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Abstract
The complex life cycle of Plasmodium falciparum (Pf) makes it difficult to limit infections and
reduce the risk of severe malaria. Improved understanding of Pf blood-stage growth and
development would provide new opportunities to evaluate and interfere with successful
completion of the parasite’s life cycle. Cultured blood stage Pf was incubated with Hoechst 33342
(HO) and thiazole orange (TO) to stain DNA and total nucleic acids, respectively. Correlated HO
and TO fluorescence emissions were then measured by flow cytometry. Complex bivariate data
patterns were analyzed by manual cluster gating to quantify parasite life cycle stages. The
permutations of viable staining with both reagents were tested for optimal detection of parasitized
RBC (pRBC). Pf cultures were exposed to HO and TO simultaneously to achieve optimal staining
of pRBC and consistent quantification of early and late stages of the replicative cycle (rings
through schizonts). Staining of Pf nucleic acids allows for analysis of parasite development in the
absence of fixatives, lysis, or radioactivity to enable examination of erythrocytes from parasite
invasion through schizont rupture using sensitive and rapid assay procedures. Investigation of the
mechanisms by which anti-malarial drugs and antibodies act against different Pf lifecycle stages
will be aided by this cytometric strategy.
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The development of in vitro culturing methods by Trager and Jensen (1) has allowed for
increased understanding of Plasmodium falciparum (Pf) blood stage infection and parasite
biology. Advanced studies enabled by Pf culturing included successful completion of Pf
genetic crosses (2,3), mapping (4), sequencing of the genome (5), and gene manipulation
(6). Since the discovery of wide-spread Pf drug resistance (7,8) it has become important to
develop methods to evaluate parasite drug susceptibility through in vitro studies (9) and
field-based drug trials (10). Based on the level of in vitro resistance of parasites isolated
from different malaria-endemic regions of the world, strains of genetically diverse Pf were
identified (11,12). Studies have identified genes responsible for resistance to chloroquine
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(11), sulfa drugs (13), pyrimethamine (14,15), as well as genes conferring resistance to
multiple drugs (16).

Many different approaches have been used to evaluate Pf in vitro cultures in drug
susceptibility assays (17). Two common methods are light microscopy (LM), which enables
quantification of the fraction of parasitized RBC (pRBC) and evaluation of the impact of
antimalarial drugs on the replicative and developmental cycles of the blood stage parasite, or
monitoring the biological viability of parasites by tracking the incorporation of 3H-
hypoxanthine (9). There are drawbacks to both of these approaches. LM is labor-intensive,
subjective, and suffers from inter-operator variation. Metabolic uptake studies require the
use of radioactivity, are subject to large error at low parasitemia, and because hypoxanthine
is utilized by both RNA and DNA, this method requires LM to correlate measurements of
radioactivity to the parasitemia and developmental stages present in a sample.
Additionally, 3H-hypoxanthine uptake by the parasite and recently introduced enzyme
assays of lactate dehydrogenase (18,19) only measure metabolic activity over the second
half of the parasite life cycle whereas measurements of the histidine rich protein II have
been developed to study an entire blood stage replication cycle (20).

A number of strategies using fluorescent dyes have been investigated to replace LM with
flow cytometry. Studies utilizing these DNA dyes take advantage of the fact that uninfected
erythrocytes lack DNA while erythrocytes invaded by parasites contain DNA and will
therefore fluoresce. Although several staining methods have been developed to determine
the overall amount of DNA present in a culture, many require complete lysis of the
erythrocytes, such as Picogreen® (21) or Hoechst 33258 (22,23). Others use detergent and/or
fixatives to allow entry or desired binding kinetics of dyes in the cells such as with acridine
orange (24–26), YOYO-1 (27), or propidium iodide (28). DNA staining methods to identify
parasitized cells have been described using ethidium bromide (29) or Draq 5 (30), which do
not require lysis or fixatives using a flow cytometer; however, these methods have difficulty
in delineating infected cells from uninfected cells.

Acridine orange was the first nucleic acid stain used to discriminate cell cycle stages of
replicating cells (31) by revealing the relative levels of both DNA and RNA within a cell.
Based upon the fluorescence of this stain, the different levels of nucleic acids expressed
could be identified and the G1, S, and G2 cell-cycle stages could be distinguished (32,33).
Although this stain has been used to identify certain stages of the Plasmodium life cycle
(24,25,34) technical considerations limit the use of acridine orange for precise quantitative
measurements of parasitemia or parasite life cycle stages (35). Acridine orange is a
technically difficult stain to use, requiring precise timing and fixatives or acids to allow
incorporation of the dye into the cells. These factors plus the quenching of the dye upon
binding to nucleic acids (34) reduce the reproducibility and reliability of this method (36).
Additionally, acridine orange is a photodynamically toxic stain that damages cell
membranes, reduces cell surface antibody binding, and is therefore self-limiting for
investigation of complex markers in parasitized erythrocytes (36). To increase sensitivity of
cell cycle stage detection by cytometry, a similar method was developed by Shapiro (36)
using the vital stain Hoechst 33342 (HO) to identify DNA levels and Pyronin Y to detect the
levels of RNA within cells. By combining these two stains Crissman et al. were able to
identify G1, S, and G2 cell cycle stages of Chinese hamster ovary cells (37), but not for
Plasmodium species.

Because HO has been used successfully to detect RBC parasitized by both mouse (35,38)
and human (39) Plasmodium species, it has remained the focus of interest to malaria
researchers. Jouin et al. (40) modified Shapiro’s method by using HO plus the RNA stain,
thiazole orange (TO) (41). Thiazole orange preferentially stains the AU nucleotide doublets
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of RNA (42). Thiazole orange is a non-lethal vital stain that does not require fixatives or
RNAse treatment for successful staining. This dye also has a significant signal when bound
to RNA, increasing by >3,000 fold over unbound dye (42). When Pf life cycle stages were
isolated on density gradients, Jouin et al. (40) showed a large difference in the staining
patterns of the parasite stages using HO and TO. However, these studies used a large
number of parasites, a lethal dose of HO which was 20-fold greater than previously
described (35), and they did not identify life cycle stages from an asynchronous culture. The
studies presented here tested and optimized the use of both HO and TO in viable cell
cultures to demonstrate that this combination of nucleic acid dyes improves the study of
Plasmodium growth and replication. Optimized staining enables clear differentiation of
infected from uninfected cells and identification of developmental stages in parasitized
erythrocytes by identifying DNA and RNA levels without damaging the cells or parasites. A
research assay of this nature will improve in vitro evaluation of the stage-specific effects of
anti-malarial drug activity (43) at clinically relevant parasitemias, inhibition of parasite
erythrocyte invasion using antibodies (44,45), and further analysis of parasite protein
expression during blood stage development.

Materials and Methods
Parasites and In Vitro Culturing

The Pf strain HB3 (MR4-155, contributed by T.E. Wellems, NIAID) was obtained from the
Malaria Research and Reference Reagent Resource (ATCC, Manassas, Virginia). Before
use, heparinized leukocyte-depleted O+ blood from adult volunteers was washed three times
with RPMI-1640 and stored at 50% hematocrit at 4°C. Pf strains were cultivated at 5%
hematocrit in complete malaria culture medium (CMCM) (RPMI-1640 supplemented with
25 mg/ml HEPES, 2 mg/ml sodium bicarbonate, 0.5% albumax II (Gibco, Grand Island,
NY), 2.2 mM L-Glutamine, 0.08 mg/ml of gentamicin, and 0.2 mM hypoxanthine). All
cultures were maintained at 37°C in an atmosphere of 5% CO2, 1% O2, and 94% N2, with
daily medium changes (46).

Synchronization of P. falciparum Cultures
Late stage parasites were removed from a culture with 1% parasitemia by treatment with 5%
D-sorbitol (Sigma, St. Louis, MO) for 10 min at 37°C, which preferentially leaves intact
uninfected cells as well as ring and early trophozoite pRBC. After treatment, the cells, now
at 0.18% parasitemia, were washed twice with 5 ml CMCM, resuspended to 5% hematocrit,
and cultured for 56 h. Cultures were sampled every 8 h and stained as described below to
assess development of the parasites from rings to early trophozoite, late trophozoite, early
schizont, and late schizont and segmenter stages after using flow cytometry.

Enrichment of Late Trophozoite and Schizont Stages from In Vitro P. falciparum Cultures
Isolation of late trophozoite and schizont stages was performed using MS-MACS magnetic
columns (Miltenyi Biotec, Auburn, CA) using recommended protocols (47). For this
procedure, a parasite culture containing 108 total cells (1% parasitemia) was suspended in 2
ml of 1 × phosphate buffered saline pH = 7.4 (PBS), and loaded onto the MS column. Later
stage parasites containing high levels of hemozoin, the paramagnetic by-product of
erythrocyte digestion (48), were captured while the MS column was held in the magnetic
field of the MiniMACS™ separation unit (Miltenyi Biotec, Auburn, CA). Uninfected cells or
early stage parasites were washed off the column with 1 ml PBS. Late stage parasites were
collected by removing the column from the magnetic field and eluting the parasitized cells
with 2 ml of PBS.

Grimberg et al. Page 3

Cytometry A. Author manuscript; available in PMC 2013 April 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Microscopy
Standard blood smear microscopy was performed as described previously (46) to determine
parasitemia. In brief, thin smears were prepared by spreading 7 μl of blood from cultures
with a glass slide, fixed in 100% methanol, stained in 4% Giemsa (Sigma-Aldrich, St. Louis,
MO), and examined by oil immersion LM (1000×). Parasitemia was determined by counting
the number of pRBC per 2,000 total erythrocytes. All stated parasitemias were the average
of three replicates.

Fluorescence microscopy was performed on sorted cells stained with HO as described below
using an Olympus BH-2 microscope (Center Valley, PA) equipped with a UV capable 100×
oil immersion lens. Images were captured using Magna-Fire 2.0 (Optronics, Goleta, CA)
with an Olympus Peltier cooled camera (Center Valley, PA).

Flow Cytometry
Optimal staining conditions of pRBC were determined after rigorously evaluating the
concentrations (0.012 μM–4 μM Hoechst 33342 (Molecular Probes, Eugene, OR)), order of
exposure (TO followed by HO, HO followed by TO, or both stains together), and duration
(15–120 min) of exposure to each nucleic acid stain. In all initial optimization experiments a
sample of parasite cultures, at a parasitemia of 1%, containing uninfected and pRBC (107

total cells), were resuspended in 400 μl of either CMCM with HO, or commercially
available Retic-Count™ solution (Becton-Dickinson, Franklin Lakes, NJ) with or without
HO as needed. The concentration of thiazole orange (100 ng/mL) was based on the
extinction coefficient previously determined by Lee et al. (42). Samples initially stained
with HO in CMCM were pelleted and the supernatant discarded before exposure to the
second stain. These cells were resuspended in 400 μl of TO solution, which contained the
starting concentration of HO, for 30 min. All staining was carried out in a 37°C incubator.
Stained cells were examined using a 355 nm UV 20 mW Xcyte diode laser (Lightwave
Electronics, Milpitas, CA) and a 488 nm 20 mW Sapphire blue laser (Coherent Inc. Santa
Clara, CA) on a Becton-Dickinson LSRII flow cytometer (Franklin Lakes, NJ) to collect
data from a minimum of 5 × 104 cells (45). The HO dye (excitation max 355, emission max
465) was excited by a UV laser and detected by a 440/40 filter. Thiazole orange (excitation
510, emission max 530) was excited by a blue laser and detected by a 525/20 filter. Based
on these optimization studies, all further experiments investigating the identification of
specific life cycle stages of the parasite were performed by staining 107 cells simultaneously
with 4 μM of HO in 400 μl TO stain for 75 min. It is important to note that the uninfected
blood used for parasite culturing was leukocyte depleted and did not contain cells positive
for either dye (data not shown).

For cell sorting, HO and TO stained Pf-infected cells were selected based upon their DNA
copy number and sorted onto slides using a Beckman Coulter Epics Elite (Fullerton, CA).
The resulting sorted cells were observed by fluorescence microscopy as described above.
Becton-Dickinson FACS Diva 5.01(Franklin Lakes, NJ) and WinList 5.0 3D (Verity
Software House, Topsham, ME) programs were used to collect, analyze, and represent all
cytometry data.

Results
The rationale for the experiments performed in this study was based on the premise (shown
in Fig. 1) that ring stage parasites (early G1 phase)contain DNA primarily and should stain
with HO. Early trophozoites (late G1 phase) will begin to accumulate RNA as inferred by an
increase in TO staining. As parasite DNA replication proceeds (S phase) late trophozoites
and schizonts (≥4 nuclei) (40,49) increasing both DNA and RNA content, should be
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characterized by both increased HO and TO specific fluorescence. When the parasite
reaches its spore-like, pre-lytic segmenter stage, DNA synthesis has ceased (G2 phase) and
the parasitized erythrocyte has reached maximum levels of HO staining. By determining the
optimum dose and timing of HO and TO staining, application of both stains to a Pf culture
should allow for identification of Pf life cycle stages, from rings though the pre-lytic
segmenter stages.

Comparing LM and Flow Cytometric Assessment of In Vitro P. falciparum Replication
As a first step to verify that this method of determining Pf parasitemia in cultures by flow
cytometry was comparable to LM, dilutions of an asynchronous in vitro culture were
evaluated in triplicate using both methods. Based on previously used concentrations of HO
(38,50) flow cytometry demonstrated a clear separation between infected (black) and
uninfected (light gray) cells (Fig. 2A). In addition, we observed a strong correlation between
the two methods in determining total percent parasitemia (slope = 1.060; r2 = 0.997) (Fig.
2B). Interestingly, HO staining distinguished the complexity of the pRBC by recognizing
quantitative differences in nuclear content. This was shown in Figure 2A by large clusters of
cells with relative mean HO fluorescence at 433, 855, 1,268, and additional pRBC with
readings up to 10,000. These results suggested that flow cytometry was capturing
information related to the number of parasite nuclei per infected erythrocyte as DNA content
increased through parasite nuclear division. Because parasite replication requires expression
of genes to grow and divide, it was predicted that additional information related to parasite
development could be gained by monitoring accumulation of RNA through simultaneous
staining of pRBC with TO.

Optimizing DNA and RNA Staining of P. falciparum-Infected Erythrocytes
A series of experiments was performed to optimize a strategy for staining both DNA and
RNA of pRBC. When the concentration of HO used to stain Pf cultures (parasitemia =
0.76%) was too low (0.12 μM Fig. 3A) a large number of pRBC were not detected and
determination of nuclear content (N) within the cell would not have been reliable. To
determine the optimum dose of HO (4 μM Fig. 3B) in co-staining of Pf cultures, cells were
stained with increasing concentrations of HO (0.012 μM to 4 μM) for 120 min before
exposing the cells to the Retic-Count™ TO solution for 30 min (single dose 100 ng/mL) and
measuring the fraction of detected pRBC. At concentrations of 0.04 μM the HO dye bound
only 7.74% of the available DNA positive cells (Fig. 3C). The amount of DNA bound to
pRBC increased logarithmically as the HO concentration was increased from 0.04 to 0.4 μM
and reached maximal staining at 1.2 μM. At 4 μM, the HO appeared to interfere with the
TO signal suggesting that at this concentration, DNA binding by TO was prevented.
Therefore this combination (4 μM HO and 100 ng/mL TO) was selected to provide optimal
staining of DNA and RNA content of pRBC. Separate experiments were performed to
determine that the optimum duration of exposure of pRBC to these nucleic acid stains as
single agents was 45–90 min at 4 μM of HO and 30–90 min of exposure to the TO solution
(data not shown).

The order in which the stains were added to cultures was as important as using the proper
dose of the stains. While TO predominately stains RNA it does have some ability to stain
DNA (42). Evidence illustrating competitive interactions between TO and HO is shown in
Fig. 3D. Here a significantly higher number of TO-positive cells was observed when pRBC
were exposed to the Retic-Count™ TO solution first (1705 ± 38.7) compared to when 4 μM
HO was applied first (1424 ± 55.4, P = 0.002) or when both stains were applied together
(1480 ± 35.5, P = 0.003). The addition of both stains at the same time, or HO before TO,
had similar results, because HO is known not to detect RNA (36,51–53), and ensured
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consistent detection of both RNA and DNA positive cells. Additionally, exposure of pRBC
to both stains at once increased the speed and reproducibility of these experiments.

Evaluating P. falciparum In Vitro Blood Stage Development
With this optimized strategy for staining pRBC, we reasoned that it should be possible to
perform global evaluation of gene expression activity and DNA copy number and evaluate
progression of a parasite population through the blood-stage developmental cycle. To
monitor the number of nuclei per infected cell and assess differences in overall levels of
gene expression during blood stage replication, an initial evaluation was made of an
asynchronous culture (Fig. 4A–4I). Simultaneous HO and TO exposure identified cells that
stained positive for both DNA and RNA content, respectively. The bivariate analysis shown
in Figure 4 can be divided into pRBC with low levels of RNA (fluorescence <180) which
were DNA positive (with 1, 2, or 3 nuclei) and cells in which RNA-based fluorescence was
greater than 180 (Fig. 4A and 4B). Cells with increasing RNA correlated directly with
increased DNA content (≥4 nuclei), consistent with S phase. These results suggest that
parasites at the newly invaded ring, trophozoite, and schizont stages were distinctly different
from each other by these two parameters. Overall, this was consistent with the expected
results theorized in Figure 1, and could be tested further using techniques to enrich early
(sorbitol) or late (paramagnetic capture) developmental stages of erythrocyte infection.

By treating a heterogeneous culture of Pf with sorbitol (Fig 4D and 4E), there was a 3.5-fold
reduction in the percentage of erythrocytes infected with late stage parasites, as well as
almost complete elimination of RNA expressing cells to <0.2% of the sample. The black
arrows in Figure 4 identify a population of pRBC that have high DNA copy number but
slightly reduced RNA content, which are potentially segmenter stages that vary in number of
merozoites they contain. Capture of hemozoin-laden trophozoites and schizonts on a
magnetic column and elimination of many nonparamagnetic cells from the sample, reduced
the number of early developmental stages by half, and enriched the percentage of later
stages by a factor of four (Fig. 4G and 4H). The tightly packed magnetic column
additionally enriched the sample for larger cells, namely reticulocytes. Uninfected
reticulocytes were only TO positive (42), and are observed in the lower right quadrant of
Figure 4G.

Further analysis of the preparations described above was performed by FACS and
fluorescent microscopy. Parasitized erythrocytes from the first peak were observed to
contain a single nucleus (Fig. 4C) while parasitized cells from the second peak contained
two nuclei (Fig. 4F). In parasitized cells with a six-fold increase in HO fluorescence over the
first peak, the fluorescent micrograph (Fig. 4I) showed a Pf-infected cell containing six
nuclei.

If identification of parasite life cycle stages from Figure 4 was correct, it was reasoned that it
would be possible to follow the parasite developmental program from early ring to late
schizont stages. Ring stages would contain DNA but are metabolically quiescent, and so
should contain little RNA. Early trophozoites would maintain their DNA content while
accumulating RNA through gene expression. Late trophozoites and schizonts would contain
increasing amounts of DNA and RNA as the parasite replicates its nucleus and prepares to
continue its’ life cycle by lysing the host cell.

The observation of parasite progression through the life cycle was initiated by synchronizing
a culture of Pf so predominantly early stage parasites were present in the culture. The culture
was then allowed to grow for 56 h under normal culture conditions and samples were
collected every 8 h over the course of one whole life cycle (Fig. 5). Tracking the nucleotide
staining levels of the parasite life cycle stages over time led to the observation that the total
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parasitemia remained relatively steady (0.18–0.38%) until hour 40. After 40 h the
parasitemia of the double stained cells dropped to 0.07% and the total parasitemia increased,
at the expected time point (48), more than fivefold when the parasites lysed the erythrocytes,
released their merozoites, and infected naïve erythrocytes. Consistent with this observation,
as the parasites grew the percentage of erythrocytes that contained both DNA and RNA
increased from only 12% of the infected population at 0 h, to 55% of the infected population
by 32 h. By the 40 h time-point RNA-positive cells were increasing in DNA copy number as
nuclear replication continued within schizonts. At 48 h the total number of RNA-positive/
DNA-positive cells had decreased as erythrocyte lysis and merozoite reinvasion occurred.
Finally, at 56 h we observed a return of RNA-positive cells with low DNA copy number (N
= 1 or 2).

Discussion
Our studies have evaluated current strategies for flow cytometric analysis of in vitro Pf
blood-stage development to improve the study of Pf cell and molecular biology. Generally,
erythrocytes are enucleated and do not contain DNA. Erythrocytes infected with a single
ring-stage Pf contain a single parasite nucleus but initially express relatively low levels of
RNA. As the rings develop into trophozoites the DNA content of the infected cell remains
stable while the level of RNA increases as the cell expresses genes needed for development
and cell division (54). As schizogeny commences, DNA content increases via nuclear
replication >10-fold (55) as RNA synthesis continues to increase. Development of a rapid
flow cytometric test of parasite growth and development has enabled us to observe this
dynamic processes during the Pf blood stage infection cycle. Based upon the haploid
genome copy number of infected cells (which could be determined by HO fluorescence
(56)) and the RNA levels (based on the range of TO fluorescence (42)) within the DNA
positive cells, the life cycle stages of the parasite could be identified as proposed (Fig. 1).

Current nonmicroscopic techniques used to monitor parasite growth eliminate all potential
evaluation of developmental stages during drug assays. Commonly used tritiated
hypoxanthine uptake (9) assays not only rely upon high parasitemias but also the presence of
late stage parasites to catabolize this reporter. Although hypoxanthine uptake can give
general trends of the parasite’s response to anti-malarial drugs, it lacks the capacity to
evaluate how all the parasite stages respond to drugs. It has been proposed that ring stage
malaria parasites are inherently resistant to chloroquine (57), which may have contributed to
the parasite’s inevitable resistance to this drug. Since the technique described here can
assess parasite growth kinetics throughout blood stage development it may be used to
provide more specific information about drug action and improve strategies for effective
antimalarial drug treatment. Additionally, since this method does not require the use of
fixatives, which halt cell function and has been observed to cause cells to autofluoresce
(increasing false positives), it may be possible to evaluate repeated and cumulative dosing of
antimalarial drugs on the same sample. Therefore, in vitro experiments will be able to mimic
more closely the effects of long-term treatment with antimalarial drugs and monitor the
potential for development of drug resistance.

Commonly used cytometry stains, such as propidium iodide and ethidium bromide, have
been used to distinguish malaria infected from uninfected RBC (29,43). The dot plots
resulting from treatment of Pf cultures with these stains have shown overlap of both
uninfected and infected cells (29,43) containing low parasite DNA copy number (1–3 N). In
contrast to the method described here, these stains can reliably identify only those cells with
very high DNA content as occurs in late stage parasites. This can lead to an inaccurate
measure of the overall number of infected cells and compromise assay reproducibility
because newly infected cells will be indistinguishable from uninfected erythrocytes. The
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ability to detect early stage parasites accurately is particularly important when assessing the
effectiveness of agents that would inhibit any biological processes necessary for the parasite
to initiate growth and development. Additionally, invasion inhibition assays, that are
beginning to provide new insight into acquisition of immunity rely upon determining the
number of invasion events (58–60) or the change in parasitemia (44) and therefore require
accurate measuring techniques. Refining technology used to measure acquired immunity is
essential for improving capabilities for evaluating vaccine efficacy.

Additional information about the parasite life cycle may be gleaned from this double
staining method. The black arrows in Figure 4A and 4D show a separate population that
regularly expresses lower RNA levels from the rest of the DNA positive cells. These cells
may represent a Go population and/or parasite stage known as segmenters (61). Segmenters
are the late stage of the life cycle that the parasite enters just before erythrocyte lysis. The
supposition that these populations were segmenters is implied as RNA expression is reduced
during this stage (61) and this population was enriched by sorbitol treatment. These cells are
resistant to sorbitol treatment (as shown in Fig. 4) which is why Pf cultures are treated twice
at a 4 h intervals (48,59) to obtain a highly synchronized population of ring stage parasites.
The HB3 strain of Pf used in these experiments has been reported to vary the number of
merozoites (and therefore N) found in the segmenter stage from 8–24 (62), and this may
explain why this shift is observed across a broad range of DNA copy number. Experiments
culturing other strains of Pf with stable numbers of merozoites and sorting experiments in
the future will provide more information about this population.

Previously mentioned alternative staining methods for studying Pf have been developed
primarily because of the cost of purchasing and maintaining the UV laser needed to read
cells stained by HO. However, the need for multicolor staining of samples and the
significantly decreased cost of a UV laser has improved the availability of this equipment to
more facilities. The method described here is not only more accurate and informative but is
cost effective for cytometry and malaria research laboratories because of reduced protocol
time (i.e. reduced washing, staining, or fixing steps, or cell counting by LM) and elimination
of the purchase and disposal of radioactivity. Currently, experiments are underway to
enhance the utility of this method by utilizing the High Throughput Sampler option for the
Becton-Dickinson LSRII flow cytometer, which will allow for the rapid 96-well assessment
(63) of growth for multiple parasite strains in the presence of drugs. Advances in cytometry
may allow for further analysis of hemozoin crystal formation (64) also found in later stage
parasites for more precise evaluation of parasite digestive physiology. Also, other common
fluorochromes can be used to simultaneously evaluate the response of red blood cell surface
markers (65) as parasites invade, develop, and modify the host erythrocyte.

In conclusion, this method provides a rapid, relatively inexpensive, and safe strategy to
investigate parasite invasion of RBC and blood stage development. Future application of this
method will pursue studies to evaluate stage specific effects of antimalarial drugs and drug
combinations. Moreover, this method provides a new set of tools to be used for successful
evaluation of various drug combinations against parasites throughout blood-stage infection.
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Figure 1.
Theoretical diagram of Hoechst 33342 and thiazole orange staining of P. falciparum infected
erythrocytes. Staining of Pf samples with HO has shown that uninfected cells (light gray
cube) can be distinguished from infected cells and that the DNA copy number (N) within the
erythrocyte could be determined (38). By adding the nucleic acid stain TO, which is
normally used to identify reticulocytes (42) (dashed oval), to determine the amount of RNA
within the cells, it should be possible to distinguish parasite life cycle stages. When parasites
initially invade erythrocytes they are in an early G1 phase in a stage known as rings (dark
gray ovals). Multiple ring stage parasites can invade an erythrocyte at the same time. After
~6 h the cells begin increasing their RNA levels and are expected to maintain their DNA
copy number, as they enter a later pre-nuclear division G1 phase known as the early
trophozoite stage (lower black ovals) (25). After 24 h the parasites enter S phase replicating
their DNA ~7–24 fold. As the parasites begin to replicate their DNA, they are now in a stage
known as late trophozoites (lower half of the black oval at 45°). When the erythrocyte
contains ≥4 nuclei they are known as schizonts (49) (upper half of the black oval at 45°) and
when they reach their maximum DNA levels they enter a G2 phase known as segmenters
before erythrocyte lysis. Based upon current understanding of the parasite life cycle it was
anticipated that these different stages could be isolated by knowing the level of DNA and
RNA expressed by the parasite.
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Figure 2.
Comparison of different methods for determining parasitemia. Figure 2A is the dot plot from
an unsynchronized culture with a 1% parasitemia stained with 4 μM HO which shows
regular intervals of DNA positive cells possibly because of the different number of nuclei
within the erythrocyte. Serial dilutions of a Pf culture were performed and the percent
parasitemia was determined using two methods. First, LM using standard thin smears and
Giemsa staining techniques were used to count the number of infected and uninfected RBC
(>2,000) for each dilution to determine parasitemia. These results were compared with the
percent parasitemia determined by staining cultures with Hoechst 33342 and counting 104

DNA positive erythrocytes by flow cytometry (Fig. 2B). All dilutions were tested in
triplicate for both methods and the 95% confidence bands (dashed lines) demonstrate the
consistency with which flow cytometry was comparable to the classic LM methods for
identifying and counting pRBC.
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Figure 3.
Dose response and order of treatment of Plasmodium falciparum cultures with Hoechst
33342 and thiazole orange. When the concentration of HO used to stain Pf cultures is too
low (Fig. 3A, 0.12 μM) many pRBC go undetected when compared with an optimized dose
(Fig. 3B, 4 μM); parasitemia at both HO concentrations was 0.76%. A Pf culture was
exposed to varying levels of HO from 0.012 μM to 4 μM (Fig. 3C) to determine the
appropriate dose of the stain to use with Pf. Each dilution of the HO staining was repeated
three times and the mean and standard error bars are shown. Because the RNA stain TO also
has some ability to bind DNA the highest dose of HO (4 μM) was utilized in subsequent
experiments. This dose allows for the exclusion of TO from binding to DNA showing a
more accurate representation of DNA and RNA content of the various cell populations.
Staining of a separate malaria culture was performed to determine how the order of stain
addition affects the ability to determine the parasitemia and life cycle stages of the parasites
(Fig. 3D). The whiskers indicate the entire range of the six replicate tests of each staining
method with the mean and interquartile range indicated by the box.
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Figure 4.
Isolation of life cycle stages. Dot plots are colored as described in Figure 1. A mixed
population of parasite stages found in a culture with a 2% parasitemia is shown in Figure
4A. The corresponding histogram (Fig. 4B) shows a wide distribution of cells with varying
amounts of DNA and RNA found in the infected cells. The middle panels (Fig. 4D and 4E)
represent a ring-enriched population that has been isolated from the mixed culture seen in
the top panels using a sorbitol treatment that lyses most late-stage parasites. Rings contain
one nucleus each and express very little RNA until they begin to transition to the later
stages. To increase the amount of later stage parasites in a culture (Fig. 4G and 4H) the
mixed population shown in Figure 4A was treated by subjecting the parasite culture to
magnetic column fractionation. The histogram (Fig. 4H) shows a major shift towards cells
with increased amounts of DNA and RNA fluorescence which was expected since schizonts
contain 6–24 times as many copies of their genome compared with rings. This double
staining method may yield additional information about the parasite life cycle. The black
arrows in Figure 4A and 4D show cells may represent a Go population and/or a type of cells
known as segmenters. This population regularly expresses lower RNA levels from the rest
of the DNA positive cells and is resistant to sorbitol treatment. The picture insets (Fig. 4C,
4F, and 4I) are fluorescent microscopy photos of cells isolated from peaks designated on the
histograms by range indicators. Cells from these peaks were isolated using a Coulter Epics
Elite cell sorter to determine the number of nuclei (white arrows) found in the cells as shown
by HO fluorescence.

Grimberg et al. Page 16

Cytometry A. Author manuscript; available in PMC 2013 April 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Parasite growth over time. Pf cultures were highly synchronized with sorbitol treatment
leaving only uninfected erythrocytes and erythrocytes infected with rings stage parasites.
This treated mixture was grown for 56 h and samples were taken every 8 h. Samples were
optimally stained with HO and TO and counted by flow cytometry until 1000 DNA positive
cells were observed. The overall percent parasitemia is shown in the lower right quadrant of
each graph. Dot plots are colored as described in Figure 1. As the cells progress through
their life cycle and express more RNA the cells progress from the upper left to the upper
right quadrant. RNA levels steadily increases after 6 h (61) followed by DNA synthesis
between 28–38 h (66). The anticipated sharp increase in parasitemia was detected between
40 and 48 h as the advanced stages lyse and merozoites infect naïve erythrocytes (48).
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