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We used the combination of an atomic force micro-
cope and a light microscope equipped with epifluo-
escence to serially image Plasmodium falciparum-
nfected erythrocytes. This procedure allowed us to
etermine unambiguously the presence and develop-
ental stage of the malaria parasite as well as the
umber and size of knobs in singly, doubly, and
riply infected erythrocytes. Knobs are not present
uring the ring stage of a malaria infection but a

esion resulting from invasion by a merozoite is
learly visible on the erythrocyte surface. This le-
ion is visible into the late trophozoite stage of
nfection. Knobs begin to form during the early
rophozoite stage of infection and have a single-unit
tructure. Our data suggest the possibility that a
wo-unit structure of knobs, which was reported by
ikawa et al. (1996, Exp. Parasitol. 84, 339–343)
sing atomic force microscopy, appears to be a
ouble-tipped image. The number of knobs per unit
f host cell surface area is directly proportional to
arasite number in both early and late trophozoite
tages. These results indicate that knob formation
y one parasite does not influence knob formation
y other parasites in a multiply infected erythro-
yte. In addition, knob volume is not influenced by
ither parasite stage or number at the late trophozo-
te stage, indicating that the number of component

olecules per knob is constant throughout the para-
ite maturation process.
Key Words: atomic force microscopy; tapping mode;

rythrocyte; knob; malaria; Plasmodium falcipa-
um.

INTRODUCTION

One of the hallmarks of a Plasmodium falciparum
nfection is the development of protrusions on the
urface of infected erythrocytes. These protrusions
r knobs mediate the adherence of infected erythro-
ytes to the endothelial cells lining cerebral blood
34047-8477/00
essels, resulting in potentially fatal cerebral compli-
ations (MacPherson et al., 1985). The major aspects
f the adhesion process have been elucidated. Knob
omponents are synthesized by the parasite and
ransported to the erythrocyte membrane via Maur-
r’s clefts, inducing knob formation (Aikawa et al.,
986; Howard et al., 1987). Following transport to
he erythrocyte membrane, a knob-associated histi-
ine-rich protein (KAHRP) and P. falciparum eryth-
ocyte membrane protein 2 (PfEMP2), a structural
nob protein, interact with several erythrocyte mem-
rane molecules as well as P. falciparum erythrocyte
embrane protein 1 (PfEMP1), a knob surface pro-

ein, to produce functional knobs. Finally, functional
nobs interact with endothelial cell surface mol-
cules (e.g., CD36, ICAM-1, and thrombospondin)
hrough receptor–ligand binding (reviewed by
eitsch and Wellems (1996)).
Langreth et al. (1978) reported that by transmis-

ion electron microscopy (TEM) trophozoite-stage
nobs appeared to be smaller in diameter and more
ense than schizont-stage knobs. In contrast, Gruen-
erg et al. (1983) reported in scanning electron
icroscopy (SEM) studies that trophozoite-stage

nobs appeared to be larger in diameter and less
ense than schizont-stage knobs. However, the TEM
tudy was based, by necessity, on a very limited
umber of ultrathin sections, which makes it prone
o sampling errors. The SEM study was hampered by
n inability to identify the number or stage of the
nfecting parasites. Recently, atomic force micros-
opy (AFM) studies of knobs on P. falciparum-
nfected erythrocytes demonstrated an apparent two-
ubunit knob structure with a uniform orientation of
he subunits (Aikawa et al., 1996; Aikawa, 1997;
akano and Aikawa, 1998).
A major problem with both SEM and AFM studies

as been the inability to identify either the develop-
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35AFM ANALYSIS OF MALARIA-INFECTED ERYTHROCYTES
ental stage of the parasites or the number of parasites
resent in the erythrocyte. To overcome these problems,
e used the fluorescent dye YOYO-1 iodide (YOYO),
hich stains both DNA and RNA, to identify P. falcipa-

um-infected erythrocytes by light microscopy (LM)
nd, subsequently, used a coaxially mounted AFM to
mage the same erythrocytes. In this report we present
he results of a study in which we were able to deter-
ine unambiguously the developmental stage of the

arasite as well as the number and size of knobs in
ingly, doubly, and triply infected erythrocytes.

MATERIALS AND METHODS

P. falciparum culture. The P. falciparum ITO/A4 clone was
sed for this study (Roberts et al., 1992). Parasites were grown as
escribed by Trager and Jensen (1976) with the exception that a
andle jar was not used; cultures were gassed with a mixture of
% CO2, 5% O2, 90% N2. Complete culture medium consisted of
PMI 1640 with L-glutamine without NaHCO3 (Life Technologies,
altimore, MD) supplemented with 25 mM Hepes (Calbiochem,
an Diego, CA), 26.8 mM NaHCO3 (Biofluids, Inc., Rockville,
D), 50 µg/ml hypoxanthine (Sigma, St. Louis, MO), 20 µg/ml

entamicin, and 5 mg/ml AlbuMAX I (Life Technologies) (Gerold et
l., 1996). Cultures were initiated with a mixture of freshly
hawed, cryo-preserved parasites and fresh erythrocytes at a 2%
ematocrit concentration in T75 culture flasks (Corning, Cam-
ridge, MA) and incubated at 37°C.
Type O1 erythrocytes were used in place of type AB1 erythro-

ytes as described by Trager and Jensen (1976). The erythrocytes
ere washed twice with a minimum of 10 vol of culture medium
ithout sodium bicarbonate, gentamicin, and AlbuMAX I and
nce with complete culture medium at room temperature (RT).

FIG. 1. Representative example of multiple P. falciparum-infe
a, e) Ring stage. (b, f) Early trophozoite stage. (c, g) Late trophozo
eukocytes were removed at each washing step by aspiration. The 2
ashed erythrocytes were suspended in complete culture medium
t a 50% concentration, stored at 4°C, and used within 2 weeks.
AFM sample preparation. Erythrocytes infected with various

tages of an unsynchronized P. falciparum culture (10% parasit-
mia) were diluted to 8.5 3 106 cells/ml with complete culture
edium, and 200-µl portions were plated onto 22-mm-diameter

overglasses (Becton Dickinson Labware, Lincoln Park, NJ),
hich previously had been exposed to amylamine (Sigma) vapor

or 2 min in a PLASMOD (Tegal Corp., Novato, CA) plasma
enerator. Erythrocytes were allowed to settle and attach to the
urface of the amine-coated coverglass for 30 min at 37°C, after
hich the culture medium was carefully removed. The erythro-

ytes were fixed with osmium vapor for 2 min, washed with 0.1 M
odium cacodylate buffer (pH 7.4) (Electron Microscopy Sciences,
ort Washington, PA), fixed with 4% paraformaldehyde (Electron
icroscopy Sciences) in 0.1 M sodium cacodylate buffer for 1 h at
T, washed, and stored in 0.1 M sodium cacodylate buffer at 4°C
ntil processed for AFM imaging.
Parasites in infected erythrocytes were stained with 2.5 µM YOYO

Molecular Probes, Inc., Eugene, OR) in 0.1 M sodium cacodylate for 1
at RT in a moist chamber, washed with deionized water, serially

ehydrated for 5 min each with 30, 50, 70, 80, and 90% ethanol/water
nd finally absolute ethanol, and subsequently critical-point dried in a
olaron Model CPD7501 (VG Microtech, East Sussex, UK) critical-
oint dryer. In parallel LM experiments, infected erythrocytes were
meared on 1 3 3 in. microscope slides, dried, fixed with methanol,
nd stained with either Giemsa or YOYO.
AFM imaging and data collection. We used a Bioscope AFM

Digital Instruments, Santa Barbara, CA) attached to a Zeiss
xiovert 100 (Carl Zeiss, Thornwood, NY) inverted LM and a
ano-Scope III controller (Digital Instruments) as described
reviously (Nagao and Dvorak, 1998). Silicon nitride probes
Model TESP, Digital Instruments) on 125-µm-long by 30- to
0-µm-wide single-beam cantilevers with a spring constant of

ythrocytes stained with Giemsa (top row) or YOYO (bottom row).
e. (d, h) Schizont stage. Bar represents 1 µm.
cted er
0–100 N/m and tuned to a frequency of 250–300 kHz were used to
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36 NAGAO, KANEKO, AND DVORAK
can the cells. Topographic and amplitude (error signal) images
ere collected simultaneously at a scan rate of 0.5 Hz as 512 3
12 data arrays in the trace direction using tapping mode. All
mages were collected at a tapping force (Asp/A0) of 0.8 (Magonov et
l., 1997; Nagao and Dvorak, 1999). None of the images presented
n this report were subjected to any form of image processing
xcept Figs. 4a and 4b, which were plane-fitted and flattened and

FIG. 2. AFM amplitude-mode images of single P. falciparum
hows the same cell imaged with BF and epifluorescence microsco
ate trophozoite stage. (d) Schizont stage. Arrows indicate a scann

he LM inset images.
re represented as three-dimensional images. i
LM imaging and data collection. Bright-field (BF) and YOYO-
nduced fluorescence images were collected from infected erythro-
ytes with a Zeiss Plan APOCHROMAT 203/0.75 objective, a 43
rojector and a chilled CCD video camera (Model C5985, Hama-
atsu Photonic Systems, Bridgewater, NJ) prior to AFM scan-
ing. BF images consisted of a single video frame; fluorescence

mages obtained with the Zeiss 487917 filter set were produced by

ed erythrocytes at various developmental stages. The LM inset
r to AFM scanning. (a) Ring stage. (b) Early trophozoite stage. (c)
ifact. Bars in (d) represent 1 µm for the AFM images and 5 µm for
-infect
py prio
ing art
ntegrating the video signal for 450 video frames. All images were
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37AFM ANALYSIS OF MALARIA-INFECTED ERYTHROCYTES
mprinted with a digital time and date stamp (Model VTG-33,
OR.A Co., Ltd., Japan), passed into a DT3155 video frame
rabber (Data Translation, Marlboro, MA) in a 400 MHZ Pentium
I PC operating under Windows NT 4.0 workstation, service pack
, and captured with Image-Pro Plus version 4 (Media Cybernet-
cs, Silver Spring, MD).

FIG. 3. AFM amplitude-mode images of double and tripl
evelopmental stages. The LM inset shows the same cell imaged by
rophozoite stage doubly infected erythrocyte. (b) Late trophozoit
rythrocyte. (d) Late trophozoite stage triply infected erythrocyte.
mages.
Differential interference contrast and YOYO-stained fluores- t
ence images of erythrocytes and color images of Giemsa-stained
rythrocytes were collected using a chilled CCD digital camera
Model C4742-95, Hamamatsu Photonic Systems) attached to a
eiss Axiophot as described above except that a Plan APOCHRO-
AT 1003/1.4 objective and an IC-PCI frame grabber (Imaging

echnology, Bedford, MA) were used to capture the images. Three

lciparum-infected erythrocytes at early and late trophozoite
and epifluorescence microscopy prior to AFM scanning. (a) Early

doubly infected erythrocyte. (c) Early trophozoite triply infected
(d) represent 1 µm for the AFM images and 5 µm for the LM inset
e P. fa
the BF

e stage
Bars in
ransmitted-light, monochrome images of Giemsa-stained speci-
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38 NAGAO, KANEKO, AND DVORAK
ens were made using red, green, and blue color filters. The
onochrome image files were merged in Image-Pro Plus to

roduce true color images.

RESULTS

dentification of Infected Erythrocytes

We tried many dyes (Giemsa, Hoechst 33258,

FIG. 4. Three-dimensional representation (a, b) of AFM he
rythrocyte and AFM amplitude images of early trophozoite stage
robe (c) and a single-tipped probe (d). Arrows in (c) indicate the di
API, acridine orange, propidium iodide, and YOYO) s
o stain infected erythrocytes and found that only
he fluorescent dye YOYO survived the subsequent
ehydration and critical-point drying steps required
or combined fluorescence and AFM studies. Figure 1
hows a comparison of conventional Giemsa (Figs.
a, 1b, 1c, and 1d) to YOYO (Figs. 1e, 1f, 1g, and 1h)
taining of multiply infected erythrocytes at various

ode images of a late trophozoite stage P. falciparum-infected
parum-infected erythrocytes imaged with a known double-tipped
of the second image orientation. The bar in (d) represents 0.2 µm.
ight m
P. falci
rection
tages of development. We could identify infected
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39AFM ANALYSIS OF MALARIA-INFECTED ERYTHROCYTES
FIG. 5. AFM amplitude-mode images of P. falciparum-infected erythrocytes. The LM inset shows the same cell imaged by BF and
pifluorescence microscopy prior to AFM scanning. (a) Posterior end of merozoite (arrow) in the process of invading an erythrocyte. (b) Two
esions (arrows) resulting from infection of an erythrocyte by two parasites that have progressed to the ring stage of development. (c) Two
esions (arrows) resulting from infection of erythrocyte by two parasites that have progressed to the early trophozoite stage of development.
d) Triple infected erythrocyte at a late trophozoite stage. Two lesions (arrows) resulting from infection of the erythrocyte by merozoites are
learly visible; a third lesion was not unambiguously identifiable. Bars in (d) represent 1 µm in the AFM images and 5 µm for the LM inset

mages.
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40 NAGAO, KANEKO, AND DVORAK
ells by developmental stage, parasite number, and
osition of the malaria parasite within an erythro-
yte as readily by YOYO staining as by conventional
iemsa staining. We divided the trophozoite stage of
evelopment into an early trophozoite stage where
he parasites are relatively small (Figs. 1b and 1f)
nd a late trophozoite stage where the parasites are
arkedly larger (Figs. 1c and 1g). Merozoite nuclei

nd unstained residual bodies were observed clearly
t the schizont stage of development (Figs. 1d and 1h).

FM Images of Infected Erythrocytes

Infected erythrocytes at various stages of develop-
ent (Fig. 2) were identified by fluorescence LM and

canned by AFM. Topographic AFM images showed
hat knobs were not present on the surface of ring
tage-infected erythrocytes (Fig. 2a). Knobs, in the
orm of small protrusions on the surface of erythro-
ytes, began to appear on the surface of early tropho-
oite stage-infected erythrocytes (Fig. 2b) and be-
ame more numerous on the surface of late
rophozoite stage-infected erythrocytes (Fig. 2c).
oreover, by the schizont stage of development (Fig.

d), the number of knobs is markedly greater than
ound on all previous developmental stages. The
ircumferential edges of erythrocytes show a scan-
ing artifact (Fig. 2d, arrows). This unavoidable
rtifact, a consequence of erythrocyte thickness, is
ue to imaging with the side walls of the pyramid-
haped probe rather than the probe tip.
Figures 3a and 3b show LM fluorescence and

opographic AFM images of doubly infected erythro-
ytes at early and late trophozoite stages. Knob
ensity on the surface of doubly infected erythro-
ytes at both early and late trophozoite stages is
ualitatively higher than on equivalent stages of
ingly infected erythrocytes (Figs. 2b and 2c). Fig-
res 3c and 3d show triply infected erythrocytes
ontaining early and late trophozoite stage para-
ites. Again, knob density on the surface of triply
nfected erythrocytes at both early and late trophozo-
te stages is markedly higher than on doubly infected
rythrocytes at the same stages. The late trophozoite
tage-infected erythrocyte surface (Fig. 3d) was im-
ged at increasing magnifications and is represented
s three-dimensional images (Figs. 4a and 4b). Knobs
ppeared as uniformly distributed, single-unit struc-
ures with no apparent preferred orientation.

As we were unable to duplicate the previously
eported two-subunit knob structure reported in
arlier AFM studies (Aikawa et al., 1996; Aikawa,
997; Nakano and Aikawa, 1998), we investigated
he possible cause of this discrepancy. To test whether
multiple-tipped AFM probe could be responsible for

he previously reported two subunit structure of

arasite-induced knobs, we scanned the surface of t
n infected erythrocyte with a known double-tipped
robe and the identical region with a single-tipped
robe. A two-subunit knob structure was observed
hen we used a double-tipped probe (Fig. 4c), and

he structures were all oriented in the same direc-
ion (arrows), a hallmark of a double-tipped probe-
roduced image. When the same area of the cell was
canned with a single-tipped probe (Fig. 4d), the
nobs presented a single-unit structure with no
pparent orientation direction.
The invasion of erythrocytes by merozoites and the

esions resulting from invasion of erythrocytes by
erozoites can be observed by AFM when the para-

ite invades the concave surface of the erythrocyte.
igure 5a shows a merozoite in the process of

nvading an erythrocyte. The posterior end of the
erozoite (arrow) is clearly visible. Two lesions (Fig.

b, arrows) are present on the surface of an erythro-
yte infected with two ring-stage parasites. Remark-
bly, lesions resulting from merozoite invasion are
till visible at early and late trophozoite developmen-
al stages (Figs. 5c and 5d, arrows).

uantitative Analyses of Knob Number and Size

Knob height and volume were quantified with
espect to both parasite developmental stage and the
umber of parasites per erythrocyte. Knobs ranged

n height from 18.2 to 25.3 nm and have elliptical
ross-sectional geometry with an eccentricity ratio
arying between 0.85 and 0.91. The number of knobs
er square micrometer increased approximately two-
old between early and late trophozoite stages and
etween late trophozoite and schizont stages (Fig.
a). Both ellipticity and height were essentially
onstant during maturation of the parasite within
he erythrocyte. Knob volume was calculated assum-
ng it to be an elliptical cylinder. In contrast to knob
ensity, knob volume did not vary as a function of
arasite developmental stage (Table I).
Both knob number and volume were also quanti-

ed in relation to the number of intracellular para-
ites at both early and late trophozoite stages. There
s a linear, parasite stage-independent relationship
etween the number of knobs per square micrometer
nd the number of parasites per erythrocyte (Fig.
b). However, as shown in Fig. 7, knob volume is
nversely proportional to the number of parasites per
rythrocyte at the early trophozoite stage, but inde-
endent of parasite number at the late trophozoite
tage.

DISCUSSION

Gruenberg et al. (1983) purified partially synchro-
ized P. falciparum-infected erythrocyte cultures by
ensity gradient-centrifugation procedures, imaged

he cells by SEM, and quantified knob size and
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41AFM ANALYSIS OF MALARIA-INFECTED ERYTHROCYTES
umber. They concluded that ‘‘. . .It is impossible to
recisely determine the stage of parasite develop-
ent for an individual cell since no information

egarding the parasite itself can be obtained using
he present procedures. It is also impossible to
scertain what (if any) the effects of multiple infec-
ion were on knob production in a single erythro-
yte. . . .’’ One advantage of the Bioscope AFM is the
bility to use it in combination with LM modalities to
nambiguously identify the number and stage of the

FIG. 6. Graphical representation of knob density (a) on sin
rophozoite, and schizont stages of development and (b) on P. falci
ate trophozoite stages of development. Data in both graphs are ex
or early trophozoite stage parasites (knobs/µm2 5 22.5 3 parasi
tage data (knobs/µm2 5 25.7 3 parasites/erythrocyte 2 1.2) in (b
alaria parasites. We applied this technique to i
vercome the problems and limitations inherent in
oth TEM and SEM studies of P. falciparum-infected
rythrocytes.
Our data clearly demonstrate that knobs begin to

ppear on the surface of infected erythrocytes at the
arly trophozoite stage of development and increase
n number continuously throughout the maturation
rocess. We also demonstrate that the number of
nobs present on the erythrocyte surface is directly
roportional to the number of parasites that have

falciparum-infected erythrocytes at the early trophozoite, late
singly, doubly, and triply infected erythrocytes during early and
d as means 6 SEM for five infected erythrocytes. The regression
throcyte 2 11.4) is similar to the regression for late trophozoite
gly P.
parum
presse

tes/ery
).
nfected the erythrocyte. This phenomenon is inde-



p
t
k
t
e
f
f
e
f
t
n
G

a
s
k
s
t
t
k
p
t
m
1
i

t

E
L
S
E
L
E
L

t

42 NAGAO, KANEKO, AND DVORAK
endent of parasite stage and is the first demonstra-
ion of a direct relationship between the number of
nobs present on the surface of an erythrocyte and
he number of P. falciparum parasites infecting the
rythrocyte. These results indicate that the knob
ormation by one parasite does not influence knob
ormation by other parasites in a multiply infected
rythrocyte. In addition, knobs are distributed uni-
ormly over the surface of the erythrocyte irrespec-
ive of the developmental stage of the parasite or the
umber of parasites in an erythrocyte. In contrast to
ruenberg et al. (1983), who reported that knobs

FIG. 7. Graphical representation of knob volume on P. fal
rophozoite stage of development. Knob volume (nm3 3 103) 5 1.03

TA
Values for the Ratio of Major to Minor Axes, Height, and

Infected Erythrocytes at V

Developmental
stage

No. of
parasites/

cell
ec

arly trophozoite 1
ate trophozoite 1
chizont 1
arly trophozoite 2
ate trophozoite 2
arly trophozoite 3
ate trophozoite 3

Note. Height values are expressed as means 6 SEM for approx
ested for significance between groups by Student’s t test. No signi
ppeared to be present at a higher density on the
urface of erythrocyte protuberances, we found that
nob distribution was independent of erythrocyte
urface topography. These data fortify the concept
hat although knob component proteins may be
ransported randomly to the erythrocyte membrane,
nobs are formed along the erythrocyte membrane
roteins (e.g., actin, band 4.1) that are in the junc-
ional network complex underlying the erythrocyte
embrane (Kilejian et al., 1991; Lustigman et al.,

990). This premise gains credence from the fact that
ndividual knobs maintain a constant appearance

singly, doubly, and triply infected erythrocytes at the early
3 parasites/erythrocyte 2 6.65 3 105.

I
e of Knobs on P. falciparum Singly, Doubly, and Triply

s Stages of Development

city Height
(nm)

Volume
(nm3 3 103)

23.41 6 0.97 553
22.70 6 0.85 534
25.30 6 0.96 533
21.70 6 0.92 479
19.90 6 1.05 379
18.20 6 0.85 347
21.50 6 1.30 518

ly 20 samples. The eccentricity ratio of major vs minor axes was
ifferences were found (P . 0.05).
ciparum
3 105
BLE
Volum
ariou

Knob
centri

ratio

1.096
1.109
1.110
1.110
1.173
1.136
1.181

imate
ficant d
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43AFM ANALYSIS OF MALARIA-INFECTED ERYTHROCYTES
uring the process of parasite maturation and do not
oalesce, indicating that the number of component
olecules per knob is constant throughout the para-

ite maturation process.
We used the unique ability of the AFM to provide

opographic information to determine the height and
ajor and minor axes of each knob. Aikawa (1988)

eported in TEM studies that knobs are electron-
ense conical protrusions with a height of 30–40 nm
nd a width of 90–100 nm in contrast to our esti-
ates of a height of approximately 22 nm and a
idth of approximately 83 nm. This discrepancy may
e a consequence of fixation or sampling error, which
an result in quantitative analysis of thin sections.
n this study, knob volume was not significantly
nfluenced by either parasite stage or the number of
ate trophozoite stage parasites per erythrocyte.
owever, at the early trophozoite stage, knob vol-
me was inversely related to parasite number. De-
reases in both knob height and area contribute to
his volume change. These observations may reflect
arked metabolic changes occurring within the para-

ite during its intracellular development.
Our combined LM–AFM procedure also allowed us

o determine the position of individual parasites
ithin an erythrocyte and enables the new finding

hat lesions resulting from invasion by merozoites
re clearly visible on the erythrocyte surface long
fter the invasion event has occurred. Although the
resence of a parasitophorus duct in P. falciparum-
nfected erythrocytes was proposed by Pouvelle et al.
1991), the duct was suspected by others to be an in
itro artifact (Fujioka and Aikawa, 1993), and its
xistence is still controversial (Pouvelle and Gysin,
997). The lesions we observed could be just scars on
he erythrocyte surface resulting from merozoite
nvasion. However, it is also possible that the struc-
ures may represent an AFM demonstration of the
erminus of a parasitophorus duct on the surface of
he erythrocyte. Work is in process to resolve this
ssue by AFM-based analyses.

It is well known that AFM images produced using
ilicon nitride probes can often have a bipartite or
ouble-image appearance (Hansma et al., 1992).
his phenomenon is due to the nature of the process
sed to produce the AFM probe. The silicon nitride
robe is a crystal grown on the cantilever substrate.
large number of the crystals grown as AFM probes

ave more than one apex. When these probes are
sed for AFM imaging, a phenomenon known as
ouble-tip imaging occurs. Hallmarks of double-tip
maging include image duplication with the second-
ry image of a structure being larger or smaller than
he primary image depending upon the geometrical
elationship between the two probe tips as well as

he invariant relationship between the primary and
he secondary images. We reproduced an oriented
wo-subunit structure of knobs using a known double-
ipped probe and single-knob structure images of the
ame erythrocyte surface using a single-tipped probe.
hese data indicate that the previously reported
ligned, two-subunit structure is the consequence of
maging with a double-tipped probe.

Our AFM study on P. falciparum-infected erythro-
ytes is a new and unique approach to malaria
esearch, in general, and has the potential to develop
s a useful tool for studies of other medically impor-
ant host–parasite interactions.

The authors thank Carol C. Cunnick, Laboratory of Parasitic
iseases, NIAID, for her expert technical assistance.
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