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Complete Development of Hepatic Stages of
Plasmodium falciparum in Vitro
Abstract. An in vitro model was developed to study the hepatic phase of
Plasmodium falciparum, the only malaria parasite lethal to man. Primary cultures of
human hepatocytes were inoculated with sporozoites ofBrazilian and African strains
of P. falciparum. On days 1 through 7 after inoculation examination offluorescencelabeled and Giemsa-stained preparations demonstrated the presence of many intracellular parasites. In three separate sets of experiments all cultures were found to
be infected with as many as 650 liver schizonts measuring up to 40 micrometers.
After the addition of red blood cells, intraerythrocytic forms of P. falciparum were
detected on days 12 and 13 by an immunofluorescence assay, indicating that the
hepatic cycle had been completed in vitro.

Among the developmental stages of
plasmodia occurring in man, we know
the least about the intrahepatic multiplication that follows inoculation of sporozoites by mosquitoes. This is not surprising, considering the inherent difficulty of
studying these stages in humans and the
scarcity of suitable hosts susceptible to
the human parasites.
The alternative approach of reproducing the liver cycle in vitro is therefore an
attractive one. Cultures can be easily
manipulated and are essential in immunologic studies and studies of antiparasite drugs designed to act against the
liver stage. This approach was recently
successful in studies of Plasmodium vivax in which sporozoites introduced into
cultures of functional human hepatocvtes invaded the liver cells and devel440

oped to maturity, releasing merozoites
infective for red blood cells (1, 2). We
report here a similar approach designed
to produce the complete exoerythrocytic
cycle of Plasmodium falciparum. in vitro.
Host cells were prepared by microperfusion with collagenase of a human liver
fragment removed by biopsy (2). The
perfused fragment was minced and the
freed cells were suspended in medium
and seeded in monoculture at a concentration of 5 x 105 cells per 35-mm petri
dish. The cells were maintained for 24 to
48 hours before inoculation of sporozoites in supplemented minimal essential
medium (MEM) (3).
The parasites used were an African
isolate and a Brazilian clone of P. falciparum. Infective gametocytes were pro-

duced in vitro by static culture techniques slightly modified from those previously described (4). Eighteen-day cultures containing mature stage 5
gametocytes were fed to female Anopheles stephensi or Anopheles freeborni
mosquitoes with a water-jacketed membrane feeder maintained at 37°C.
Sixteen days later, when sporozoites
were present in the mosquito salivary
glands, hepatocyte cultures were prepared for infection by removing spent
medium and adding 0.5 ml offresh medium. Five to ten pairs of aseptically dissected salivary glands were then introduced into each culture. Three hours
later 1 ml of medium was added, after
which the medium was changed daily. At
various intervals after the infected salivary glands were introduced, the cultures were examined by the indirect fluorescent antibody test (IFAT) and by visible light microscopy before and after
staining with Giemsa. The IFAT was
performed on cultures that had been
washed in phosphate-buffered saline
(PBS) (pH 7.4) with gentle agitation for
30 minutes. Cultures were then fixed in
methanol at 4°C, rinsed in PBS, and
incubated with a diluted (1:50) hyperimmune serum from an African adult (titer
was 1:50,000 against the erythrocytic
stages). After three washes in PBS a
fluorescein-conjugated antiserum to human immunoglobulins G, M, and A
(Nordic) was used at a 1:40 dilution in
0.5 percent Evans blue.
In two sets of replicate experiments in
which two groups of infected mosquitoes
and hepatocytes from three different patients were used, liver schizonts of P.
falciparum were observed in all cultures.
Each culture contained dozens to hundreds of schizonts, with a maximum of
approximately 650 schizonts per 35-mm
petri dish (Fig. lh). The schizonts were
more numerous in proximity to the salivary glands and less numerous along the
edge of the culture dish.
In cultures fixed at 20 hours, extracellular sporozoites were found attached to
the surface of hepatocytes; a smaller
number of rounded fluorescing bodies
measuring 2 to 4 ,um were observed
inside the cells close to the nucleus (Fig.
1, a and b). These are interpreted as
being early exoerythrocytic parasites,
since corresponding forms were never
observed in noninfected control cultures. At 64 hours after sporozoite inoculation, schizonts measuring 5 to 10 ,um
were often observed in juxtaposition to
the hepatocyte nucleus, as shown in fluorescent and Giemsa-stained preparations (Figs. Ic and 2a). By day 5 schizSCIENCE, VOL. 227

onts measured 10 to 20 Pm (Fig. 2cj. In
cultures -fixed on days 6 and 7 after
inoculation, schizonts as large as 40 ,.m
were found (Fig. 1, d to h, and Fig. 2d).
Round forms were more in evidence than
ovoid forms at this time, in contrast to
schizonts observed in monkey liver sections on day 5 (S). The cytoplasm was
poorly stained in preparations treated
with Giemsa after IFAT (Fig. 2, a and b).
However, in the cultures stained solely
by Giemsa the late schizonts showed
evidence of initiation of the aposchizogony described by Bray (6) and contained several hundred merozoites (Fig.
2d). In Giemsa-stained preparations at
days 5 and 7 there was no clear area
surrounding the schizont, as was found
for these stages ofP. vivax in culture (2).
Parasites varied in both size and staining pattern with IFAT. For the most
part, cultured 5- and 6-day schizonts
showed patterns of fluoresence resembling those seen previously in sections of
infected liver, with the schizont periphery staining more brightly than the interior (Fig. ld). However, the variety of
fluorescence patterns was greater in vi-

tro than in vivo. Some schizonts in vitro tect light blood infections fone parasite
appeared as brightly fluorescimg masses in 3 x 1(9 red blood cells is detectable
(Fig. Id). Others contained several with this technique), several blood cells
smaller fluorescing masses dispersed in infected with typical ring forms were
the cytoplasm of the schizont (Fig. le) seen in one of the three cultures studied
or on its periphery but without tracing on days 11 and 12.
a sharp outline of the parasite surface
It appears that hepatocytes may offer
membrane (Fig. 10; still others con- some advantage over hepatoma cells as
tained a well-defined nonfluorescing vac- hosts for the exoeythcytic phase ofuole (Fig. 1g). When unstained speci- this human parasite, since, despite abunmens were viewed under white light after dant penetrtion, the paasite does not
fluorescence, ,the vacuoles had a granu- develop in hepatoma cells (8). Although
lar appearance that was refringent, and the human hepatocytes in this study supthey did not stain with Giemsa. The ported parasite differentiation and multivacuoles may have corresponded to de- plication, the schizonts produced difgenerating parasites or they may simply fered in certain aspects from those obhave been artifacts of the fluorescence tained in vivo. In general, they were
assay (vacuoles were not observed in smaller than those obtained on day 5
cultures fed and staned directly with from man (30 to 50 pm) (9, 10), Cebu
monkeys (24 lum) (11), and ch es
Glemsa).
a second senes of experiments nor- (32 zm) (6) ad those obtained on day 7
alride blood cells (type 0+) were add- from Sainiri (100 pm) (12). Nonetheless,
ed to the infected liver cultures on day 7 despite their- snaller size, some schizat a concentration of
per peti dish. onts in culture were nearly mature by
Cutures were-kept therafter underathe day 7. In a recent experiment with Sai.
standard conditions used for erythroyt- nun sciureus many schizonts were found
ic stage culture (7). When' IFAT was on day 3, compared to a much smaller
used on thick-smear preparations to de- number on day 7 (13). These results
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epatocytes
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liverstages ofP.f w andstadby 1FAT. (a d b) Cultures fixed 20 hours after s
culation. (a) Sporozoites tatthc sufae of a hepatoc and a-rounded, newly trnsfred trophozoite. (b) Enlrment of
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