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The Entamoeba histolytica EhPgp5 (MDR-like) Protein
Induces Swelling of the Trophozoites and Alters 

Chloride-Dependent Currents in Xenopus laevis Oocytes
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ABSTRACT

Entamoeba histolytica, the protozoan responsible for human amoebiasis, presents the multidrug resistant phe-
notype due to the expression of the E. histolytica P-glycoproteins EhPgp1 and EhPgp5. Here, we studied the
protein EhPgp5 encoded by the EhPgp5 gene in emetine-sensitive trophozoites transfected with the
pEhNEOPgp5 plasmid carrying the EhPgp5 gene. The transfected trophozoites increased their drug resistance
slightly, but became bigger and globular. To investigate other EhPgp5 functions further, we microinjected
the EhPgp5 mRNA in Xenopus laevis oocytes. Microinjected oocytes expressed EhPgp5 protein in their mem-
branes and exhibited an ion current not present in the control oocytes. The antisense EhPgp5AS transcript,
co-injected with the EhPgp5 mRNA, abolished the exogenous current, showing its specificity. Exogenous cur-
rent was outward during depolarizing pulses. Reduction of the extracellular Cl2 concentration displayed a
reversible decrease of the current amplitude. Niflumic acid, 4,4-diisothiocyanatostilbene-2, 29-disulfonic acid,
and other Cl2 channel blockers abolished the exogenous current, which was poorly modified by verapamil
and changes in osmolarity of the medium. Our results suggest that the EhPgp5 protein could function as a
Cl2 current inductor and as a coadjuvant factor to avoid drug accumulation in the cell.
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INTRODUCTION

ENTAMOEBA HISTOLYTICA, the protozoan responsible for hu-
man amoebiasis, infects 500 million people, provokes 50

million cases of dysentery or liver abscesses, and kills 100,000
humans each year around the world.45 Amoebiasis is controlled
primarily by drug medication of symptomatic individuals, us-
ing mainly metronidazole and emetine. However, differences
in drug susceptibility have been reported for E. histolytica iso-
lates8,37 and laboratory-cultured strains.31 There are also case
reports of failed drug treatments.21,35 These results and the gen-
eration in the laboratory of multidrug-resistant (MDR) tropho-
zoites (clone C2),31,34 suggest that the parasite can develop the
MDR phenotype in its human host.

P-glycoproteins (Pgps) encoded by the mdr genes are en-
ergy-dependent pumps and act as multidrug transporters in

MDR cells.15,24 Pgps have been also involved in the stress re-
sponse, in removing toxic substances from the cell, in cytokines
transport, in lipid translocation, in apoptosis, and as regulators
of the volume-activated chloride (Cl2) channels.26 Transfection
of the human MDR1 cDNA into mammalian cells caused the
appearance of a swelling-activated Cl2 conductance.2,41 It has
been reported that simultaneous anion conductance and pump
activity cannot occur. Reversible phosphorylation has been sug-
gested as a possible event for regulating the drug transport and
Cl2 channel functions.25 It has been proposed that the Pgp en-
coded by the human MDR1 gene does not have intrinsic chan-
nel activity,43 but regulates other endogenous Cl2 channels.6,23,29

In E. histolytica, the drug-resistant trophozoites of clone C2
show a poor drug accumulation in their cytoplasm.33 Their mul-
tidrug resistance is reversed by verapamil to the level exhibited
by the drug-sensitive trophozoites of the clone A.31 At least
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four different E. histolytica Pgps (EhPgps) mdr-like genes (Eh-
Pgp1, EhPgp2, EhPgp5, and EhPgp6) exist in this parasite,10,11

but only the expression of the EhPgp1 and EhPgp5 genes cor-
relates with drug resistance level in the trophozoites. The Eh-
Pgp1 gene is constitutively overexpressed in drug-resistant
trophozoites, whereas the EhPgp5 gene is over-transcribed in
the presence of emetine and the amount of transcript is aug-
mented when drug concentrations are increased.11,32 The Eh-
Pgp1 and EhPgp5 proteins are overexpressed in drug-resistant
mutants, strongly suggesting that these products participate in
the MDR phenotype of the parasite.5 However, the contribu-
tion of each EhPgp gene to the MDR phenotype and other bi-
ological mechanisms in E. histolytica is unknown. By analogy
with other Pgps, in addition to producing drug resistance in the
trophozoites, the EhPgps could have an active role in ion con-
ductance. Here, we investigated the function of the EhPgp5
gene product (EhPgp5) in trophozoites transfected with the
pEhNEOPgp5 plasmid and in Xenopus laevis oocytes microin-
jected with the in vitro-transcribed EhPgp5 mRNA.

MATERIALS AND METHODS

E. histolytica cultures

Trophozoites of clones A and C2 (strain HM1:IMSS)31 were
axenically cultured in TYI-S-33 medium, as described.12

Cloning of the EhPgp5 gene

The complete open reading frame (ORF) of the EhPgp5 gene
was cloned from the p12 and p4 recombinant pBluescript plas-
mids (pBS) (Stratagene, CA), obtained from a l Zap II E. his-
tolytica genomic DNA library.10 The p12 plasmid contains
3,203 bp at the 59 end, whereas the p4 plasmid has 1,466 bp at
the 39 end of the EhPgp5 gene. Sense EhPgp5S25 (59-TTGGT-
ACCATGACAAGTGAACCAGC -39) and EhPgp5S19 (59-GTT-
TCAGATATCCAACAAG-3 9) and antisense EhPgp 5AS19
(59-CTTGTTGGATATCTGAAAC -39) and EhPgp5AS25 (59-
AAGGATCCTTAATTCACAGT TCCAA-39) oligonucleotides
were used to amplify by PCR the 3,190- and 716-bp fragments
from the p12 and p4 plasmids, respectively. PCR-amplified
fragments were joined by their unique EcoRV restriction site
at base pair 3,190. The complete EhPgp5 ORF was cloned in
the transfection vector pEhNEOCAT22 (kindly given by Dr. E.
Tannich, Hamburg, Germany) by replacing the chloramfenicol
acetyl transferase (CAT) gene by the EhPgp5 gene into the Kpn
I/Bam HI sites generating the pEhNEOPgp5 plasmid. The Eh-
Pgp5 ORF was also cloned in the transcription vector pBS-KS
under the T7 promoter direction (pBSEhPgp5). To obtain the
antisense EhPgp5 transcript (EhPgp5AS), the EhPgp5 gene was
excised from the pBSEhPgp5 plasmid and cloned into the pBS-
SK vector, also under the T7 promoter but in the opposite di-
rection, using the Kpn I and Bam HI enzymes. Sequences of
constructions were analyzed by the dideoxynucleotide chain-
termination method38 using Sequenase version 2.0 DNA poly-
merase (U.S. Biochemical Corp).

Transfection experiments

Trophozoites of clone A (106) were transfected with 100 mg
of the pEhNEOPgp5 or pEhNEO plasmids.30 Electroporated

trophozoites were incubated in TYI-S-33 medium for 48 hr at
37°C. Cultures were supplemented first with 10 mg/ml and then
with 50 mg/ml of G418 (Gibco/BRL). Growth curves were done
starting with 2 3 105 trophozoites cultured in the presence of
0, 20, and 40 mM emetine. Cell number was evaluated every
24 hr. Trophozoites cultured on coverslips in the presence of
50 mg/ml of G418 were fixed with 3.7% paraformaldehyde and
observed through an inverted microscope (Nikon) attached to
a laser confocal system (MRC-1024, Bio Rad, CA). Cell vol-
ume was directly measured through the microscope using pub-
lic domain software.

RT-PCR assays

RNA was extracted from the trophozoites by the Trizol
reagent (Gibco) and incubated for 15 min at 37°C with 10 U
of RNase-free DNase I (Stratagene). Single-stranded cDNAs
were synthesized using 200 U of Superscript II reverse tran-
scriptase (Gibco) and oligo(dT). Multiplex PCR was performed
with 1/10 volume of the reverse transcription mixture, and 
2.5 U Taq DNA polymerase, and the sense (EhPgp5, 59-
GTAGGAGGTGCAGTATTTCC-3 9, and actin, 59-AGCTGT-
TCTTTCATTATATGC-3 9) and the antisense (EhPgp5, 59-CC-
ATCCTATTTCTTGTTTGAC-3 9, and actin, 59-TTCTCTTT-
CAGCAGTAGTGGT-3 9) oligonucleotides.11,14 PCR was done
in 22 cycles at 90°C for 30 sec; 52°C for 35 sec; 70°C for 90
sec. The products were analyzed in 12% polyacrylamide gel
electrophoresis (PAGE).

In vitro mRNA synthesis

The pBSEhPgp5 and pBSEhPgp5AS plasmids were lin-
earized with Sac I and Kpn I enzymes, respectively. RNA syn-
thesis was performed using a commercial kit (MAXIscript™,
Ambion, TX), 0.5 mM each of ribonucleotides ATP, CTP, GTP,
and UTP, 2 mg of linearized plasmid DNA, 10 U of ribonu-
clease inhibitor, 2 mM of 59 cap analogue, and 20 U of T7 RNA
polymerase. The mixture was incubated at 4°C for 16 hr. A 2-
ml aliquot was treated with 1 U of DNase I (RNase free) (Am-
bion) or with 40 ng of RNase A and 125 U of RNase T1 (Ri-
boQuant, RPA Kit Pharmigen), for 45 min at 37°C. The capped
mRNA concentration was spectrophotometrically determined.
mRNA was ethanol precipitated and electrophoresed in 4%
formaldehyde and 1.2% agarose gels.

Isolation and microinjection of X. laevis oocytes

Oocytes from adult female X. laevis (Xenopus 1, Ann Arbor,
MI) were prepared from anaesthetized frogs,29 previously im-
mersed in 0.17% cold tricaine (3-aminobenzoic acid ethyl es-
ter methanesulphonate salt) (Sigma) for 5 min. Ovaries were
surgically removed through a small incision in the lower ab-
domen and washed in OR2 solution (83 mM NaCl, 2.5 mM
KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, and 1 mM
NaH2PO2, pH 7.6). Fully grown stage V and VI oocytes
(1.2–1.3 mm diameter) were obtained by manual defollicula-
tion and maintained in OR2 at 18°C until microinjection.
Healthy oocytes were placed in a Petri dish fitted with a nylon
cloth mesh (500 mm) to be microinjected under a stereoscopic
light microscope. We used a glass pipette with the tip me-
chanically broken to an outer diameter of 10–20 mm, attached
on a positive-displacement, variable-volume, 10-ml nanoinjec-
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tor (Microdispenser Digital VWR Scientific).13 Then, 50 nl (1
ng/nl) of the EhPgp5 or the EhPgp5 and EhPgp5AS transcripts
together or CAT mRNA transcript (used as a control), pBS
DNA, or water were microinjected by impaling the animal
hemisphere. Injected oocytes were maintained in ND96 solu-
tion (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2,
10 mM HEPES, pH 7.5) supplemented with 2.5 mM sodium
pyruvate and 100 mg/ml gentamicin (Gibco) at 18°C. The so-
lution was changed daily.

Immunofluorescence laser confocal microscopy
experiments

Oocytes were fixed for 4 hr with 3.7% formaldehyde, 0.25%
glutaraldehyde, and 0.2% Triton X-100 in BRB buffer (80 mM
PIPES, pH 6.8, 5 mM EGTA, 1 mM MgCl2). Then, they were
incubated in methanol at 220°C overnight, rehydrated in phos-
phate-buffered saline (PBSI) (130 mM NaCl, 2 mM KCl, 8 mM
Na2HPO4, 1 mM K2HPO4, pH 6.8), and incubated for 16 hr at
room temperature in PBSI containing 100 mM NaBH4. Oocytes
were extensively rinsed in Tris-buffered saline (TBS) (155 mM
NaCl, 10 mM Tris-HCl, pH 7.4, 0.1% NP-40), rehydrated, and
bisected using a fine scalpel blade, prior to processing for im-
munofluorescence.17 Cells were incubated at 4°C for 24 hr with
a rabbit antibody against the EhPgp384 recombinant peptide
carrying a common sequence of the EhPgps genes5 (1:100 in
TBS, 0.5% BSA) and 24 hr with a fluorescein-conjugated goat
anti-rabbit immunoglobulin G (IgG) (Zymed, CA) (1:50 in
TBS/BSA). The oocytes were dehydrated, cleared in xylol,
mounted in 0.5-mm well slides with No. 1 coverslips, and ex-
amined using the laser confocal microscope.

Protein extraction and Western blot analysis

The oocytes were washed with ND96, homogenized at 4°C
in 10 ml of a solution containing 50 mM Tris-HCl pH 8.0, 300
mM sucrose, 0.5 mM phenylmethylsulfonyl fluoride (PMSF),
and aprotinin, pepstatin A, and leupeptin (Sigma) at 5 mg/ml
each. Samples were centrifuged at 11,000 3 g for 15 min. The
interfaces were centrifuged for 30 min at 30,000 3 g. The pel-
lets containing the oocytes membranes27 were resuspended in
50 mM Tris-HCl pH 8.0, 0.5 mM PMSF, and 0.05% Triton X-
100. Proteins were acetone-precipitated overnight at 220°C.
The trophozoite proteins were prepared by freeze-thawing the
cells in 100 mM p-hydroxymercuribenzoic acid (PHMB).16

Then, 30 mg of proteins were electrophoresed on 7.5% sodium
dodecyl sulfate (SDS)-PAGE and transferred to nitrocellulose
membranes (Amersham) for Western blot assay.39 The EhPgp5
was detected using rabbit polyclonal antibodies against the Eh-
Pgp384 polypeptide (1:500) and anti-rabbit secondary IgG an-
tibodies (1:1,000). Antigen–antibody reactions were revealed
using the ECL kit (Amersham).

Electrophysiological measurements

Ion current measurements in the oocytes were made using a
two-microelectrode voltage-clamp technique. The pipettes were
pulled with a vertical pipette puller (David Kopf, Instruments,
CA). Pipettes had resistances of 0.5–2.0 MV and were filled
with 3 M KCl. Data were collected using a TEV-200 voltage
clamp amplifier (Dagan Corporation, MP) attached to a Packard
Bell microcomputer via a Digidata-1200 interface (Axon In-

struments Inc., CA) that was used to generate the voltage pulse
protocols and to collect and analyze the currents. Current sig-
nals were filtered through a low-pass, 200-Hz Bessel filter and
were acquired and analyzed with the pCLAMP software (ver-
sion 6; Axon Instruments Inc.). Agar bridges (2% agarose in 3
M KCl) were connected to the bath to minimize junction po-
tentials (less than 2 mV). Cells were transferred to the voltage-
clamp chamber, which was continuously perfused at 0.5 ml/min
with ND96 solution without sodium pyruvate and gentamycin.
Oocytes were impaled and used only if they were in healthy
conditions.

Electrophysiological characterization of microinjected
oocytes ion currents

Cl2 dependence of ion currents in the oocytes was tested by
replacing the Cl2 ions of the external solution by the imper-
meant anion methanesulfonate (MTS). Currents were recorded
in oocytes bathed with ND96, ND81 (76 mM NaCl, 20 mM
NaOH, 20 mM MTS, 2 mM KCl, 1.8 mM CaCl2, 2 mM MgCl2,
10 mM HEPES pH 7.5) or ND55 (50 mM NaCl, 46 mM NaOH,
46 mM MTS, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10
mM HEPES pH 7.5) solutions. In some experiments 4,4-di-
isothiocyanatostilbene-2,29-disulfonic acid (DIDS) (1 mM), ni-
flumic acid (0.5 mM), 5-nitro-2-(3-phenylpropylamino) ben-
zoic acid (NPPB) (500 mM) (Sigma), or 10 mM, 50 mM, and
1 mM verapamil were added to the bathing medium. The ef-
fect of osmolarity on ion currents was measured in ND50 (50
mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10 mM
HEPES pH 7.5) and ND50-sucrose (ND50 plus 100 mM su-
crose). Experiments were performed at 22–25°C. The voltage-
clamp protocol applied to the oocytes used a holding potential
(Eh) of 260 mV. The membrane potential of the oocyte was
stepped with a series of pulses to 280 mV up to 180 mV (in
20-mV increments) lasting 800 msec. Data were sampled at 250
Hz.

Oocytes from the same frog were microinjected at the same
time and divided in two groups. One was used for protein de-
tection and the other for the electrophysiological studies. All
experiments were performed at least five independent times us-
ing different oocyte batches.

Statistics

Each set of data was expressed as a mean 6 SEM. Student’s
t-test was used to determine the statistical difference signifi-
cance with p # 0.050.

RESULTS

Transfection of emetine-sensitive trophozoites with the
pEhNEOPgp5 plasmid

To initiate the study of the role of the EhPgp5 protein in the
MDR phenotype, the full-length EhPgp5 gene was cloned into
the plasmid pEhNEOPgp5 (Fig. 1A) and transfected into the
emetine-sensitive trophozoites of clone A. The trophozoites
transfected with the pEhNEOPgp5 (AneoPgp5) augmented
their drug resistance slightly; they died in 40 mM emetine (Fig.
1B). As expected, the trophozoite’s transfected with the pEhNEO
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plasmid (Aneo) did not augment their basal drug resistance (Fig.
1C,D). To confirm that the EhPgp5 gene was being expressed
in the AneoPgp5 trophozoites, we used specific primers11 to
perform RT-PCR assays. The EhPgp5 gene was transcribed in
the AneoPgp5 and clone C2 trophozoites (Fig. 1E, lanes 3 and
4), but not in the trophozoites of clone A and Aneo (Fig. 1E,
lanes 1 and 2). These results may indicate that the expression
of the EhPgp5 gene alone is not sufficient to confer high drug
resistance and that other factors might be involved in the E. his-
tolytica MDR phenotype.

Interestingly, the AneoPgp5 trophozoites augmented their
cell volume, compared with the Aneo and C2 trophozoites (Fig.
1A–C). The mean volume of 100 trophozoites of the clone Aneo
was 1.86 6 0.4 mm3 (p 5 0.050), the trophozoites of clone C2
measured 1.29 6 0.3 mm3 (p 5 0.050), whereas the AneoPgp5
trophozoites measured 2.5 6 0.10 mm3 (p 5 0.050) (Fig. 2D).
The swelling of the EhPgp5-transfected cells suggested a mod-

ification in the membrane permeability of the AneoPgp5 tropho-
zoites.

In vitro transcription of the EhPgp5 gene and
expression of the EhPgp5 protein in X. laevis oocytes

To investigate whether the EhPgp5 gene product altered the
ion flux in the cells, we selected the well-described X. laevis
oocytes model.7,29 The full-length gene (EhPgp5) and its anti-
sense chain (EhPgp5AS) were cloned into the pBS-KS and pBS-
SK plasmids, respectively (Fig. 3A). Then, the EhPgp5 and 
EhPgp5AS were transcribed in vitro using the T7 RNA poly-
merase. On agarose gels, the full-length transcripts were de-
tected as 3.9-kb bands (Fig. 3B, lanes 1, 3, 5, and 7). Another
6.8-kb band, given by the plasmid DNA, used as template, was
also present in the gels (Fig. 3B, lanes 1 and 5). When mix-
tures were incubated with RNase, the transcript disappeared and
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FIG. 1. Drug resistance and detection of the EhPgp5 and EhPgp1 genes in transfected trophozoites. (A) Scheme of pEhNEOPgp5
plasmid used to transfect clone A trophozoites (AneoPgp5). NEO, Neomycin gene, flanked by 480 and 600 bp of the 59 ( )
and 39 ( ) untranslated sequences of the E. histolytica actin gene. EhPgp5, EhPgp5 full-length gene flanked by 485 bp of the
59 untranslated sequence ( ) of the E. histolytica 170-kDa lectin and 600 bp of the 39 untranslated sequence ( ) of the actin
genes. RI, Eco RI; K, Kpn I, B, Bam HI, H, Hind III, RV, Eco RV, X, Xba I, restriction sites. (B and C) Growth curves in the
presence of emetine: (B) AneoPgp5 trophozoites; (C) Aneo trophozoites. Symbols in the inset indicate the emetine concentra-
tion present in the culture medium. (D) Relative growth of trophozoites of clones A, Aneo, AneoPgp5, and C2. (E) RT-PCR of
the EhPgp5 gene in clone A trophozoites (lane 1), Aneo trophozoites (lane 2), AneoPgp5 trophozoites (lane 3), and clone C2
trophozoites (lane 4). act, Actin RT-PCR product obtained in the same reaction. Lanes 5–8 show the respective reaction mixture
without RT.



only the 6.8-kb DNA bands were detected (Fig. 3B, lanes 2 and
6). In contrast, when samples were treated with DNase, only
the 3.9-kb transcripts were clearly visible (Fig. 3B, lanes 3 and
7). Incubation of the samples with both enzymes gave no bands
(Fig. 3B, lanes 4 and 8). The DNase-treated EhPgp5 mRNA
was microinjected into the oocytes, and the EhPgp5 protein
function was studied in these cells.

Confocal microscopy assays using the anti-EhPgp384 anti-
bodies, directed against a EhPgp recombinant polypeptide, re-
vealed a bright rim of fluorescence in the microinjected oocytes,
showing the presence of EhPgp5 protein (Fig. 4A,B). We ob-
served a fluorescent line in the outermost portion of the oocytes,
corresponding to the cell membrane (Fig. 4A,B). Sections of
the internal face of the oocytes exhibited a complex network of
brightly stained material in the cytoplasm (Fig. 4B) where, ac-
cording to Ward,44 proteins are synthesized in the oocyte. A
magnification of this material allowed to detect fluorescent vac-
uoles (Fig. 4C), by which newly synthesized proteins may be
transported to the plasma membrane. No appreciable staining
of the oocytes was seen when the primary antibody was omit-
ted (Fig. 4D) or when nonmicroinjected oocytes were incubated
with the primary and secondary antibodies (Fig. 4E).

Western blot assays of the oocyte membrane proteins using
the anti-EhPgp384 antibodies showed the presence of a broad
band, ranging between 144 and 184 kDa (Fig. 4F, lane 1). This
molecular weight is in the expected range according to the 3.9-
kb transcript injected into the oocytes. The broad range of the
band may be due to the synthesis of different glycosylated forms

of EhPgp5 or to incomplete protein translation products. No
bands were detected in proteins extracted from oocytes that
were co-injected with the EhPgp5 mRNA and its antisense Eh-
Pgp5AS transcript (Fig. 4F, lane 2), or in nonmicroinjected
oocytes (Fig. 4F, lane 3) or in those injected with water or pBS
DNA  (data not shown). As expected, the antibody recognized
a band of 147 kDa in proteins obtained from trophozoites of
the drug-resistant clone C2, which over express the EhPgps
(Fig. 4F, lane 4).

Induction of ion currents in EhPgp5 mRNA-
microinjected X. laevis oocytes

Several studies have suggested that Pgps may act as Cl2 con-
ductance proteins or as regulators of Cl2 conductance.40,41 In
E. histolytica, ion channels have not been studied yet, proba-
bly due to the technical difficulties related to perform patch
clamp experiments in the trophozoites. To study the ion cur-
rents induced by EhPgp5 mRNA, the microinjected oocytes
were voltage-clamped and the membrane currents were
recorded during step pulses following the protocol described in
Materials and Methods and in Fig. 5A (inset). We analyzed the
currents (I) at 180 mV, under isotonic conditions every 24 hr
after microinjection. Current values were measured at 200 msec
from the start of the voltage pulse and plotted against the in-
cubation time (Fig. 5A) (n 5 15 oocytes for each point). After
24 hr of incubation, the microinjected and the nonmicroinjected
oocytes presented ion currents of similar amplitude (0.8 6 0.2
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FIG. 2. Differences in the volume of the transfected trophozoites. Phase contrast of: (A) Aneo trophozoites; (B) AneoPgp5
trophozoites; (C) clone C2 trophozoites. Bar 5 30 mm. (D) Average of volume of 100 trophozoites shown in A, B, and C.



mA). However, at 48 hr, the membrane current increased in the
microinjected oocytes to 2.3 6 0.14 mA, at 72 hr to 2.4 6 0.095
mA, at 96 hr to 4.0 6 0.5 mA, and at 120 hr post-injection to
6.0 6 0.3 mA. The noninjected oocytes had currents ranging
between 0.8 6 0.07 and 1.3 6 0.4 mA (Fig. 5A), indicating an
increase of 2.8–7.5 times in the EhPgp5 mRNA-microinjected
oocytes. We selected oocytes incubated for 96 hr after mi-
croinjection to characterize the currents, because at this time,
the majority of the cells appeared healthy, whereas at 120 hr
post-injection several oocytes showed some damage in their
structure.

Depolarization induced a gradual increase in the amplitude
of outward currents that depended on the size of the pulse. The
current observed at 180 mV in EhPgp5 mRNA-microinjected
oocytes was 4.1 6 1.7 mA (n 5 38). An example is illustrated
in Fig. 5B. To prove that the ion currents were specifically due
to the EhPgp5 mRNA product, we injected the oocytes with 50
ng of each EhPgp5 and the antisense EhPgp5AS transcripts.
Similar to the traces shown in Fig. 5B, the currents obtained in
these experiments with oocytes injected with the EhPgp5
mRNA were 4.1 6 0.6 mA (data not shown), whereas those of
the co-injected oocytes averaged 1.3 6 0.3 mA, as illustrated in
Fig. 5C. Differences between the EhPgp5- and the EhPgp5 plus
EhPgp5AS-microinjected oocytes were statistically significant
(p 5 0.031). Ion currents were abolished by the antisense tran-
script, strongly suggesting that currents were specifically given

by the EhPgp5 gene expression. In contrast, the endogenous
currents observed in noninjected, or pBS DNA-injected oocytes
averaged 1.8 6 0.2 mA (n 5 38). Figure 5D shows a represen-
tative experiment. An unrelated mRNA (50 ng) gave no ion
currents (Fig. 5E). The current–voltage (I–V) relationship mea-
sured in the EhPgp5 mRNA-microinjected oocytes was not lin-
ear and showed an outward rectifying behavior. Figure 5F is a
plot of the amplitude of the currents as a function of the mem-
brane potential of the experiment illustrated in Fig. 5B.

Detection of chloride-activated currents in EhPgp5
mRNA-injected oocytes

To investigate the involvement of Cl2 ions in the currents
transported through EhPgp5 or to an EhPgp5-associated ion
channel, we replaced part of the Cl2 ions by MTS in the bathing
medium. In the experiment illustrated in Fig. 6A, the amplitude
of the currents measured at 180 mV in ND96 solution (103
mM Cl2) was taken as 100%. In ND81 solution (81 mM Cl2),
the amplitude was 53% and in ND55 solution (55 mM Cl2), it
dropped to 43% (Fig. 6A). Although the amplitude of the cur-
rents in 103 mM Cl2 varied among the different experiments
performed (from 4.1 to 4.5 mA), the replacement of Cl2 by
MTS reproducibly reduced their amplitude. We also observed
in the corresponding current–voltage relationships for each so-
lution, a shift in the reversal potential to positive values. These
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FIG. 3. Physical map of EhPgp5 and EhPgp5AS DNA and their in vitro transcription products. (A) Scheme of EhPgp5 gene
and its EhPgp5AS antisense chain cloned into pBS-KS and pBS-SK, respectively. ATG, Translation initiation codon; ATP-bs,
ATP-binding sites; TAC, complementary ATG sequence. Arrows indicate transcription initiation sites. ERV, Eco RV; K, Kpn I;
B, Bam HI; S, Sac I restriction sites; Sc, stop codon; T7 box, T7 RNA polymerase promoter. (B) Ethidium bromide-stained
agarose gel with the in vitro transcription products of the EhPgp5 gene (lanes 1–4) and the EhPgp5AS antisense chain (lanes
5–8). The in vitro transcription products were treated with: none (lanes 1 and 5), RNase (lanes 2 and 6), DNase (lanes 3 and 7),
RNase and DNase (lanes 4 and 8).



results support the view that Cl2 participates in the induced
currents. The effect of Cl2 replacement was reversible in all
experiments done (n 5 4) (Fig. 6A). The noninjected cells did
not show any changes when Cl2 was replaced by MTS (data
not shown).

To obtain further evidence on the Cl2 ion dependence of the
currents presented by the EhPgp5 mRNA-injected oocytes, we
incubated the oocytes in solutions containing different Cl2 and
Ca21 transport blockers (Fig. 6B–D). In Fig. 6B and D, we dis-
play results from representative experiments done with DIDS
(1 mM), which inhibited the current by 68%. We also used ni-
flumic acid (500 mM) (Fig. 6D) and NPPB (500 mM) (Fig. 6D),
which inhibited the current by 63% and 80%, respectively. Af-
ter 10 min of washout, the oocytes incubated in DIDS fully re-
covered the ion current (Fig. 6B), whereas the effect produced
by niflumic acid was reversed in 72% (data not shown). The
electrophysiological recordings of the oocytes microinjected
with the EhPgp5 transcript and incubated in the presence of 10
mM, 50 mM (data not shown), and 1 mM verapamil indicated
that this drug had a poor effect (20% inhibition at the highest
concentration) on the induced currents (Fig. 6C,D). The effect
of the Ca21 channel blocker verapamil on the currents induced
by EhPgp5 was tested because in NIH-3T3 fibroblast trans-
fected with the MDR gene41 and in drug-resistant mutants of E.
histolytica4 the drug resistance was reversed by 50 and 10 mM

verapamil, respectively. Figure 6D presents a summary of the
inhibitory effect of Cl2 channels blockers and verapamil on the
EhPgp5-induced current at 180 mV. The amplitude decrease
of the ion currents by these Cl2 transport inhibitors supports
the notion that the EhPgp5 function is related to a Cl2 channel
activity in the microinjected oocytes.

Swelling response in EhPgp5 mRNA-injected oocytes

The AneoPgp5 trophozoites presented a volume increase af-
ter transfection (Fig. 2). Additionally, the expression of the hu-
man Pgp in transfected NIH-3T3 cells has been associated with
Cl2 currents activated by cell swelling.41 However, in rat colon
cancer cells, a direct correlation between Pgp expression, the
increase of cell volume, and Cl2 currents was not found.9 We
studied the Cl2 ion currents expressed in the EhPgp5 mRNA-
microinjected oocytes, which were bathed with solutions hav-
ing different osmolarity. It has been reported that manual de-
folliculated oocytes incubated for 96 hr in isotonic conditions
do not express endogenous currents due to a volume increase.1

Results shown in Fig. 7 evidenced that the nonmicroinjected
oocytes did not present any endogenous currents, even in the
presence of a hypotonic solution. In contrast, the EhPgp5
mRNA-microinjected oocytes, incubated for 30 min in the hy-
potonic ND50 solution, presented a slightly current amplitude
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FIG. 4. Confocal microscopy and Western blot of EhPgp5 in X. laevis oocytes. EhPgp5 mRNA-microinjected oocytes were
fixed, hemisected, and incubated with the anti-EhPgp384 antibody and then, with an anti-FITC-labeled goat anti-rabbit IgG sec-
ondary antibody. (A–C) Different sections of a hemisected oocytes. Magnifications: (A) 103, (B) 403, (C) 1003. (D) EhPgp5
mRNA-microinjected oocyte incubated only with the secondary antibody. (E) Nonmicroinjected oocyte incubated with the pri-
mary and secondary antibodies. (F) Western blot of oocytes membrane proteins using the anti-EhPgp384 antibody. Oocytes were
microinjected with: EhPgp5 mRNA (lane 1), EhPgp5 and EhPgp5AS transcripts (lane 2), and water (lane 3). Total proteins of
clone C2 trophozoites (lane 4).



increased at all potentials. However, no statistical differences
between these currents and those obtained in the microinjected
oocytes perfused in isotonic solutions (ND50-sucrose) (n 5 5
oocytes per point) were found. The time course of activation,
voltage dependence, magnitude of the current, and the reversal
potential were not significantly altered when the osmolarity of
the bathing solutions was changed.

DISCUSSION

We have studied the function of the EhPgp5 gene product
in transfected trophozoites of E. histolytica and EhPgp5
mRNA-microinjected X. laevis oocytes. Our results suggest
that the EhPgps perform other functions in addition to con-
tribute to the MDR phenotype. In the trophozoites, EhPgp5
produced swelling, suggesting that this protein could be in-
volved in membrane permeability, probably functioning as a
cell volume regulator. However, other causes for the volume

increase, such as de novo membrane synthesis, cannot be ex-
cluded.

Trophozoites transfected independently with the EhPgp5
(Fig. 1B) or with the EhPgp1 genes18 reached a drug resistance
level 10 times lower than the mutant clone C2 growing in 200
mM emetine and expressing both genes.11,18 Thus, the MDR
phenotype exhibited by the drug-resistant trophozoites of the
clone C2 might be given by a cooperative mechanism between
the EhPgp1 and the EhPgp5 genes, but participation of other
unidentified factors in this phenomenon is likely.

Our previous experiments have shown that trophozoites of
clone A have the EhPgp1 and EhPgp5 genes, but EhPgp5 is
not transcribed and EhPgp1 is poorly expressed.33 After chem-
ical mutagenesis of clone A, followed by the presence of eme-
tine in the culture medium, we selected the clone C2, which
grew in 20 mM emetine and presented cross-resistance to other
drugs.31 Step selection of clone C2 in higher emetine concen-
trations generated trophozoites resistant up to 200 mM emetine.
They constitutively overtranscribed EhPgp1, but EhPgp5 gene
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FIG. 5. Time-dependent expression and characterization of membrane currents in X. laevis oocytes microinjected with the Eh-
Pgp5 mRNA. (A) Peak current values recorded at 180 mV measured in isotonic conditions (ND96 solution) at 24, 48, 72, 96
and 120 hr after microinjection. (d ) Oocytes microinjected with EhPgp5 mRNA; ( s ) oocytes microinjected with water. Data
are expressed as the mean 6 SEM (n 5 15 oocytes per point). (Inset) Voltage protocol, the Eh was 260 mV and the membrane
potential of the oocyte was stepped to 280 mV up to 180 mV with steps of 20 mV. (B–E) Representative current traces recorded
from X. laevis oocytes 4 days after microinjection with: (B) 50 ng (1 ng/nl) of EhPgp5 mRNA (n 5 38 oocytes); (C) 50 ng of
EhPgp5 mRNA and 50 ng of EhPgp5AS transcript (n 5 6 oocytes); (D) 50 nl of water (n 5 38 oocytes); (E) 50 ng of CAT
mRNA. (F) Current-voltage (I–V) relationship of the currents shown in B.



transcription was induced only when the drug was present in
the medium. EhPgp1 and EhPgp5 gene promoters are identical
in both clones. However, transfection of the trophozoites with
the EhPgp1 and EhPgp5 promoters cloned in front of the CAT
reporter gene, showed that CAT is poorly expressed in clone A,
whereas it is abundantly expressed in clone C2.20,34 These re-
sults indicate that other factors (some of them may be tran-
scription factors) present in clone C2 are regulating the MDR
phenotype.

Interestingly, in X. laevis oocytes, the product of the EhPgp5
mRNA induced Cl2-dependent ion currents. Pgp is thought to
participate in the mechanisms for regulatory volume decrease
(RVD) in mammalian cells, through membrane permeability
modifications.19,25 The volume increase of AneoPgp5 tropho-

zoites suggests that changes in their membrane permeability and
EhPgp5 could be participating in both functions: RVD and the
low drug-resistance were augmented in AneoPgp5 trophozoites.

The EhPgp5 mRNA-microinjected-oocytes generated an in-
duced outward Cl2-dependent current. This was proved by re-
placing the Cl2 ions in the bathing solution by MTS and by in-
hibition of the currents by Cl2 channel blockers as DIDS,
NPPB, and niflumic acid. The ion current induced by EhPgp5
in the oocytes was also poorly activated by hyposmotic shock,
as it has been shown for other MDR cells.2,36,42 Valverde et
al.41 proposed that cells exposed to a hyposmotic bath produce
sizeable inward and outward currents, suggesting the involve-
ment of ion channels. The anionic nature of the Pgp-associated
currents was confirmed by these authors by replacing the ex-
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FIG. 6. Chloride dependence and effect of chloride channels blockers on EhPgp5 mRNA-microinjected oocytes. (A) Repre-
sentative I–V relationship of oocytes bathed with ND96 solution (d ), ND81 solution ( s ), ND55 solution (n ), ND96 washout of
MTS (m ) (n 5 4). (B and C) I–V relationship from separate experiments in the presence of 1 mM DIDS (B) and 1 mM vera-
pamil (C). Bathing solutions were ND96 ( d ), ND96 plus inhibitor ( u ), and ND96 washout (m ) of the inhibitor. (D) Effect of
Cl2 channel blockers in the EhPgp5 mRNA-microinjected oocytes at 180 mV. DIDS, 4,4-Diisothiocyanatostilbene-2,29-disul-
fonic acid; NA, niflumic acid; NPPB, 5-nitro-2-(3-phenylpropylamino) benzoic acid; Vp, verapamil.



ternal Cl2 with gluconate, which largely decreases the outward
current. Additionally, the current–voltage relation shows an out-
ward rectification.

The ion current induced by EhPgp5 was poorly inhibited by
verapamil. However, drug-resistance was reverted by verapamil
in the trophozoites of the mutant clone C2. Our results suggest
that verapamil may not have a strong and direct action on the
EhPgp5. It could be acting on the EhPgp1 or another unidenti-
fied factor also involved in the E. histolytica MDR phenotype.

It is known that high levels of membrane protein expression
in Xenopus oocytes may result in the induction of an endoge-
nous hyperpolarization-activated current.3,40 In the presence of
Ca21 ions, the current comprises two components, a Ca21-ac-
tivated Cl2 current and a nonselective cation current. The Cl2

channel appears to be activated by Ca21 flowing into the cell
through nonselective channels.40 These endogenous Cl2 cur-
rents become evident in the hyperpolarization range of mem-
brane potentials at about 2130 mV.3 Attali et al.3 compared
oocytes injected with different concentrations of min K mRNA
at the same post-injection time and found that the hyperpolar-
ization-activated Cl2 current was detected only when high
mRNA concentrations were used. In the experiments shown
here, Cl2 currents were activated during depolarization poten-
tials and oocytes were injected with 50 ng of mRNA as Morin
et al.29 did in their studies on the MDR1 human protein. Addi-
tionally, in parallel experiments, we injected in the oocytes 50

ng of a nonrelated mRNA (CAT mRNA), and no endogenous
Cl2 currents were found in these experiments (Fig. 5E). There-
fore, the contribution of endogenous Cl2 currents in our ex-
periments is expected to be negligible. Additionally, the speci-
ficity of the ion current given by EhPgp5 in the oocytes was
probed by blocking the translation of the EhPgp5 mRNA with
its antisense transcript.

In conclusion, our results show that the EhPgp5 gene product
might have a double function. It acts as a drug pump and could
function also as a RVD in the trophozoites. The later mechanism
could be associated with the Cl2 ion current induction present in
the microinjected oocytes. Depending on the selection pressure,
the trophozoites could express EhPgps able to perform one or an-
other function. Here, we demonstrate that the frog oocytes are a
suitable model to study the physiology of EhPgps, and that Eh-
Pgp5 exhibits properties that fit well with its participation in the
flux of Cl2 ions as it has been proposed for other Pgps. However,
we are aware that, due to the evolutionary distance between this
protozoan and X. laevis, we cannot completely extrapolate the re-
sults obtained in the oocytes to the trophozoites.

EhPgp5 is one of the first channel-associated proteins cloned
and functionally characterized in this parasite. The other one is
the amebapore (AP), which produces damage to target cells
through the membrane assembly of structural and functional
pores.28 AP does not exhibit any ion selectivity and is resistant
to the effects of a transmembrane electric field.
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FIG. 7. Comparison of swelling-activated currents in EhPgp5 mRNA-microinjected oocytes. Current–voltage (I–V) relation-
ship of EhPgp5 mRNA-microinjected oocytes exposed to isotonic (d ) and hypotonic ( s ) solutions. ( u ) and (m ), Noninjected
oocytes exposed to isotonic and hypotonic solutions, respectively. Each point represents the average of five experiments.



Experiments in progress to define the role of several tran-
scription factors on the expression of EhPgp genes will help us
to understand better how they are regulated and what are the
physiological relationships between the EhPgp1 and EhPgp5
proteins in the E. histolytica MDR phenotype. Additionally, the
study of other functions performed by the EhPgp1 and EhPgp5
proteins will determine if they are involved in other functions
already described for MDR proteins in Mammalia.
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