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A High-Content Phenotypic Screen Reveals the Disruptive Potency of
Quinacrine and 3=,4=-Dichlorobenzamil on the Digestive Vacuole of
Plasmodium falciparum

Yan Quan Lee,a,b Amanda S. P. Goh,a Jun Hong Ch’ng,a François H. Nosten,c Peter Rainer Preiser,d Shazib Pervaiz,e

Sanjiv Kumar Yadav,e Kevin S. W. Tana,b

‹aDepartment of Microbiology, National University of Singapore, Singapore; bNUS Graduate School for Integrative Sciences and Engineering, National University of
Singapore, Singapore; cShoklo Malaria Research Unit, Mae Sot, Tak, Thailand; dSchool of Biological Sciences, Nanyang Technological University, Singapore; eDepartment of
Physiology, Yong Loo Lin School of Medicine, Singapore

Plasmodium falciparum is the etiological agent of malignant malaria and has been shown to exhibit features resembling pro-
grammed cell death. This is triggered upon treatment with low micromolar doses of chloroquine or other lysosomotrophic com-
pounds and is associated with leakage of the digestive vacuole contents. In order to exploit this cell death pathway, we developed
a high-content screening method to select compounds that can disrupt the parasite vacuole, as measured by the leakage of intra-
vacuolar Ca2�. This assay uses the ImageStream 100, an imaging-capable flow cytometer, to assess the distribution of the fluores-
cent calcium probe Fluo-4. We obtained two hits from a small library of 25 test compounds, quinacrine and 3=,4=-dichloroben-
zamil. The ability of these compounds to permeabilize the digestive vacuole in laboratory strains and clinical isolates was
validated by confocal microscopy. The hits could induce programmed cell death features in both chloroquine-sensitive and -re-
sistant laboratory strains. Quinacrine was effective at inhibiting field isolates in a 48-h reinvasion assay regardless of artemisinin
clearance status. We therefore present as proof of concept a phenotypic screening method with the potential to provide mecha-
nistic insights to the activity of antimalarial drugs.

Plasmodium falciparum malaria is a global health concern, with
3.3 billion people at risk (1). Currently, the World Health

Organization recommends artemisinin combination therapy as
the first-line treatment but recent reports suggest emerging resis-
tance against the artemisinins in the form of delayed parasite
clearance (2, 3). In light of this, there is a pressing need for new
antimalarials, preferably with novel modes of action to avoid
cross-resistance. Our laboratory has in recent years uncovered a
mode of cell death associated with permeabilization of the diges-
tive vacuole (DV). Treatment with low micromolar concentra-
tions of chloroquine (CQ) induced phenotypes reminiscent of
programmed cell death (PCD) in mammalian cells, such as DNA
fragmentation, mitochondrial dysfunction, and activation of clan
CA cysteine proteases (4, 5). However, CQ was long ago shelved as
malaria chemotherapy because of the emergence of resistant mu-
tants. Nevertheless, efforts are being made to resensitize P. falcip-
arum to CQ through the development of chemoreversal agents
(6). Interestingly, with the withdrawal of CQ drug pressure, there
is evidence that the parasite is undergoing a reversion to CQ sus-
ceptibility in Malawi (7).

The canonical mode of action of CQ relies on two key proper-
ties. (i) CQ diffuses as a weak base through the erythrocytic and
parasitic membranes into the acidic DV, where it becomes dipro-
tonated and trapped within the DV, accumulating to sufficiently
high concentrations, and (ii) CQ binds to toxic ferriproporphyrin
IX and prevents its polymerization into the more benign hemo-
zoin (8). Our previous work, however, showed that there may be a
secondary mechanism through which CQ exerts its antimalarial
effects. At sufficiently high concentrations of CQ, the contents of
the DV leak into the cytosol, leading to a form of cell death with
features different from those of necrosis and which can be averted
with certain enzymatic inhibitors. Further tests have indicated

that it is not the unique action of CQ that triggers these PCD
features, as other unrelated lysosomotrophic compounds such as
desipramine (DSP), chlorpromazine (CPZ), and promethazine
(PMZ) were able to induce these same phenotypes (5). Given the
nonspecificity of these drugs, it is likely that DV permeabilization
can be triggered by other, less toxic compounds. We therefore
developed a high-content assay to screen for DV-destabilizing
compounds that may serve as starting points for drug develop-
ment.

In this report, we present an assay that uses an imaging-capable
flow cytometer, the ImageStream 100, to detect the leakage of DV
contents as indicated by Fluo-4 fluorescence. Fluo-4 is a calcium
probe that fluoresces green in the presence of Ca2�. The parasite
DV is a calcium store, and Ca2� egress can be used as a proxy for
DV permeabilization (9). A schematic representation of the assay
work flow is shown in Fig. 1.

MATERIALS AND METHODS
Parasite culture and synchronization. P. falciparum laboratory strains
3D7, 7G8, and K1 (MRA-102, MRA-154, and MRA-159, respectively;
MR4, ATCC, Manassas, VA) and Thailand-derived field isolates SMRU
0233, SMRU 0272, SMRU 0270, and SMRU 1116 (Shoklo Malaria Re-

Received 5 July 2013 Returned for modification 27 August 2013
Accepted 3 November 2013

Published ahead of print 11 November 2013

Address correspondence to Kevin S. W. Tan, kevin_tan@nuhs.edu.sg.

Y.Q.L. and A.S.P.G. contributed equally to this study.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.01441-13

550 aac.asm.org Antimicrobial Agents and Chemotherapy p. 550 –558 January 2014 Volume 58 Number 1

 on A
pril 21, 2014 by N

A
N

Y
A

N
G

 T
E

C
H

N
O

LO
G

IC
A

L U
N

IV
E

R
S

IT
Y

http://aac.asm
.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1128/AAC.01441-13
http://aac.asm.org
http://aac.asm.org/


search Unit [SMRU]) were cultured continuously in a malaria culture
medium (MCM) consisting of RPMI 1640 (Life Technologies) supple-
mented with 0.5% (wt/vol) Albumax I (Invitrogen), 0.005% (wt/vol) hy-
poxanthine, 0.03% (wt/vol) L-glutamate, 0.25% (wt/vol) gentamicin, and
human erythrocytes at 2.5% hematocrit. Culture flasks were gassed with
3% CO2, 4% O2, and 93% N2 and incubated at 37°C in the dark. Synchro-

nization of parasite stages was performed by incubation in 5% (wt/vol)
D-sorbitol at 37°C for 10 min, after which the cells were washed twice and
resuspended in MCM.

Drug preparation and storage. The library of 25 pharmacologically
active compounds (Sigma-Aldrich; Tocris Bioscience) was dissolved in
dimethyl sulfoxide (DMSO), phosphate-buffered saline (PBS), or dilute
HCl according to the manufacturers’ instructions to a stock concentration
of 10 mM. CQ, DSP, CPZ, and PMZ (all from Sigma-Aldrich, Dorset,
United Kingdom) were prepared by dissolution in PBS. 4-Hydroxyta-
moxifen (4HT) was dissolved in ethanol. Stock solutions were shielded
from light and stored at �20°C. Prior to each experiment, working solu-
tions of 100 or 10 �M were prepared fresh by dilution with PBS. Vehicle
controls were prepared with equivalent volumes of PBS.

Assay of IC50. Ring-stage parasite cultures were diluted to 1.25 to 2%
parasitemia at 1.25% hematocrit. Cultures were then incubated with var-
ious concentrations of each compound in MCM for 48 h in 96-well plates.
Following this, cells were stained with 1 �g/ml Hoechst 33342 for 30 min
at 37°C and parasitemia was determined by flow cytometry. Half-maximal
inhibitory concentrations (IC50s) were determined in GraphPad Prism 5
by using a variable-slope logistic curve. At least three experiments were
performed to obtain the mean IC50s presented.

Parasite treatment and staining for screening. A 20-�l volume of
each drug solution or the vehicle control was added to 180 �l of a tropho-
zoite-stage parasite culture at 2.5% hematocrit with �10% parasitemia in
flat-bottom 96-well plates. Plates were placed in an incubation chamber,
gassed, and incubated at 37°C in the dark for 4 h. Subsequently, parasites
were washed twice with MCM and resuspended in a staining solution
consisting of 1 �M Fluo-4-AM (Invitrogen) and 1 �g/ml Hoechst 33342
(Invitrogen) in MCM. The cells were then washed twice and resuspended
in PBS for confocal imaging or high-content screening.

Confocal imaging. Wet mounts of stained parasites were visualized at
�100 magnification with an Olympus Fluoview FV1000 (Olympus, To-
kyo, Japan) confocal microscope equipped with solid-state and argon ion
lasers tuned to 405 and 488 nm, respectively. The following calibrations
were used: a 2.0-�s/pixel sampling speed, line Kalman integration, a
488-nm laser (Fluo-4-AM) at 713 V and a transmissivity of 10%, and a
405-nm laser (Hoechst) at 605 V and a transmissivity of 3%. Trophozoite-
stage parasites were imaged, and the localization of Fluo-4 fluorescence
was determined. For each treatment condition, at least 30 parasitized
erythrocytes were enumerated.

ImageStream high-content screening. Parasitized erythrocytes sus-
pended in PBS to a hematocrit of 5% were assayed with the ImageStream
100 (Amnis, Seattle, WA) fitted with a 40� objective. At least 300 un-
treated parasites for each single-stain condition were used to create a
compensation matrix. During screening, at least 10,000 parasites were
acquired for each treatment condition. Gating was performed to select
images with single round cells, good focus, and parasites at the trophozo-
ite stage. Round cells were gated as events with aspect ratios (ratios of the
minor axis to the major axis) close to 1 and with areas corresponding to
single cells as determined by visually inspecting acquired events. Well-
focused images were selected by gating on the root mean square of the rate
of change of the image intensity profile; a higher rate of change in intensity
implies better focus. Aspect ratio, area, and focus were gated on the bright-
field channel. Trophozoites were gated on the intensity of Hoechst stain-
ing as an indicator of DNA content. Analysis was performed with the
IDEAS software (version 4.0).

Assay for PCD features. Trophozoite-stage parasites were treated
with the test compounds for 10 h and then washed twice with MCM. In
order to assess mitochondrial depolarization and DNA degradation, the
cells were stained with 6 �M JC-1 (Life Technologies) and 0.8 �g/ml
Hoechst 33342 dissolved in MCM for 30 min at 37°C. They were then
washed twice and resuspended in PBS. Flow cytometry was performed
with the BD LSR II Special Order System. JC-1 was excited with a 488-nm
laser, and fluorescence was detected with 505LP and 525/50BP filters (396
V) and 570LP and 585/42BP filters (350 V). Hoechst 33342 was excited
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FIG 1 Schematic representation of assay work flow. Erythrocytes infected
with trophozoite-stage parasites are treated with the test compounds for 4 h.
Following this, the cells are stained with Fluo-4-AM and Hoechst 33342 and
analyzed with the ImageStream platform. Hits are validated by confocal mi-
croscopy. The confocal images shown are of representative trophozoites with
intact or breached DV. Fluo-4 fluorescence localizes to the intact DV, whereas
fluorescence is distributed to the parasite cytosol when the DV is permeabil-
ized. Arrowheads indicate the DV. DIC, differential interference contrast.
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with a 355-nm laser, and fluorescence was detected with 450LP and 450/
50BP filters (380 V). At least 150,000 erythrocytes with 10 to 15% para-
sitemia were acquired from each sample and analyzed with Dako Summit
(version 4.3). JC-1 gating was performed with untreated parasites. Simi-
larly, the sub-G1 population was gated by using the first decile of the
Hoechst-stained parasites in the vehicle control, and this gate was un-
changed under all of the treatment conditions.

Statistical analyses. All statistical analyses were performed with SPSS
21. Confocal data were analyzed with Fisher’s exact test, comparing DV
fluorescence versus cytosolic plus low or no fluorescence. ImageStream
data were compared with the vehicle control data by the paired t test. All of
the P values reported are two tailed.

Ethics statement. The blood collection protocol used for in vitro ma-
laria parasite culture was approved by the National University of Singa-
pore Institutional Review Board (NUS IRB; reference code 11-383, ap-
proval number NUS-1475). Written informed consent was obtained from
all of the participants involved in this study. The clinical isolates used in
this study were collected in accordance with the ethical guidelines in the
approved protocols (OXTREC reference number 29-09; Center for Clin-
ical Vaccinology and Tropical Medicine, University of Oxford, Oxford,
United Kingdom). The use of field isolates for work done at the NUS was
in accordance with the NUS IRB (reference code 12-369E).

RESULTS
Validation of high-content screening. In order to validate the use
of the Ca2� probe Fluo-4 as a proxy for DV permeabilization,
synchronous parasites of three laboratory strains were treated
with the known lysosome-disrupting compound CQ, DSP, CPZ,
PMZ, or 4HT and then stained with Fluo-4-AM and Hoechst.
Parasites exhibiting DV-localized, cytosol-localized, or no Fluo-4
fluorescence were enumerated by confocal microscopy (Fig. 1
contains representative confocal images). In 3D7, all five com-

pounds resulted in the redistribution of Fluo-4 fluorescence to the
parasite cytosol. 7G8 and K1, however, were more resistant to
redistribution by CQ at 3 �M. DSP, CPZ, PMZ, and 4HT resulted
in similar DV permeabilization in all three laboratory strains, as
indicated by the Fluo-4 redistribution observed (Fig. 2A to C).
Using the same treatment and staining regimen, we assayed for the
mean area of Fluo-4 fluorescence in 3D7 with the ImageStream
100. CQ, DSP, CPZ, and 4HT induced significantly larger mean
areas than the vehicle control (Fig. 2D). However, PMZ-induced
relocalization of fluorescence was not detected by the Image-
Stream platform.

Phenotypic screening of antimalarials for DV permeabiliza-
tion. Of the 25 compounds chosen for our present study, 17 were
part of the Sigma-Aldrich LOPAC1280 (Library of Pharmacolog-
ically Active Compounds) and the National Institute of Neurolog-
ical Diseases and Stroke drug library and were previously revealed
to possess antimalarial activity (10). Of the remaining eight,
mefloquine, halofantrine, artemisinin, and sulfadoxine are con-
ventional malaria chemotherapies and were screened to provide
insight into their modes of action. Chlorpheniramine, proprano-
lol, ciprofloxacin, and miltefosine are nonclassical antimalarials
and have been shown to be ineffective in triggering significant
PCD features in P. falciparum (5) and were therefore included as
negative controls. Confirmation of the antimalarial activity of our
library was done by performing 48-h IC50 assays (Table 1). Al-
though several of our test compounds are known to be fluorescent
(11, 12), the library exhibited negligible autofluorescence in our
assay (data not shown). In the first round of screening, parasites
were treated with the test compounds at 10 �M and assayed with
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FIG 2 Trophozoites were treated for 4 h with known lysosome destabilizers, stained with the Ca2� probe Fluo-4-AM, and subsequently enumerated by confocal
microscopy or analyzed with the ImageStream. Panels A, B, and C show the proportions of 3D7, 7G8, and K1 parasites with DV-localized fluorescence (black),
cytosolic fluorescence (gray), and low or no fluorescence (white) after drug treatment. At least 30 infected erythrocytes were counted for each condition. Panel
D shows the mean area of Fluo-4 fluorescence after treatment of 3D7. The mean areas for all conditions except PMZ were significantly different from the vehicle
control (P � 0.05, n � �3). Data represent means 	 the standard errors of the means. Veh, vehicle control. Concentrations: CPZ, 100 �M; DSP, 200 �M; PMZ,
200 �M; 4HT, 150 �M. When not stated otherwise, the CQ concentration was 3 �M. ***, P � 0.001; **, P � 0.01; *, P � 0.05.
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the ImageStream, a flow cytometer with imaging capabilities. Six-
teen hits were identified at this stage on the basis of the increase in
the mean fluorescence area of Fluo-4 staining (Fig. 3A) and then
rescreened at 1 �M, resulting in the selection of three hits, eme-
tine, quinacrine (QC), and 3=,4=-dichlorobenzamil (DCB) (Fig.
3B). Given the small effect size of emetine, we decided to exclude
it from further investigations.

Postscreening validation by confocal imaging. Laboratory
strains 3D7, 7G8, and K1 were then treated with the hits QC and
DCB and enumerated by confocal microscopy (Fig. 4). Both hits
were able to trigger the redistribution of fluorescence in 3D7 at 10
and 1 �M. DCB, however, was unable to induce significant DV
permeabilization at �1 �M in CQ-resistant strains 7G8 and K1,
possibly indicating cross-resistance to DCB. On the other hand,
QC retained its potency in these resistant strains. This trend was
recapitulated in the IC50 measurements: 7G8 and K1 were far
more resistant to DCB than 3D7 was, while QC remained rela-
tively effective in the CQ-resistant strains (Table 2).

Induction of PCD features by QC and DCB. Given that DV
permeabilization is associated with PCD features (4, 5), we be-
lieved it would be interesting to investigate whether our two hits

TABLE 1 Mean IC50s of test compounds for 3D7

Drug name
(abbreviation)

IC50

(nM) Drug name (abbreviation)
IC50

(nM) Drug name (abbreviation)
IC50

(nM)

Vincristine (VC) 5 Quinacrine (QC) 56 5-(N-Methyl-N-isobutyl)amiloride (A5585) 4,990
Halofantrine (HF) 5 Quinine (QUI) 62 5-(N,N-Dimethyl)amiloride hydrochloride (A4562) 6,592
Vinblastine (VB) 9 Hexahydro-sila-difenidol hydrochloride (HEXA) 81 4-Hydroxytamoxifen (4HT) 16,016
Mefloquine (MEF) 11 3=,4=-Dichlorobenzamil (DCB) 90 Propranolol (PRO) 19,006
Quinidine (QUD) 25 BW 284c51 (BIS) 360 Chlorpromazine (CPZ) 20,886
Benzamil (BEN) 27 Amperoxide (AMP) 866 Promethazine (PMZ) 22,533
Emetine (EME) 28 S(�)-UH-301 (UH301) 2,659 Desipramine (DSP) 25,630
Artemisinin (ART) 30 5-(N-Ethyl-N-isopropyl)amiloride (A3085) 3,751 Chlorpheniramine (CPN) 33,706
Chloroquine (CQ) 46 SKF 95282 (SKF) 4,088 Miltefosine (MTF) 69,976
Cinchonine (CIN) 48 Ciprofloxacin (CIP) 4,402 Sulfadoxine (SUL) 
105

FIG 3 ImageStream screening of a candidate library. 3D7 trophozoites were
treated for 4 h and stained with Fluo-4-AM. The mean area of Fluo-4 fluores-
cence was then assayed with the ImageStream platform. For panel A, candidate
compounds were administered at 10 �M and the resulting mean areas were
compared with that of the vehicle (Veh) control. For panel B, hits from the 10
�M screening were selected for rescreening at 1 �M. Three hits were identified
at this stage: emetine dihydrochloride (EME), DCB, and QC hydrochloride.
Compound name abbreviations are provided in Table 1. Gray bars indicate
mean areas significantly different from that of the vehicle control (P � 0.05;
n � �3). CQ at 3 �M was included in both screenings as a positive control.
Data represent means 	 the standard errors of the means.
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FIG 4 ImageStream hits were validated by confocal microscopy. Drug-treated
laboratory strains 3D7, 7G8, and K1 were assessed for DV-localized fluores-
cence (black), cytosolic fluorescence (gray), or low or no fluorescence (white).
In CQ-sensitive strain 3D7, QC and DCB exhibited DV permeabilization effi-
cacy similar to that of CQ. In CQ-resistant strains 7G8 and K1, DCB had
reduced potency. At least 30 infected erythrocytes were counted per treatment.
***, P � 0.001; **, P � 0.01; *, P � 0.05. Veh, vehicle.
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can also induce these features. In mammalian cells, apoptotic fea-
tures include depolarization of the mitochondrial membrane and
fragmentation of nuclear DNA, which may be assessed by JC-1
and Hoechst staining, respectively (13, 14). DNA degradation re-

sults in a population of cells with DNA content lower even than
that of cells at the G1 cell cycle stage, termed the sub-G1 population
(14). To this end, the laboratory strains were treated with QC and
DCB. A treatment duration of 10 h was used to allow any PCD
features to be manifested, after which the cells were assayed for
JC-1 and Hoechst staining by flow cytometry. In CQ-sensitive
3D7, CQ, QC, and DCB were similarly effective at inducing mito-
chondrial membrane potential (��m) and DNA loss (Fig. 5A).
Interestingly, in CQ-resistant strains K1 and 7G8, DCB displayed
a greater ability to induce DNA degradation than QC despite hav-
ing a higher IC50 and being less able to trigger DV disruption in the
confocal assays. On the other hand, QC stimulated greater ��m

loss than DCB (Fig. 5B and C). An alternative presentation of
these data shows that the CQ-resistant parasites were also resistant
to CQ induction of PCD features, although 7G8 remained rela-
tively susceptible to ��m loss (Fig. 6A). QC, although unable to
stimulate DNA degradation in the CQ-resistant parasites, could
trigger depolarization of the mitochondria equivalently in all

TABLE 2 Mean IC50s of hits for laboratory strains and field isolates

Strain or isolate

Resistance status Mean IC50 (nM)

CQ Artemisinin CQ QC DCB

Laboratory strains
3D7 Sensitive Sensitive 47 56 90
7G8 Resistant Sensitive 292 151 529
K1 Resistant Sensitive 569 100 679

Field isolates
SMRU 0270 Resistant Sensitive 253 64 426
SMRU 1116 Resistant Sensitive 391 68 536
SMRU 0233 Resistant Resistant 139 75 551
SMRU 0272 Resistant Resistant 158 82 530

FIG 5 The ability to induce cell death features in P. falciparum was assessed by treating lab strains with various concentrations of the two hits for 10 h. The
parasites were then stained with Hoechst 33342 and JC-1 and analyzed by flow cytometry. In CQ-sensitive 3D7, QC and DCB both induced DNA degradation
and ��m loss to similar degrees. However, in CQ-resistant strains 7G8 and K1, QC triggered ��m loss at a lower concentration than DCB, while DCB was a better
stimulator of DNA degradation than QC. Data represent means 	 the standard errors of the means of at least three experiments.
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three strains (Fig. 6B). DCB showed different abilities to trigger
PCD features in CQ-sensitive 3D7 versus the CQ-resistant strains
while acting similarly on the two resistant strains (Fig. 6C).

Testing of QC and DCB on field isolates. The end goal of this
screening method is to identify lead compounds that are effective
in the real world. Therefore, QC and DCB were tested on two
artemisinin-sensitive and delayed-clearance clinical field isolates
from Thailand. Drug susceptibility assays showed that the efficacy
of QC and DCB was similar to that against the laboratory strains
(Table 2), regardless of artemisinin clearance status. In the confo-
cal counts, QC consistently outperformed CQ in stimulating the
redistribution of fluorescence across all of the strains (Fig. 7, com-
paring CQ and QC at 500 nM, P � 0.001 for all). The efficacies of
DCB against the field isolates and the CQ-resistant laboratory
strains were similar (Fig. 2B and C and 7).

Strictly standardized mean difference. To obtain a statistical
assessment of our assay, we retrospectively calculated the strictly
standardized mean difference (SSMD) score by comparing the
normalized mean fluorescence areas of the vehicle control and the
CQ control in the 10 and 1 �M screenings. The SSMD score allows
the quantification of effect size by using paired data (15), unlike
the commonly used z factor. Our sample size was 16 pairs of ve-
hicle and 3 �M CQ controls. Using these data, the calculated
SSMD score was 2.62, which is considered to be superior resolu-
tion (15).

DISCUSSION

Given the association of DV permeabilization with PCD features
(4, 5) and the centrality of the DV to the erythrocytic stage of P.
falciparum, it was a natural progression to the search for novel

FIG 6 CQ-resistant strains 7G8 and K1 are generally more resistant to induction of the two cell death features, regardless of the drug tested. QC depolarizes the
mitochondria of all three strains to similar extents but does not induce notable DNA fragmentation in CQ-resistant strains. On the other hand, DCB is a weak
stimulator of ��m loss but can induce DNA degradation in CQ-resistant strains. Data represent means 	 the standard errors of the means of at least three
experiments.
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compounds that compromise the DV. Despite the popularity of
molecular-target-based high-throughput screening methods,
these assays tend to result in few leads; this is presumably due to
the ease with which mutations conferring resistance are obtained
and physical barriers to the drug targets, among other factors (16).
A phenotypic screening method, on the other hand, may produce
fewer false-positive results but not clearly delineate the mode of
action. At a time when resistance to front-line chemotherapies
appears to be emerging, we may not be able to afford the luxury of
searching for compounds with well-defined targets. Fortuitously,
a confluence of technology and elucidation of parasite biology has
allowed us to take advantage of the ImageStream’s imaging capa-
bilities to screen for compounds that destabilize the parasite DV;
this approach has also recently been used to screen for antimicro-
bial peptides with activity against P. falciparum (17).

7G8 and K1 are CQ resistant, and their resistance is attributed

to mutations in the P. falciparum crt (chloroquine resistance
transporter) gene (18, 19). These mutations facilitate the efflux of
CQ from the DV, resulting in lower intravacuolar concentrations
of CQ (20–23). This would explain the lowered ability of CQ to
induce Ca2� redistribution in 7G8 and K1 (Fig. 2A to C). CQ
resistance might also presumably provide general protection
against lysosomotrophic compounds. Our results show that CQ
resistance status does not influence the redistribution of DV con-
tents triggered by the non-CQ-related drugs DSP, CPZ, PMZ, and
4HT at the concentrations tested. However, Fluo-4 redistribution
was not observed in 7G8 and K1 with DCB treatment up to 1 �M
(Fig. 4), hinting that the action of DCB is modulated by CQ resis-
tance despite different origins of resistance in 7G8 and K1. Inter-
estingly, of the clinical isolates, SMRU 1116 appeared to be resis-
tant to DV destabilization regardless of the compound tested (Fig.
7). We are unable to explain this phenotype. Some possibilities
might include variant pfmdr and pfmrp, both of which have been
suggested to play roles in drug resistance (24–27).

Of the two hits from our assay, DCB appears to be far less
potent in terms of DV permeabilization and inhibition of parasite
reinvasion. DCB is a Na�/Ca2� exchanger inhibitor (28), and this
highlights a limitation of our assay. Given that our screening
method relies on the Ca2� probe Fluo-4-AM, any compound that
interferes with the Ca2� uptake of the DV may result in a hit, as the
net flux could be tilted toward an increase in cytosolic Ca2�.
Strictly speaking, therefore, our assay identifies not DV-permea-
bilizing compounds but rather compounds that affect the distri-
bution of Ca2�. This could confound our objective of identifying
compounds that disrupt the DV. Nevertheless, Ca2� dysfunction
would still be detrimental to parasite development, as blocking of
Ca2� oscillations has been shown to be lethal to the parasite (29,
30). Despite this, we believe that DCB does indeed destabilize the
DV membrane, as postscreening validation showed that DCB in-
duces phenotypes reminiscent of PCD (Fig. 5 and 6), consistent
with our previous work on DV disruption (5). A note of interest is
that CQ resistance appears to be cross-protective against DCB.
The physiological function of the P. falciparum CRT (PfCRT) pro-
tein has yet to be elucidated, but it is suspected to be involved in
Ca2� flux (31). Verapamil, a Ca2� channel blocker, is believed to
bind to mutant forms of PfCRT that confer resistance to CQ, thus
blocking CQ efflux from the DV (32). Given that DCB is also an
inhibitor of Ca2� transport, it may bind preferentially to CQ-
sensitive PfCRT instead.

The second hit, QC, is a more promising candidate, with its
ability to induce Ca2� redistribution at submicromolar levels (Fig.
7) and low IC50s (Table 2) in field isolates. QC was the antimalarial
drug of choice prior to CQ and is structurally similar to CQ, save
for an additional benzene ring (33). Both CQ and QC are known
to bind to heme and inhibit its degradation and detoxification
(34). Interestingly, although QC is an analog of CQ, resistance to
CQ did not offer the field isolates much protection against QC. It
has been postulated that benzene moieties may impart chemor-
eversal properties, that is, a resensitization of resistant parasites to
CQ, by blocking the export of CQ by mutant PfCRT (6, 35). The
additional aromatic ring may serve to partially reverse resistance
and prevent the efflux of QC. Interestingly, Sanchez and col-
leagues previously reported a remarkable effect of QC on CQ up-
take: at a low concentration of QC, accumulation of radiolabeled
CQ is boosted in a CQ-resistant P. falciparum strain but this effect
is rapidly lost as the QC concentration increases (21). This sup-
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FIG 7 The DV-destabilizing effects of QC and DCB are recapitulated in field
isolates. Two artemisinin-sensitive and two delayed-clearance isolates were
treated with QC and DCB for 4 h and then stained with Fluo-4-AM. Confocal
microscopy was performed to assess the percentages of parasites with DV-
localized fluorescence (black), cytosolic fluorescence (gray), and low or no
fluorescence (white). QC retains a potent DV-permeabilizing effect in both the
delayed-clearance isolates and one of the artemisinin-sensitive isolates. At least
30 infected erythrocytes were counted per treatment. ***, P � 0.001; **, P �
0.01; *, P � 0.05. Veh, vehicle.
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ports our model of QC as both a chemoreversal agent and a lyso-
somotrophic detergent. At low concentrations of QC, efflux of CQ
by mutant PfCRT is inhibited. However, at higher concentrations,
the DV is permeabilized, resulting in CQ leakage out of the DV.
The efficacy of QC in disrupting the DV of field isolates may also
serve as a proof of concept for the development of CQ analogs to
target the DV. It has been previously reported that certain regi-
mens of QC therapy can raise blood QC levels beyond 100 nM for
days (36). Although our confocal assessments showed a lack of DV
instability at 100 nM, our 4-h assay could have been too short to
allow any observable phenotypic changes. DV compromise could
still possibly be a mechanism of QC killing with a longer duration
of exposure.

Despite screening only a small library of compounds, our assay
has uncovered a novel mode of killing by a previously known
antimalarial drug, QC, and possibly a new class of DV-destabiliz-
ing agents in DCB. Although the current setup allows the screen-
ing of only a small library because of the single-tube reading for-
mat of the ImageStream 100, newer models such as the
ImageStreamX Mark II are able to assay in a 96-well plate format
and at better resolutions, potentially increasing the throughput of
this assay. Further work beyond this screening assay could include
testing for drug-induced hemolysis. There are conflicting reports
of the ability of one of our hits, QC, to induce hemolysis in glu-
cose-6-phosphate dehydrogenase-deficient patients (37), high-
lighting the need to characterize potential drugs before further
development. Confounding this further, metabolic acidosis is a
hallmark of severe malaria (38) and may modify the drug re-
sponse. Drug-induced hemolysis in patients with malaria may
worsen any parasite-induced anemia and potentially be fatal.
Therefore, as a preliminary test, an ex vivo assay for hemolysis that
allows pH adjustment may be performed (39). Our assay could
perhaps also be used to search for transmission-blocking com-
pounds by screening another DV-dependent stage, the gameto-
cyte. However, further characterization of the gametocyte would
first have to be performed to assess its amenability to this screen-
ing platform.
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