase Leishmania promastigotes, as well asintracellular
amastigotes, have an increased susceptibility against these
drugs compared to logarithmic phase promastigotes. We do
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TABLE Il
Effect of lon Channel Blockers on the Percentage of Infection of Macrophages of the Cell Line J774 and Peritoneal Exudate Cells by L.
(L.) major

Fraction of infected macrophages [Impairment of infection] (%)

J774 PEC
A B A B

No drugs 17.75 + 0.12 24.33 = 0.10 26.33 = 0.07 21.00 = 0.22

4-AP! 12.00 + 0.20 10.33 + 0,19 18.80 + 0.19 14.6 = 0.38
NS [57] NS [30]

GLIB2 6.40 = 0.10° 13.00 + 0.24 21.00 = 0.23 19.00 * 0.14
[64] [47] NS NS

AMIL3 14.00 + 0.24 14.00 + 0.35* 16.00 + 0.08° 12.33 + 043
NS [42] [39] [41]

Note. A: drugs present from 0-18 hr. B: drugs present from 18-24 hr. 1100 uM 4-AP; 23 uM GLIB (as free drug); %10 uM AMIL. The data

represent the mean = SEM of 34 replicas, where at least 300 macrophages were analyzed. The frequency of infected macrophages of the
experimental data was compared with the frequency of infected macrophages in nontreated macrophages (no drugs) by minimum x2. A significant
impairment of infection was calculated by the index developed by Belosevic et al. (1988). That is: [(% infected control macrophages—% infected

treated macrophages)/(% infected control macrophages)] X 100. NS, not significant.

ap < 0.0L
bP < 0.005.

not know if this differential susceptibility is associated to
the specific biochemical changes of the cell surface demon-
strated in the metacyclic and amastigote forms of these para-
sites (Sacks, 1989). The expression of Leishmania surface
glycoproteins (Sacks, 1989) and the preferential use of glu-
coseasasource of energy (Cazzulo et al. 1985) are examples
of biochemical changes related to stage regulation.

GLIB, a K* ATP channel blocker, has a widespread use
to identify K* channels associated with insulin secretion
(Panten et al. 1989; Schmid-Antomarchi et al. 1987). The
ECs, of 0.8 and 7 M reported herein for New World Leish-
mania allows us to suggest the existence of low affinity
sulfonylurea binding proteins in Leishmania (Nelson et al.
1992) and its associated Kir.6.2, which is a member of the

TABLE IV
Effect of lon Channel Blockers on the Survival of Intracellular Established Parasites (Alive vs Dead L. (L.) major)?
Jr74 PEC
AP B A B

No drugs 514 = 0.14 1.46 = 0.05 1.83 £ 0.04 157 = 0.07
IFN~! 0.75 = 0.02 0.120 = 0.01 0.22 = 0.02 0.43 = 0.01
4-AP? 0.40 = 0.04° 0.23 = 0.03° 0.05 = 0.006° 0.38 = 0.06°
GLIB® 0.32 + 0.02° 0.11 + 0.012° 0.09 = 0.007° 0.14 + 0.01°
9-CA* ND 0.09 = 0.006° 0.05 = 0.004° 0.28 = 0.02°
AMILS 0.93 + 0.10° 0.07 + 0.006° 0.08 + 0.009° 0.07 = 0.01°

Note. A: drugs present from 0-18 hr. B: drugs present from 18-24 hr. 120 U ml~* IFNv; 2100 uM 4-AP; 33 uM GLIB (as free drug); 410 uM

9-CA; 510 uM AMIL. The data represent the mean + SEM of 3-4 replicas, where at least 300 macrophages were analyzed. The alive vs dead
results of infected macrophages of the experimental data (3, 4, and 5) were compared with the alive vs dead results of infected macrophages in
nontreated macrophages (no drugs) by a one-way ANOVA. ND, not determined.

aThis ratio (alive vs dead) is an index of the survival regardless of the percentage of infection found.

bP < 0.005.

¢P < 0.010.
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inward rectifier K* channel family (Inagaki et al. 1995). The
infection by L. (L.) major of J774 cells was significantly
decreased when 3 wM GLIB was used. Also, the survival
of intracellular parasites decreased significantly bothin J774
and PEC. As the ECs, for promastigotes of this strain is 10
M, these results suggest that thereis a differential suscepti-
bility of the intracellular parasites to this drug, compared to
cultured promastigotes. Striking was the selective effect of
glibenclamide on the viability of the intracellular parasite
without affecting the survival of the macrophage. As this
effect cannot be explained only by an increase of the antipar-
asitic activity, there is the possibility that the macrophage
killing mechanisms could be sinergistically potentiated by
glibenclamide. Thislatter possibility is plausible as has been
described for the action of stibogluconate, where an activa-
tion of the immune system has been reported as essential
for the effect of the drug (Murray et al. 1988, Badaro et
al. 1990).

4-AP has been used extensively for identifying a high
variety of voltage-gated K* channels (Castle et al. 1989).
In the present study, a concentration of 4-AP of 40 uM, 250
times smaller than the usual 1Cs, for mammalian tissues,
impaired by 50% the survival of stationary phase New World
Leishmania cultured as promastigotes. In conclusion, 4-AP
and GL B are effective in killing Leishmania either growing
as promastigotes or while infecting macrophages. Although
these results are suggestive of the presence of membrane
systems which could resemble voltage-dependent K* chan-
nels and K* ATP channels in these parasites, additional
experiments are needed to certify the existence of such mo-
lecular structures.

Anionic channels provide an electrical shunt and are im-
portant for the acidification of certain compartments and
control of the cell homeostasis by regulating its volume, pH,
transepithelial transport, and excitability (Jentsch, 1994). In
vivo, 9-CA blocks CI~ channels of developing and mature
rat skeletal muscle cells and affects the differentiation of
specific contractile properties at concentrations of 134 and
35 wmol/kg (De Lucca et al. 1990). We were not able to
detect consistent effects of 9-CA in our experiments. Never-
theless, we should not rule out the possibility of the presence
of 9-CA-sensitive systems in these parasites. Their function
would be very important during pH stress or in the develop-
ment of multidrug resistance, a phenomena which has been
associated with the P-glycoproteins and cell volume-regu-
lated chloride channels(Hardy et al. 1995). Anionic channels
have been assessed fluorometrically in Leishmania (Viera
et al. 1994), but an association between chloride channels
and drug resistance has not yet been found.
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As Leishmania has to survive in environments character-
ized by nutritional stress and extreme pH conditions, the
presence of transport systems involved in the intracellular
pH homeostasis will be fundamental for its survival. A Cl~/
HCO;™ antiporter has been described in Leishmania (Viera
et al. 1994). This type of countertransport has been impli-
cated in many physiological functions such as intracellular
pH and cell volume regulation and must work in concert
with a separate Na'/H* antiport inhibited by AMIL at con-
centrations greater than 100 wM; in unicellular parasites a
Na‘/H* countertransport, totally blocked by 500 uM AMIL,
has been described in Plasmodium falciparum (Bosia et al.
1993). Our results using AMIL suggest that intracellular
Leishmania are more susceptible than the cultured promasti-
gotes, a sensitivity indicative of the presence of molecular
structures which could be related to Na“ channels or to
Na‘/H* antiports with a differential sensitivity for the drug.
Additional experiments will help us to clarify this result.

In conclusion, in the present study we detected a suscepti-
bility to K*, Cl~, and Na'/H* transport blockers in Leish-
mania promastigotes. Such susceptibility seems to be com-
mon to New World and Old World Leishmania. According
to our experiments, the ion transport inhibitors used in this
study are deleterious to cultured promastigotes. They also
seem to affect the entry and/or the establishment of the
parasite in their host cell since both the percentage of infec-
tion and the survival of intracellular parasites are decreased
by some of the drugs. Indeed, as stated before, our data
suggest either that intracellular parasites are more suscepti-
ble to some drugs than cultured promastigotes, or that the
drugs promote an activation of the macrophages which in-
crease the effectiveness of the cell in processing the intracel-
lular parasites. Presently, experiments are being done to
elucidate this issue. Preliminary data indicate that the nitric
oxide production and the respiratory burst of infected PEC
are not dramatically altered in the presence of the drugs
but that an increase in the intracellular calcium could be
important for the action of some of the drugs.
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