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Electron microscope cytochemistry of host-parasite
membrane interactions in malaria*
SUSAN G. LANGRETH 1

Two membrane-bound enzymes were localized by electron microscope cytochemical
techniques in Plasmodium lophurae and its host erythrocyte. Parasites were prepared
by saponin lysis, French pressure cell lysis, or anti-red blood cell serum lysis; infected
and uninfected erythrocyte ghosts were prepared by saponin or French pressure cell lysis.
Enzyme incubations were performed on unfixed cells. Adenosinetriphosphatase (EC
3.6.1.3) activity was found on the inside of the ghost membrane and on the inside of the
outer parasite membrane. NADH oxidase was found on the outside of the erythrocyte
membrane and on the outside of the parasite outer membrane. The parasite plasma mem-
brane was negative for both enzymes. The location of both enzymes on the outer parasite
membrane were reversed from what one would have expected if the outer membrane had
remained merely an invaginated erythrocyte membrane. It is concluded that the outer mem-
brane, although derived from the red cell membrane, has been altered by its association
with the malarial parasite.

A malarial parasite is separated from its host
erythrocyte by two membranes: an inner plasma
membrane and an outer membrane (see 1, 12 for
reviews). When a merozoite invades an erythrocyte,
the red cell membrane invaginates, forming a kind
of endocytic vacuole around the parasite (5). This
indicates that the outer parasite membrane is derived
from the red blood cell membrane. However, this
outer membrane remains with and grows with the
parasite throughout its intra-erythrocytic life. The
membrane also continues to surround the parasite,
Plasmodium lophurae, when it is freed from its host
erythrocyte (8, 23) and when it is cultured extra-
cellularly (9). The outer membrane is involved in
nutrient ingestion through the cytostome in both
intra- and extracellular parasites (1, 2, 8, 9).

Little is known about the nature of the outer
membrane: what red cell membrane qualities, if
any, it retains, how its growth is controlled, where
the additional membrane material necessary for
its growth is made, or how the membrane mediates
interactions between host and parasite. Localization
of membrane enzymatic activities through the
application of electron microscope cytochemical
methods may help solve these problems.

* This investigation was supported by research grant
Al 08989 from the National Institute of Allergy and Infectious
Diseases, US Public Health Service.

1 Assistant Professor, Department of Parasitology, The
Rockefeller University, New York, NY 10021, USA.

In this paper, the localization of adenosinetri-
phosphatase (EC 3.6.1.3) and NADH oxidase in
P. lophurae is described. Adenosinetriphosphatase
(ATPase) was chosen because it is a well-character-
ized erythrocyte membrane enzyme (10). Its localiza-
tion might also determine whether adenosinetri-
phosphatase is involved in the transport of exoge-
nous ATP required for the growth of extracellular
P. lophurae (17, 19-22). Preliminary results indicated
that the host erythrocyte membrane had an ATPase
on its inner surface and that the parasite outer
membrane retained this ATPase, also on its inner
surface (6).
Hydrogen peroxide, a product of NADH oxidase

activity, has been localized on the outside of the
surface membrane and in phagosomes of poly-
morphonuclear leucocytes (3). P. berghei-infected
erythrocytes have been shown to have increased
NADH oxidation, methaemoglobin concentrations,
and catalase activity, indicating higher hydrogen
peroxide production compared with uninfected red
cells (4). Cytochemical localization of NADH
oxidase activity was therefore applied to P. lophurae
and compared with the ATPase.

MATERIALS AND METHODS

Plasmodium lophurae infections were maintained
in young Pekin ducklings in such a way as to give
heavy synchronous infections (17). On the fourth
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or fifth day after inoculation, blood was drawn from
a duck with a parasitaemia of at least 100 plasmodia/
100 erythrocytes into one tenth its volume of
heparinized saline. Plasma and buffy coat were
removed and the blood washed as described pre-
viously (8). Parasites were isolated by immune
lysis with antiduck erythrocyte serum, by French
pressure cell lysis at 4.8 MPa, and by saponin
lysis (23). Ghosts from uninfected erythrocytes were
also prepared by French pressure cell lysis and
saponin lysis. All isolation procedures were carried
out in Trager's buffer (18) rather than red cell
extract. Free parasite, ghost, and whole blood
preparations were all washed four times in Trager's
buffer with 3 mmol/litre of magnesium chloride at
40C before cytochemical experiments were con-
ducted.
The method of Marchesi & Palade (10) for the

cytochemical demonstration of ATPase activity was
used on unfixed cells. Samples were washed for
10 min at 25°C in 0.04 mol/litre Tris-maleate,
pH 7.0, containing 4 mmol/litre magnesium chloride,
100 mmol/litre sodium chloride, 20 mmol/litre
potassium chloride, and 14 mmol/litre glucose.
ATPase incubations were for 30 min at 37°C. The
incubation medium contained the following:
0.04 mol/litre Tris-maleate at pH 7.0, 4 mmol/litre
magnesium chloride, 100 mmol/litre sodium chloride,
20 mmol/litre potassium chloride, 13 mmol/litre
glucose, 6 mmol/litre disodium adenosine-5'-tri-
phosphate or ATP, and 0.6 mmol/litre lead nitrate.
Controls included the omission of ATP, the omission
of potassium chloride, and the inclusion of 0.1 mmol/
litre ouabain. Incubations were performed at a
concentration of 5 x 108 parasites per 10 ml of
ATPase medium. Reactions were stopped by chilling
on ice and adding an equal volume of 40% glutaral-
dehyde in 0.1 mol/litre sodium cacodylate buffer,
pH 7.4, containing 0.06 mol/litre sucrose. Fixation
was for 30 min on ice.
The method of Briggs et al. (3) for the cyto-

chemical localization of NADH oxidase activity
was employed on unfixed materials. Samples were
rinsed in 0.08 mol/litre Tris-maleate containing
0.15 mol/litre sucrose at pH 7.5, centrifuged at
1400 g for 10 min, preincubated at 25°C in 0.08 mol/
litre Tris-maleate and 0.15 mol/litre sucrose (pH 7.5)
containing 1 mmol/litre 3-amino-1 ,2,4-triazole (AT)
and again centrifuged at 1400 g for 10 min. The final
incubation was for 25 min at 37°C in a medium
containing 0.08 mol/litre Tris-maleate (pH 7.5),
0.15 mol/litre sucrose, 10 mmol/litre AT, 1 mmol/

litre cerium chloride, and 0.71 mmol/litre ,B-nico-
tinamide adenine dinucleotide (reduced form)
(NADH). Controls included the omission ofNADH
in the final medium, the inclusion of 1 mmol/litre
potassium cyanide in the final medium, and the
inclusion of 10 mmol/litre parachloromercuri-
benzenesulfonate (PCMBS), a nonpenetrating sulf-
hydryl reagent, in both the preliminary and the
final incubation media. An additional control was
the inclusion of 0.01% catalase (EC 1.11.1.6) in
both incubation media; in this control AT was
eliminated because it inhibits catalase. An exogenous
hydrogen peroxide control involved preincubation
for 10 min at 37°C in 1 mmol/litre cerium chloride
in the standard preincubation medium, followed by
the addition of one tenth the volume of 1 % hydrogen
peroxide. Incubation continued for 15 min. After
incubation, the samples were washed with 0.08 mol/
litre Tris-maleate, pH 7.5, plus 0.15 mol/litre sucrose
at 25°C, centrifuged at 1400 g for 8 min, and
resuspended in 2% glutaraldehyde, 0.15 mol/litre
sucrose, and 0.1 mol/litre sodium cacodylate,
pH 7.4. Fixation was for 30 min at 25°C, followed
by a rinse in 0.1 mol/litre sodium cacodylate and
0.15 mol/litre sucrose, pH 6.0, to remove any cerium
hydroxide precipitate that may have formed (3).
Both ATPase and NADH oxidase samples were

further processed for electron microscopy as follows:
four rinses in 0.1 mol/litre sodium cacodylate and
0.15 mol/litre sucrose, pH 7.4, at 4°C; post-fixation
in 1.5% osmium oxide in buffer at 4°C for 1-2 h;
rinses in buffer and water; staining in 0.5% aqueous
uranyl acetate at 25°C for 1-2 h; dehydration
through ethanol and propylene oxide; and embed-
ding in Epon. Sections were stained in uranyl and
lead before examination in the electron microscope.

RESULTS

The ATPase reaction product was localized on the
inside of the erythrocyte ghost membrane and in
erythrocyte mitochondria in uninfected (Fig. 1) as
well as infected cells (Fig. 2). The outer membrane
surrounding the parasite also showed ATPase
activity, while the plasma membrane did not
(Fig. 2-8). In trophozoites and schizonts, the product
was primarily on the inside (parasite side) of the
outer membrane. The localization was the same
whether the parasite was still within an erythrocyte
ghost (Fig. 2, 4, 5) or completely free (Fig. 3).
Saponin treatment before ATPase incubation
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Fig. 1. Uninfected erythrocyte ghost prepared by saponin treatment, ATPase.
Fig. 2. Trophozoite within erythrocyte ghost, saponin treated, ATPase.
Fig. 3. Trophozoite freed from erythrocyte, saponin treated, ATPase.
Fig. 4. Schizont within erythrocyte ghost, saponin treated, ATPase.

r = red cell membrane o = outer membrane surrounding the parasite m = parasite plasma membrane
I = area inside an erythrocyte ghost c = cytostome p = pellicular complex f = food vacuole
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Fig. 5. Trophozoite within erythrocyte ghost, French pressure cell treated, ATPase.
Fig. 6. Trophozoite freed by anti-erythrocyte antiserum, ATPase.
Fig. 7. Young trophozoite within erythrocyte ghost, saponin treated, ATPase.
Fig. 8. Young trophozoite within erythrocyte ghost, saponin treated, ATPase.

r = red cell membrane o = outer membrane surrounding the parasite m = parasite plasma membrane
= area inside an erythrocyte ghost c = cytostome p = pellicular complex f = food vacuole

......



.... .... ...

..

... .. lXie;.....

...

0.w:.

Fig. 9. Schizont, antiserum isolated, NADH oxidase.
Fig. 10. Schizont, antiserum isolated, NADH oxidase with potassium cyanide.
Fig. 11. Schizont, antiserum isolated, NADH oxidase with catalase.
Fig. 12. Schizont, antiserum isolated, NADH oxidase with PCMBS.
Fig. 13. Schizont, antiserum isolated, NADH oxidase with exogenous hydrogen peroxide added.
Fig. 14. Infected erythrocyte, NADH oxidase.

r = red cell membrane o = outer membrane surrounding the parasite m = parasite plasma membrane
= area inside an erythrocyte ghost c = cytostome p = pellicular complex f = food vacuole
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Fig. 15. Trophozoite, antiserum isolated, NADH oxidase.
Fig. 16. Schizont, saponin isolated, NADH oxidase.
Fig. 17. Trophozoite, antiserum treated but not freed from erythrocyte ghost, NADH oxidase.
Fig. 18. Schizont within erythrocyte ghost, saponin treated, NADH oxidase with catalase.
Fig. 19. Trophozoite, antiserum isolated, NADH oxidase control (no NADH).
Fig. 20. Schizont within erythrocyte ghost, saponin treated, NADH oxidase control (no NADH).

r = red cell membrane o = outer membrane surrounding the parasite m = parasite plasma membrane
= area inside an erythrocyte ghost c = cytostome p = pellicular complex f = food vacuole



CYTOCHEMISTRY OF HOST-PARASITE MEMBRANE INTERACTIONS

resulted in higher levels of activity than French
pressure cell treatment (moderate activity, Fig. 5) or
antiserum (relatively little activity, Fig. 6). Parasites
prepared by all three methods occasionally showed
heavy deposits of reaction product on both sides of
the outer membrane in the region of the cytostome
(Fig. 6). Small, young trophozoites that still retained
large amounts of the pellicular complex of the
merozoite stage appeared to have ATPase product
on both sides of the outer parasite membrane
(Fig. 7, 8). Controls lacking ATP showed no reaction
product anywhere. The omission of potassium
chloride or the inclusion of ouabain in the incubation
medium resulted in a reduction in the amount of
product but did not alter its location. Fixation before
ATPase incubation eliminated all activity. In all
samples that reacted, the location of the ATPase
product on the membranes was somewhat patchy,
and it varied in intensity from cell to cell.
The NADH oxidase reaction product was localized

on the outside of the outer parasite membrane
(Fig. 9, 10, 15, 16) and on the outside of the erythro-
cyte membrane (Fig. 14, 17). The reaction was
insensitive to potassium cyanide (Fig. 10), but was
inhibited by catalase (Fig. 11, 18) and by PCMBS
(Fig. 12). The addition of exogenous hydrogen
peroxide resulted in immediate cerium perhydroxide
precipitation, but the product did not adhere closely
or specifically to any membrane (Fig. 14); the cells
in this sample were badly damaged. Controls
incubated without NADH had little or no product
on their surfaces (Fig. 19, 20). Parasites isolated
either by antiserum (Fig. 9, 15) or by saponin
(Fig. 16) gave positive reactions. The parasite
plasma membrane was nonreactive, even when
directly exposed (Fig. 16). Enhanced amounts of
reaction product were not found in the region of the
cytostome. No product was found in food vacuoles,
mitochondria, or other membranous organelles.
Product was found in endocytic vesicles as well as
on the cell membrane of erythrocytes. Infected
erythrocytes appeared to have slightly more activity
than uninfected ones. Prefixation in glutaraldehyde
eliminated all NADH oxidase activity.

DISCUSSION

The localizations of ATPase reaction product
(inside the erythrocyte ghost membrane and inside
the outer parasite membrane) were the opposite of
those of NADH oxidase (outside the erythrocyte

membrane and outside the outer parasite membrane).
However, with both enzymes, the reaction product
was on the opposite side of the outer parasite
membrane from what one would expect if this
membrane remained merely an invaginated erythro-
cyte membrane. The reversal in polarity of these
enzymes, as detected cytochemically, suggests that
the membrane is modified after the invasion of a
merozoite, most likely to the benefit of the parasite.
In very young trophozoites that retained vestiges
of merozoite pellicular complexes, ATPase was
found on both sides of the outer membrane. This
might indicate that the enzyme was in the process
of changing its polarity at that time.
NADH dehydrogenase (EC 1.6.99.3) activity was

found in P. berghei (16), but that enzyme seems to
be quite different from the NADH oxidase described
here. The activity described by Theakston et al. was
localized primarily in the concentric-membraned
organelle, with some activity on the limiting mem-
brane, food vacuole membrane, and nuclear mem-
brane. In addition, their reaction was performed on
fixed cells and used Nitro blue tetrazolium as a
capture reagent. The NADH oxidase used here (3)
was destroyed by fixation, used cerium chloride as
the capture agent, and was localized only on surface
membranes. Because the NADH oxidase was
originally described in association with phagocytosis
in leucocytes (3), it was somewhat surprising not to
find increased activity around the cytostome or in
food vacuoles. Extracellular parasites will ingest
material through the cytostome (8, 9) but the
NADH oxidase medium contained nothing to
stimulate them. Briggs et al. (3) found that resting,
non-phagocytizing leucocytes also had much lower
NADH oxidase activities.
Only a few other cytochemical differences between

host and parasite membranes have been reported.
Miller et al. (11) found a difference in the binding
of acetic acid-ferric oxide hydrosols to N-acetyl
neuraminic acid groups and Seed et al. (13, 14)
found differences in ruthenium red-acid muco-
polysaccharide binding and in sialophilic and
lipophilic colloidal iron binding. These studies were
all done with P. berghei and, unfortunately, com-
pared the erythrocyte membrane only with the
parasite plasma membrane. Using alcian blue-
lanthanum nitrate staining for glycoprotein, Langreth
(7) found heavy stain on the red cell membrane and
very light stain on both the parasite plasma and
outer membrane. Seed et al. (15) examined the
morphology of P. gallinaceum by the freeze-etch
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technique and showed that all three membranes
differ in their structure. They noted that if the outer
membrane were of host origin, it had undergone

great change since it became associated with the
parasite.
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RtSUMt
ETUDE CYTOCHIMIQUE EN MICROSCOPIE ELECTRONIQUE

DES INTERACTIONS MEMBRANAIRES HOTE/PARASITE DANS LE PALUDISME

Des techniques cytochimiques utilisant la microscopie
electronique ont permis de localiser deux enzymes liees a
la membrane chez Plasmodium lophurae et son erythro-
cyte h6te. Les parasites ont ete prepares par lyse a la
saponine, lyse sous pression ou lyse en presence d'immu-
serum anti-erythrocytaire; des stromas erythrocytaires
infectes et non infectes ont e egalement prepares par
lyse a la saponine ou lyse sous pression. Les incubations
en vue de rechercher les activites enzymatiques ont e
effectues sur cellules non fixees. On a constate la
presence d'une activite d'adenosine-triphosphatase
(EC 3.6.1.3) a la surface interieure de la membrane du

stroma erythrocytaire et de la membrane parasitaire
externe. On a constate egalement la presence de NADH-
oxydase a la surface exterieure de la membrane erythro-
cytaire et de la membrane parasitaire externe. La pre-
sence de ces deux enzymes n'a pas et decelee sur la
membrane plasmique du parasite. La position respective
des deux enzymes sur la membrane externe du parasite
est l'inverse de ce que l'on aurait pu prevoir si cette
membrane n'etait qu'une membrane erythrocytaire
invaginee. On en conclut donc que la membrane externe,
bien qu'elle provienne de la membrane erythrocytaire, a
e modifiee par son association avec le parasite.
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