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Abstract: Pathological processes in malaria are the consequence of the erythrocytic cycle of the parasites. 

Merozoites invade erythrocytes, in which they develop through early trophozoites (ring forms) to late 

trophozoites and eventually to schizonts. During this process, development of knobs and cytoadherence or 

rosetting with the knobs play important roles for the falciparum malaria patient to be severely ill. 

Expression of variant surface neoantigens stimulates the reticuloendothelial system and can cause anemia, 

tissue hy~oxia and cytokine production. Associated fever, paroxysms, headache and other pains are thought 

to result from cytokines such as interleukins, interferons and tumor necrosis factor released from macro-

phages or other cells at the time of schizont rupture. In the present paper, pathological and patho-

physiological changes mainly in human falciparum malaria are reviewed, ernphasizing the importance of 

basic research to "roll back" the emerging trends of malaria. 
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INTRODUCTION 

Malaria remains the most important of the tropical 

diseases; in fact, it is re-ernerging in areas where it was 

once eradicated. Controlling malaria is proving to be 

more and more difficult with the increasing resistance of 

parasites and mosquitoes to drugs and insecticides. The 

world malaria situation was discussed in 1998 in Bir-

mingham, UK, among policymakers of the G8 nations, 

and it has remained one of the key issues in the G8 

development focus. The summit discussions, 3 days 

before Gro Harlem Brundtland's election, enabled the 

leaders of the G8 countries to offer strong support for 

the new WHO "Roll Back Malaria (RBM)" initiative, 

announced on 13 May 1998 by Brundtland herself as the 

new director general of WHO. The main emphasis of 

the initiative is to strengthen health services so that 

effective treatment and prevention strategies are acces-

sible to all individuals who need them. It aims to apply 

every existing tool effectively, building on experience~ 

of the past-failures and successes alike. An effective 

vaccine should be one of the best means for controlling 

malaria, and development of such a vaccine will depend 

upon precise scientific knowledge of the disease. Basic 

research must be stressed, particularly research into the 

pathology and pathophysiology of the disease. 

ULTRASTRUCTURE OF THE PARASITIZED ERYTHROCYTE 

The Plasmodia merozoite is pear-shaped and 
approximately 1.5 pm in length, with an apical end that 

has a polar ring and rhoptries. Entry of the merozoite 

into the erythrocyte begins when the apical end comes 

close to the host cell membrane. It has been revealed 

that the apex has a positive electrical charge facilitating 

attachment to the negatively-charged erythrocyte mem-

brane (Seed et al.. 1974). After the contact, the eryth-

rocyte membrane is thickened and forms a junction with 

the plasma membrane of the merozoite (Fig. 1-a) . 

Merozoite protein is released by the rhoptries and forms 

a deep pit in the red blood cell. The merozoite then 

enters the cell _maintaining a contact-ring; i.e., the 

moving junction formed between the thickened mem-
brane of the erythrocyte and the merozoite (Figs. 1-b 

and -c) (Aikawa et al., 1978). A small projection still 

connects the apical end of the merozoite and the eryth-

rocyte membrane (Fig. 1-c) . When entry is complete, 

the red cell mernbrane seals itself; the merozoite is then 

10cated within an invagination of the erythrocyte (Fig. 

1-d) . 
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(a) 

Figure l 

(b~ 
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Electron photomicrographs of longitudinal sections of merozoites entering into erythrocytes. (a) 

Contact between a merozoite and an erythrocyte. The dark part of the merozoite near the junction 

is the rhoptry, (b) A merozoite just starting to enter into an erythrocyte. (c) A mera, zoite entering 

into an erythrocyte at an advanced stage of the interiorization process. Note the moving junction 

formed between the thickened membrane of the erythrocyte and the merozoite. (d) Completion of 

the entry Of a merozoite int~o an erythrocyte. The merozoite is left within a vacuole linecl with the 

erythrocyte membrane. 

Merozoites develop in the erythrocytes from ring 

forms to late trophozoites and eventually to schizonts. 

During the late trophozoite stage, Plasmodium faJcipar -

um (P.f ) -infected erythrocytes start to develop protu-

berances or knobs on the ~urface of their cell membrane. 

Scanning electron micrography has demonstrated 
numerous, blunt, cone-shaped, protruding knobs evenly 

distributed over the erythrocyte's entire surface (Aik-

awa et al., 1983). The same knobs have also been 

observed on P. coatneyi-infected Japanese macaque 

erythrocytes (Fig. 2) (Kawai et a!., 1993) . It is now 

known that the knob consists of a series of antigenically 

variant erythrocyte-membrane proteins, such as 
PfEMPl, which mediate binding of the infected eryth-

rocytes to vascular endothelium and uninfected red 
blood cells (Fujioka and Aikawa, 19 96). 

ATOMIC FoRCE MICROSCOPY OF THE KNOB 

Atomic force microscopy (AFM) , invented by Bin-

ning, Quate and Gerber in 1986, has been used in biologi-

cal reseal~ch in recent years (Edstrom et al., 1990; Lal 

and John, 1994). The advantage of AFM is that speci-

mens can be observed, without chemical fixation, and the 

attached surface potential spectroscope can detect sur-

face potential (Yokoyama and Inoue, 1994). When 
AFM was used to investigate the structure of the eryth-

rocyte knobs, each knob was found to consist of two 

distinct subunits, knob components that have never been 

seen in chemically-fi,xed knobs examined by conven-

tional transmission electron microscopy (Fig. 3) . Sur-

face potential spectroscopy revealed that the knobs 

have a positive charge ( + 20 mV) , whereas the remain-



Figure 2 Scanning electron rrLicrograph of a P. coatneyi-

infected erythrocyte (reproduced courtesy of Dr. S. 

Ka~vai, Department of Medical Zoology, Dokkyo 

University School of Medicine). Compare the 
knobby surface of the infected erythrocytes ~vith 

the smooth surface of surrounding non-infected 

erythrocytes. 

der of the red cell plasma membrane is negatively 
charged (Aikawa et aL, 1996). Since endothelial plasma 

membranes have a negati¥'e charge, the difference in 

charge between the knobs and endothelium may play a 

significant role in cytoadherence between the two cell 

types. A therapy that interferes with the localized 

positive charge of the knobs will likely be the treatment 

of choice for severe falciparruTl malaria. 

Figure 3 AF~'I image of knobs on the surface of the eryth-

rocyte in a three--dimensional oblique perspective. 

Whitish protrusions are knobs ~vith positive electri-

cal charge. 
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ROSETTE FORMATION 

Rosette formation or rosetting, the adhesion of non-

parasitized erythrocytes to parasitized erythrocytes, is a 

property exhibited in vitro and ex vivo in the rat 

mesoappendix model by sorrLe strains of P.f and some 

sequestering animal rrLalarias (Fig. 4). It has been 

proposed that rosette formation is a first step to eryth-

rocyte sequestration in blood vessels (Howard and 

Gilladoga, 1989). An association betvveen human cere-

bral malaria and erythrocyte rosetting was described 

based on a study performed in The Gambia (Carlson et 

al., 1990), in which all isolates from patients with cere-

bral malaria formed rosettes and in which the mean 
percentage of parasitized erythrocytes involved in roset-

ting was t¥vice as high as in the isolates from patients 

with uncomplicated malaria. Similar findings were also 

reported from a study in Thailand (HO et al., 1991) , and 

another investigation conducted in The Gambia showed 

that giant rosettes formed more frequently in isolates 

from patients with cerebral malaria than in isolates 

from patients with uncomplicated malaria (Treutiger et 

al., 1992). 

Scanning electron microscopy revealed that interac-

tion between the rosetted erythrocytes and adiacent 

uninfected erythrocytes appeared to be mediated by the 

knobs of parasitized red blood cells (Fig. 5) , and trans-

mission electron micrography showed the protruding 

ends of these knobs to be attached to the membranes of 

adjacent uninfected erythrocytes (Fig. 6) (Kawai et al., 

1995). How, then, do the knobs protrude? It is now 

known that the binding protein (PfEMP-1) in the knob 

is encoded by members of the P.f v(2:r gene family and 

Figure 4 Light micrograph of rosette formation by 

modium coatneyi-infected erythrocytes 
Japanese macaque, Macaca fuscata. 

Plas -
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Figure 5 Scanning electron micrograph of a rosette consist-

ing of a central parasitized red blood cell surround-

ed by several attached uninfected erythrocytes. 

that a single P.f parasite simultaneously transcribes 

multiple var genes but, through a developmentally-

regulated process, selects only one PfElvlP-1 to reach 

the surface of the host cell (Chen et al., 1999). 

A recent report on the formation of rosettes focused 

on erythrocyte complement-receptor I (CRl). It is 

reported that erythrocytes with a common African CR1 

polymorphism, Sl(a~), have reduced adhesion to the 

PfEMP-1 binding domain, which might have resulted 
from selection for malaria resistance in highly endemic 

areas (Rowe et al., 1997). 

PATHOLOGY OF CEREBRAL MALARIA 

The brains of some patients who died from cerebral 

Figure 6 
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TransmiSsion electron micrograph of a parasitiZed 

red blood cell in a rosette attached to an adjacent 

erythrocyte bv electron-dense knobs protruding 

from the membrane' 

Figure 7 
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Light micrograph of a Giemsa-stained 
smear from post-mortem necropsy brain 
from a viCtim of cerebral malaria. 

stam p-

tissue 

malaria have been described as edematous, but as it is, 

neither computed tomography (CT) nor nuclear mag-

netic resonance imaging (NMRI) can demonstrate cere-

bral edema in situ (Francis and Warrell, 1993). Of 

course, studies of post-mortem brain tissue limit under-

standing of the pathology of cerebral malaria. To date, 

several pathologic changes have been described, and 

common to all these is the presence of sequestered 

parasitized erythrocytes undergoing schizogony within 

microvessels of the brain (Fig. 7). Investigators have 

reported that the severity of falciparum malaria in 

humans is proportional to the degree of sequestration 

(Pongponratn et al.. 1991) and not necessarily related to 

peripheral circulatory parasitemia. The reduced defor-

mability of the parasitized erythrocytes together with 

their cytoadherence to endothelium and to nonparasit-

ized cells (rosetting) must lead to impaired blood flow. 

This causes a reduced supply of oxygen and other 
nutrients to the brain, causing coma. Histological evi-

dence of local inflammatory response to these seques-

tered vessels is minimal. Infarction, necrosis and large 

hemorrhages are also rare. However, in many patients, 

focal ring hemorrhages are seen centered in small sub-

cortical vessels. The pathogenesis of this hemorrhaging 

has not been clarified, but it may relate to increased 

capillary permeability. 

Electron microscopy has shown that sequestration 

of parasitized erythrocytes in microvessels is mediated 

by the knobs (Fig. 8) (Aikawa, 1988; Igarashi et al.. 

1987). As mentioned above, the molecular basis for 

cytoadherence is currently of great interest and impor-

tance, particularly because of the possibility of prevent-

ing this pathogenic process by competitively binding 




