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Sumary

Host—parasite interaction is of major importance to malarial para-

sites, since parasite survival depends on host cells. Studies on the

interaction are essential for better understanding of malarial para-

sites. Duri ng the last fiscal year, we have concentrated our investi-

gation on several aspects of the interaction between malarial parasites

and host cells~ and established several new characteristics on the

invasion process. This study showed that invasion occurs through a

sequence of events that include 1) recognition and attachment, 2) junc-

tion formation between the merozoite and host cel l , 3) invagination of

the erythrocyte membrane around the merozoite and 4) sealing of the

Invag inated membrane to form a vacuole and to reestablish continuity

of the erythrocyte membrane. The movement of the junction during in-

vasion is an important component of the mechanism by- which the mero-

zoite enters the host cell. After completion of this work, we developed

a method for blocking erythrocyte invasion by the nierozoite at an early

stage. Cytochalasin B treated merozoites attached to host erythrocytes

and then form a junction . However, cytochalasin blocked movement of

the junction preventing further invasion.

When cytochalasin B treated nierozoites were incubated with rhesus

erythrocytes, Duffy positive human erythrocytes and Duffy negative human

erythrocytes, certain differences were present among these different

erythrocytes. A junction is found between cytochalasin treated mero-

zoites, and rhesus and Duffy positive human erythrocytes, but no junction
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Is formed between the merozoites and Duffy negative erythrocytes. Instead ,

filaments extend from the edge of the apical end of merozoites to

Duffy negative erythrocytes. From this observation, it appears that

attachments are independent of the Duffy associated antigen. The absence

of junction formation with Duffy negative cells may indicate that the Duffy

associated antigen acts as a second receptor for junction formation or

a determinant on Duffy negative erythrocytes blocks junction formation.

In addition , we investigated by freeze fracture techniques the mem-

brane morphology of P. cynomolgi, P. knowlesi and P. berghei sporozoites

before and after incubation with ininune sera. A prominent change in the

sporozoite incubated in immune serum is the appearance of a layer of

particle aggregates surround ing the parasite. 
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In conducting the research described in this report, the investi-
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Detailed Report

During the last fiscal year, we have investigated three major

problems in relation to host-malarial parasite interaction . They

include: 1) erythrocyte entry by malarial parasites, 2) interaction

between cytochalasin B-treated malarial parasites and erythrocytes,

and 3) freeze fracture study on normal and antibody-treated malarial

sporozoites. These studies resulted in several new findings , contributing

a better understanding of malarial and host interaction.

(1) Erythrocyte entry by P. knowlesi.

In 1969 Ladda et al . reported on the invasion of erythrocytes by

merozoites of P. berghei and P. gallinaceum and established that rnerozoites

enter within an invagination of the erythrocyte membrane rather than by

penetrating it. However, ultrastructural stud ies on invas ion were hi ndered

by sampl ing problems. Recently, Dennis et al. reported a new method for

the collection of large quantities of free, viable raerozoites of P.

knowlesi which could invade erythrocytes. By applying this method , we

report several new findings on the invasion process.

The apical end of the merozoite makes initial contact with the

erythrocyte, creating a small depression in the erythrocyte membrane . The

area of the erythrocyte membrane to which the inerozoite is attached

becomes thickened and forms a junction with the plasma membrane of the

merozoite. As the merozoite enters the invagination in the erythrocyte

surface, the junction , which i s in the form of a circumferential zone of

attachment between the erythrocyte and merozoite, moves along the con-

fronted membranes to maintain its position at the orifice of the invagi-

nation. When entry is completed , the orifice closes behind the parasite

~~~~~~~ .•v - - -~~
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in the fashion of an iris diaphragm , and the junction becomes a part of

the parasitophorous vacuole. The movement of the junction during invasion

is an important component of the mechanism ~y which the merozoite €nters

the erythrocytes.

(2) Interaction between cytochalasin B-treated merozoites and erythrocytes.

As descr ibed in the prev ious section, invas ion of erythrocytes by

malar ial merozoites follows a sequence: recognition and attachment in

an apical orientation associated with widespread deformation of the

erythrocyte, junction formation, movement of the junction around the

merozoite that brings the merozoite into the invaginated erythrocyte

membrane, and sealing of the membrane. In this investigation , we descr ibed

a method for bl ocking invasion at an early stage in the sequence. Cyto-

chalasin B-treated nierozoites attach specifically to host erythrocytes,

most frequently the apical region that contains specialized organelles

(rhoptries) associated wi th invasion . The parasite then forms a junction

between the apical end and the erythrocyte. Cytochalasin blocks movement

of this junction , a later step in invasion.

Cytochalasin B-treated merozoites attach to Duffy negative human

erythrocytes, although these erythrocytes are resistant to invasion by

the parasite. The attachment with these erythrocytes , however , differs

from susceptible erythrocytes in that there is no junction formation.

Therefore , the Duffy associated antigen appears to be involved in junction

formation, not initial attachment.

(3) Freeze fracture study on normal and antibody-treated mala rial sporozoites.

Freeze fracture of P. cynomolgi, P. knowl esi and P. berghei sporozolte..

before and after incubation with immune serum were stud ied by electron

microscopy. There are evenly distributed numerous intramembranous particles
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(IMP) on the P face of the outer membrane. The E face of the plasma mem-

— brane shows fewer IMP than t.e P face of the plasma membrane. The E face

of the intermediate membrane has few IMP and shows linear slightly

raised ridges along the long axis of the parasite. The P face of the

intermed iate membrane shows many IMP whi ch are al igned along the long

axis of the sporozoite. On the P face of the inner membrane, IMP are

al igned in very distinct rows conforming to the long axis of the parasite.

The E face of the inner membrane shows a few randomly distributed IMP.

A prom inent change in the sporozo ite incubated in immune serum is

the appearance of a layer of particle aggregates surrounding the parasite.

• The P face of the plasma membrane shows several clear areas devoid of IMP

as well as IMP aggregates. No changes are detectable in the other frac-

tured faces of the pellicle. This observation suggests that immune serum

only acts on the P face of the plasma membrane.

Detailed data of these investigations have been submitted eor publ i-

cation and are now in press. Attached to this report are three manuscripts

of these data.

I
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ABSTRACT

Invasion of erythrocytes by rnerozoites of the monkey malaria , Pla s-

modiurn knowlesi, was investigated by electron microscopy. The apical

end of the merozoite makes initial contact with the erythrocyte , creating

a small depression in the erythrocyte membrane. The area of the erythro-

cyte membrane to which the merozoite is atta ched becomes thickened and

forms a junction with the plasma membrane of the me rozoite. As the mero-

zoite enters the invaginat.ion in the erythrocyte surface , the junction, which

Is in the form of a circumferential zone of attachment between the erythro-

cyte and merozoite , moves along the confronted membranes to maintain - 

-

its position at the orifice of the invagination. When entry is completed, the

orifice closes behind the parasite in the fashion of an iris diaphragm, and

( the junction becomes a part of the parasitophorous vacucle. The movement

of the junction during invasion is an impo rtant component of the mechanism

by which the merozoite enters the erythrocyte. •

The extracellula r merozoite is covered with a prominent, surface coat.

During invasion, this coat appears to be absent from the portion of the rnero-

zoite within the erythrocyte invagination, but the density of the surface coat

outside the invagination (beyond the junct ion) is unaltered.

- 

• 
~
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/ mTRODUCTION 
-

The asexual malaria parasite infects erythrocytes and there develops

to a mature schizont that is made up of many individual merozoites. Upon

rupture of the schi zont infected erythrocyte, the merozoites are released

and are capable of infecting other erythrocytes. In 1969 Ladda et al. (15)

reported on the invasion of erythrocytes by merozoites of Plasrnodium

berghei and P. gallinaceum and established that merozoites enter within

• an invagination of the erythrocyte membrane rather than by penetrating it.

- They found that merozoites approached erythro cytes with the apical end 4
and formed a focal depression on the erythrocyte membrane. With deeper

invagination of the e rythro cyte membrane, the re s ultirig cavity confo rined

to the shape of the merozoite. The orifice of the invaginated erythrocyte

• membrane fused upon completion of the entry. They also noted that granu-

lar material (a surface coat) covered the entire surface of the extracellular

merozoite and was removed upon completion of the merozoite entry. The —

• surface coat was at least in part of parasite origin (16). Dvohk et al. (7)

- 
- 

- studied by light microscopy invasion of erythrocytes by P. knowlesi and

observed tha t the invasion consisted of atta chment of the apical end of the

- parasite to the erythrocyte , defo rmation of the erythro cyte and entry of

the parasite by inva gination of the erythrocyte membrane. The entire in-

vasion sequence was complete in approximately 30 seconds.

Ultrastructural studies on Invasion were hindered by sampling probl~ ~ns.

Recently, Dennis et al. (6) reported a new method for the collection of large
( 

-
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quantities of free , viable znerozoites of P. knowlesi which could invade

erythrocytes. By applying this method, Bannister et al. (4) confirmed

the previous electron microscopic observations on inva sion. We have

used an approach similar to that of Bannister et al. (4) and report several

new findings on the invasion process. They include 1) a junction between

• erythrocytes and merozoites, 2) movement of the junction during invasion,

and 3) the fate of the surface coat on rnerozoites. 
- 

These findings will be

presented and discussed in this paper.

MATERIALS AND METHODS - 

-

Parasitized erythrocytes were obtained from rhesus monkeys (Macaca

mulatta) infected with the Malaysian strain of Plasmodium knowlesi (5)

when the parasitemia was 10 to 30%. The majority of parasites were

schizonts with 8 to 10 nuclei. The blood was mixed with heparin and adeno-

sine diphosphate and passed over glass beads to remove platelets and some

white cells. The cells were washed one time at room temperature in cul-
S

ture medium that consisted of medium 199 plus 10 ruM glucose, 6. 6 ruM

glycylglycine, 25 ug/rnl of Geata rnycin , and 10% (v/v) heat-inactivated fetal

calf serum. Packed cells were pipetted into 2 mm x l0’cm glass tubes that

• were sealed at one end. In order to separate the low density schizonts from

the other erythrocytes , the cells were spun at 1200 g for 5 minutes. TIie

schizonts formed a brown layer at the top of the tube. The tube was broken

- 
at the interface between schizonts and other erythro cytes, and the schizonts

were added to the culture medium. Approximately 3 x 1O9 schizonts were( • 
• 

-~~~~~~~~~ -- • -- -- - - ---~~~-
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added to 35 ml of culture medium in the culture chamber and incubated at

37°C. - 
-

The culture chamber was built acco rding to the specifications of Dennis

et al. (6). The bottom of the culture chamber was covered with a Nucleo-

pore filter with 1. 5 urn holes. Fresh medium was continuously added through

the wall in the side of the chamber and carried out through the filte r in the

bottom at a rate of approximately 1. 5 ml per minute. Merozoites freely

passed through the holes in the filter; few schizonts could pass this filter.

This permitted collection of viable rnerozoites soon afte r their release from

schizont infected erythrocytes. One ml of the merozoite suspension (app-

roximately 20 , 000 merozoites/mni3) was mixed with 0.1 ml of washed

rhesus erythrocyte s (100 , 000 /mm3) and incubated at 37°C with continuous

agitation. . Afte r one and five minutes , the cell suspension was added to

- 

— — glutarald ehyde fixative (27° g3utaraldehyde, 0. 05 M phosphate buffer , pH

7.4, and 0.116 M sucrose). T ransmission electron microscopy was per-

formed as previously described (1). Thin sections were stained with uranyl

acetate aixi lead nitrate and were examined with a Siemens Elmiskop 101

electron microscope. 
. 

•

-- In order to visualize the rue rozoite surface coat clearly, photographic

enhancement of the surface coat was accomplished by ma sking the merozoite

Image. With the me rozoite masked , only the surface coat was projected on

the photographic paper. The mask was then removed and the whole image

(rnerozoite and surface coat) was reprojected on the same sheet of paper.
(

The net result was~a lx exposure for the rnerozoite and a Zx exposure for

_

~ 

•~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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the surface coat. -

OBSERVATIONS 
. 

- 

-

Since the fine structure of rnerozoites of P. knowlesi has been reported

by several investigators (1, 3,4, 16), only a brief description of the parasite

Is presented here (Fig. 1). The entire surface of the merozoite is covered

with an electron-dense surface coat measuring ,s.i ZOnm that consists of

fine fibrils. Two electron-dense rhoptries and a few electron-dense micro-

nemes are located in the apical region. A mitochondrion and nucleus are

located in the posterior portion.

The invasion of the erythrocytes by the merozoites of P. knowlesi is

inititated by the merozoite contacting the erythrocyte with the apical end

oriented against the erythrocyte membrane (Fig. 1). The erythrocyte

membrane at the point of the interaction is slightly raised initially (Fig. I),

but eventually a depression is created in the erythrocyte membrane (Fig. 2).

The erythrocyte membrane to which the rnerozoite is attached becomes

thickened (Fig. 2, inset), • 

-

• 
• As invasion progresses, the depression in the erythrocyte deepens and 

- -

conforms to the curvature of the merozoite (Figs. 3,4 , 6, 7). At this time

-- the thickened, electron dense zone on the erythrocyte membrane is no longer

observed at the point of the initial attachment but now appears at the orifice

.of the merozoite induced invagination of the erythrocyte membrane (Figs , 3 4 ,

- 5,6). This thickened area of the erythrocyte membrane measures .-‘-‘ 15 urn

in thickness and ,~~ 250 nm in length and appears to be a thickening of the

C inner leaflet of the bilayer (FIg. 5). (The membrane of a no rma l erythrocyte

1, 7,5  to 10 nm In thi ckness ,)

I
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The thickened erythrocyte membrane fo rms a junction with the mero-

zoite. The mnerozoite membrane often appears pulled toward the thi ckening

in this area (Fig. 5). It is likely that there is a relatively greate r shrinkage

of merozoite than erythrocyte during specimen preparations. Because of

this, the erythrocyte and merozoite remain in contact only at the junction

and apical region. The gap between these two membranes is ~~J 10 nm

• and fine fibrils extend between these two parallel membranes. The junction

• f orms a circumferential interaction at the orifice of the invaginated erythro-

cyte membrane, since it is always located at each side of the orifice by

transmission electron microscopy regardless of the plane through which

the section passes. When entry is completed (i. e. ,. the me rozoite is within

the erythrocyte), the junction appears to fus e at the posterior end of the me ro-

zoite (Fig. 8), closing the o rifice in the fashion of an iris diaphragm. The

merozoite membrane stiU remains in close apposition to the thickened ery-

throcyte membrane (Fig. 8, inset) at the point of the final closure.

During the invasion process the distribution of the surface coat alters.
.

Prior to invasion, merozoites are covered with an unifo rm surface coat of

~~~.‘ 20 urn thickness (Fig. 9). During invasion, no surface coat is visible

on the portion of the merozoite within the ery throcyte invagination , whereas

the surface coat on that portion of the merozoite rema ining outside the ery-

• throcyte appears to be similar to that seen on free merozoites (Fig. 10).

No accumulation of the surface coat is seen at or beyond the junction . Thi s

becomes more apparent when the surface coat is pho tographically intensified

by a double exposure technique. -

Throughout invasion , the apical end remains in contact with the erythro-

~ 
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• cyte. In some specimens, several small vacuoles are seen in the erytbro _

cyte cytoplasm in this region as originally described by Bannister et al. (4).

There Is an electron-opaque band between the tip of the apical end and the

erythrocyte (Figs. 4,11). This band appears to be continuous with the common -

duct of the rhoptries. The common duct is formed by the meeting of ductules

which lead from each of the rhoptries (Fig. 11). The common duct is less

electron dense than the rhoptry itself. . -

DISCUSSION -

Host-parasite interaction is of major importance to parasitic protozoa

since their survival depends on host cells which supply environmental and

nutritional requirements. They cannot live apart from their host cells or —

host cell nutrients. In recent years, there has been a great inter est in the

mechanism by which protozoa atta ch to and enter their host cells. Malaria

parasites and other related protozoa such as Toxopla sma (2,13), Babesia

(18), Eirneria (12), and Lankesteria (20) enter within an invagination of the

host cell membrane, apical end first. In the case of malaria; invasion is

probably explained other than by the merozoite pushing its way into a cell

or by the cell ingesting the merozoite. The mnerozoite has limited motility

- 
and the host cell, the mature erythrocyte, is non-phagocytic. The observa-

tions in the present study provides a possible mechanism for erytbro cyte

membrane invagination by the merozoite. -

Invasion of erythrocytes by me rozoites requires a number of distinct

steps. They include 1) initial attachment of the merozoites to the erythrocyte

membrane, 2) invagination of the erythrocyte membrane around the m emo-

‘S
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zoite to fo rm a parasitopho rous vacuole , and 3) sealing of the erythrocyte

after comp letion of merozoite invasion. The initial attachment involves

an interaction between the erythrocyte membrane and the apical end of the

merozoite. Miller et al, (17) reported that initial recognition and atta chment

between P. knowlesl me rozoites and erythrocytes probably involve specific

determinants , probably associated with DuIfy blood group related antigens.

After contact , a junction forms between the merozoite and host cell. The

junction appears to be a circumferential attachment at the orifice of the

parasitophorous vacuole as shown in Fig. 12. As the -junction moves over

the merozoite, the merozoite is brought within the invaginated erythrocyte

membrane. The junction fuses at the posterior end of the merozoite and the

merozoite is then inside the erythrocyte within a vacuole originating from

the inverted erythrocyte membrane.
- 

Are these events occurring during invasion related to endocytotic pro-

cesses by which phagocytic cells ingest particles , othe r cells , and micro-

organisms? Griffin et al. (8) proposed alternative hypotheses for endocytosis

of particles, namely, specifi c attachment triggering endocytosis and zippering.

Triggering requires specific receptors for attachment but the ingestion is in-.

- dependent of receptors outside of the attachment zone. Zi ppering is attach-

ment to receptors around the circumference of the particles. Zippering may

require a metabolica lly active cell, such as macrop hage phagocytosis of cells

via Fc or C3b receptors (8 , 9) ,  or may be a passive process , such as envelop-

ment of Senda i virus by ganglioside-containing liposomes (10). Neithe r model,

I 
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however , appears to explain the observation during Invasion by malarial

parasites. 
-

Therefore, we would propose the following alternative models for in-

vasion of erythro cytes by malarial merozoites, although we have no idea of

whether the parasite, the erythrocyte , or both supply the energy for the

• 
event. 1) Movement of the junction at the level of the membrane. This

- • movement may be related to the lateral displacement of the junction by the

agency of membrane flow, which is now a well established phenomenon (21).

However, it should be pointed out that this would necessitate simultaneous

parallel flow of membrane components in both cells. 2) Attachment-detach- -

ment (modified zipper) model. The junction itself may be capable of mig-

rating on the surface of a rela tively stable plasma membrane. Thi s would

require that the leading edge of the moving junction becomes attached while

the following edge becomes deta ched , perhaps by enzymatic cleavage.

During invasion alterations occur in the merozoite and erythrocyte mem-

branes within the vacuole. The merozoite coat that is evenly’ distributed

over the merozoite surface before invasion (16 ) is now missing (4 , 15, present

study). Although Bannister et al. (4) suggested that the surface coat accu-

-
- mnulates at the orifice of the entry site of the erythrocyte by the merozoite ,

there is no evidence to suggest such an occurrence in our present study..

The surface coat beyond the junction appears to be unaltered in density.

Therefore , simple capping does not seeni~to fit our ob3ervations .

In the ea rly 196 0’s, investigators reported by electron microscopy that
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the motile forms of these intracellular protozoa possess anterior organelles,

( rhoptrles and micronemes, which were thought to be associated with host

cell entry (1). In Plasmodium, Babesia (18), Eimeria (11), and Besnoitia

(19), a ductule runs from the rhoptries to the apical end which is the po int

- of initial contact between the protozoa and host cell. During invasion , the

lower electron density in the duct suggests a release of rhoptry contents .

Kilejian (14) suggested that the rhoptr ies and micronemes of an avian ma-

lan ai parasite, P. lophura e contain a histidine-rich protein which invagi-

nates the erythrocyte membrane. Our observation on the connection bet-

ween the rhoptnies and the erythrocyte membrane presented here suppo rts

the supposition that the rhoptries play a role in mnerozoite entry into the

erythrocyte. However , the identification of the function of rhoptries and

• micronemes must await the isolation of the contents of these o rganelles

- 

— _ for the analysis of their chemical and physical properties.
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Fig 1. Electron micrograph of a mero zoite of P. knowlesi at the initial

contact between the merozoite ’s apical end (arrow) and an ery-

throcyte (E). The erythro cyte membrane is slightly raised at the

point of the interaction. The xnerozoite shows an apical end (A),

a rhoptry (R) , a nucleus (N), and a mitochondrion (M). The sur-

face is covered with a surface coat (double arrow). 50, 000X

Fig 2. Electron micrograph of a rnerozoite (Mz) contacting an erythrocyte

(E). The membrane is thickened (15 urn) at the attachment site

(arrow). 54, 000X. Inset: Higher magnification micrograph of

the erythrocyte-mero zoite attachment site showing the thickened

erythrocyte membrane. 112, 000X - 
-

/

— Fig 3. An advanced stage of erythrocyte (E) entry by a inerozoite (Mz).

The invagination of the erythrocyte is created by the merozoite.

Note a junctional atta chment (C) at each side of the entry orifice.

54, 000X -

‘S.

Fig 4. A further advanced stage of erythrocyte (E) entry by a merozoite

(Mz). The junction (C) is formed between the thickened membrane

of the erythrocyte and merozoite plasmalen-ima. The invagination

deepens and conforms to the curvature of the merozoite. An elec-

- 
tron opaque projection connects the apical end and the erythro cyte

f membrane (arrow). 50 , 000X • 

• 

-

~ 
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FIg 5. Higher magnification inicrograph of the junction showing the -

thickened erythrocyte membrane and fine fibrils between the two
- 

parallel membranes. 144, 000X

Fig 6. A further advanced stage of erythrocyte (E) entry by a merozoite

(Mz). The junction (C) is always located at the orifice of erythro-

cyte entry and is now located at the more posterio r portion of the

- - merozoite than in Figs 3 or 4. 48, 000X 
-

Fig 7. Erythrocyte (E) entry by a merozoite (Mz) is almost completed and

a small orifice (arrow) is seen at the posterior end of the merozoite.

- The junction (C) is now moved to the posterior end of the merozoite.

• 54,000X - -  
—

Fig 8. - A merozoite (Mz) is now inside of an erythrocyte. How ever , the

posterior end of the merozoite is still attached (arrow) to the thick-

• cued erythrocyte membrane, while the other portion is separated
- S

from the surrounding membrane by a clear space. 
- 

50, 000X. Inset:

- Higher magnification rnicrograph of the thickened erythrocyte mem-

brane which is attached to the merozoite. 30d, 000x

— Fig 9. A free me rozoite showing a surface coat (arrow) covering the entire

surface. 68, 000X (This surface coat was photographically inten-

sified by a double exposure technique. )

Fig 10. A merozoite entering an erythrocyte. No surface coat is visible

on the portion of the me rozoite surface which has invaginated the

--~~~~~-— * - ‘ -~~~~~~~  
- — , - -
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_ -- _
-~~~~~~~- - -~~~~~~~ 5 -



~ 

___

erythrocyte membrane, whereas the prominent surface coat is

.

~~~~~ 

visible behind the attachment site (arrow). No accumulation of

the surface coat is seen at the site of the junction. 68, 000X. -

(This surface coat was photographically intensified by a double

exposure technique. ) - -

Fig 11. Higher magnification electron micrograph showing two rhoptries

(R) at the apical end. The common duct (Cd) is formed by the

meeting of ductules which lead from each rhoptry. An electron

opaque projection connects the apical end and the erythrocyte

membrane (arrow). l20, 000X 
-

Fig 12. A diagram of a moving circumferential junction between merozoite

and erythrocyte. The moving junction brings the merozoite within

an Invagination of the erythrocyte membrane.
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Introduction - 
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-

Malaria parasites develop within red blood cells (RBCs) , and at full

maturation infected RBCs rupture, releasing individual merozoites that

invade other R3Cs. Invasion, the process by which the extracellular mero—

zoite becomes established as an intracellular parasite occurs through a

sequence of events that include recognition and attachment (1), junction

formation (2), invagination of the RBC membrane around the merozoite (2),

and finally sealing of the invaginated membrane to form a vacuole and to

reestablish continuity of the RBC membrane (2) . The meorozoite has special-

ized organelles, rhoptries and micronemes at the apical end which is in

apposition to the RBC during invasion (1—4) . A junction forms between the

apical region and the RBC membrane (2) . As the junction moves over the mero—

zoite, the merozoite is brought within the invaginated RZC membrane. Fail—

ure of viable merozoites to invade ItBCs may be due to defects at any stage

In the Invasion process. With the exception of the Duffy negative human RBCs,

P. knowlesi inerozoites do not attach to or deform RBCs that are refractory to

invasion (subprimate and chymotrypsin—treated human RBCs). In case of

Duffy negative human RBCs, the only human RBC refractory to ~Ihvasion by

this parasite (5,6), the merozoite on contact induces deformation of

the Duffy negative R.BC, but instead of entering within au invagination ’of the

RBC the merozoite detaches and then interacts with other RBCs . Identifica—

tion .of the defect in invasion of Duffy negative RBCs could not be further

explored by previously available techniques because of the rapidity of events.

In order to show the structural and functional differences between the

normal invasion sequence and the defective interaction between Duffy negative

human RBCs and P. knowlesi merozoites, we developed a method for the isolation

of the attachment phase of invasion . This method uses cytochalasin—treated

- -  
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P. kn~ti1en~ ‘nerozoites. Cytochalasin—treated merozoites attach only to RZCs

from r.usceptible hosts (rhesus monkeys and man) and form a junction between

• the apical end of the rnerozoite and the RBC. These treated inerozoites viii

also attach specifically to Duffy blood group negative human RBCs, although

these human RBCs are refractory to invasion (5). However, the mechanism of

attactuneu.t differs in that there is no junction formation with Duffy nega—

tive RBCs, suggesting that the defect in invasion of Duffy negative RBCs is

at the step of junction formation. -

- Materials and Methods

- 
Vreparation of Plasinodiutn knowlesi merozoites. Rhesus monkeys (Macaca

inulatta) were infected with a Malaysian strain of P. knowlesi. When the para—

sitemia, was between 10% and 35% and the majority of schizonts within RBCs

contained 10 or more nuclei, 10 to 20 ml of blood was drawn into a heparin—

ized syringe. AU subseque ic steps in preparation were carried out at room

- temperature (23 to 25°C). After one mg/mi of adenosine diphosphate was slow—

ly added to the blood, the blood was mixed for two mm and squeezed over glass

beads (0.11 mm diameter) that were packed in a 10 ml. plastic syringe to remove

platelets and some white cells. The blood was diluted in 40 ml of modifed

Medium 199 (See 6 for details) and centrifuged for 4 mm at $50g. The super—

natant was discarded and the packed RBCs were loaded into 2 x 100 mm glass

tubes. The tubes were centrifuged for 5 mm at 1300g. The low density schiz—

ont—infected RBCs formed a brown layer above the uninfected RBCs. The tube

was scored and broken at the interface and the brown layer pooled. The yield

was approximately 4 x io~ schizont— inf acted R.BCs. The schizont—infected RBCs

• were added to a culture chamber designed for merozoite collection (7,8).

The parasites were allowed to develop in modified Medium 199 at 37°C. As

merozoites were released from schizont—infected RBCs, they were collected for

attachment and invasion assays.

S

- 5-————~~



- - - 

~~~~~~~~~~~~~~~-

~~~

, 

1- ~ 
‘ 

- 

- - - 

• 

3.

- Merozoite attachmen t assay. One ml of culture chamber effluent con-

taining 2 to 5 x 10~ aerozoites/ml was collected in a four ml. glass vial

at room temperature. 0.1. nil of a solution containing tytochalasin B in

dimethyl sulfoxide (DM50) and culture medium was added so that the final

concentration of cytochalasin B was 10 ~g/mJ. in 0.1% DM50. Af ter 3 mm

incubation, 0.]. ml of RZCs in culture medium (108 RBCs/ml) was added,

warmed to 37°C for 2 to 4 mm with mixing and th - ‘~ centrifuged for 2 mm

at 1000g. The supernatant was removed and the pellet was resuspended in

the final drop of medium. The suspension was allowed to stand for 2 mm

and then fixed by the addition of 2 ml of buffered glutaraldehyde (2%

glutaraldehyde, 0.05 MNa phosphate, pH 7.4 and 0.116 H sucrose) . The

cells were mixed with pasteur pipette and then allowed to settle overnight .

The number of RBCs with attached merozoites was then enumerated as

follows. The cells were suspended in 1 ml of buffered glutaraldehyde with

a pasteur pipette. One drop of the cell suspension was placed on a slide

and was covered by a 22 x 22 mm cover glass which was elevated at one end

- - by another cover glass. The cells were viewed immediately with Smith

diff erential interference optics (Leitz) . Whenever a merozoite was seen

in apposition to a RBC , the cover glass was tapped with an appli cator

stick so that the RBC and merozoite would move in the media. If they moved

together, the merozoite was considered attached. In some studies we 
-

also determined by interference microscopy if the rhoptries (paired organ—

elles of the merozoite) were in apposition to the RBC or oriented away

from the RBC .

The studies on the effects of temperature on attachment and some

assays for RBC susceptibility were performed without centrifugation of

/- - -
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mevozo~.t.~4 with RBCs. For the temperature experiments , merozoites and

RBCs pveeqL41l~brated at 37°C , 23 to 25°C and 4° C were mixed continuously

at the respective temperature for 4 mm before addin g the 1. ml suspen-

sion to 9 in]. of buff ered glutaraldehyde. For assay of RBC susceptibility

without centrifugation, the merozoite—RBC suspension was mixed at 37°C for

4 mm and then fixed In glutaraldehyde.

Invasion assay of cytochalasiu—treated merozoites. One ml. of culture

chamber effluent containing 2 to 5 x io~ merozoites/mi was collected in a
- 4 ml. glass vial at room temperature. To the vial was added cytothalasin B

in. DM30 so that the final concentration was 10 ug , 1 ~ig, or 0.1 ~ig in 0.1%

DM50: the mixture was Incubated at room temperature for 3 m m .  As a con-

trol, 0.1% DM50 or nothing was added to vials of merozoites. After room

temperature incubation , the vial was warmed briefly to 37°C and 0.1 ml.

uninfe cted rhesus RBCs in modified Medium 199 (108 
~thCs/m1 was added. The

/
vial was capped and rocked end—to—end (Aliquot Mixer, Ames Company) at 37°C

for 30 mm , and then placed on ice. The suspension was centrifuged 15 sec.

at l000g, and a thin film was made from the pellet . The percent of RBCs

with ring forms was determined on Giemsa—stained smears.

Attachment and invasion of enzyme—treated RBCs. Chymotrypsin (1 mg/mi)

treated Duffy blood group positive and negative human RBCs were tested for

susceptibility to invasion in Linbro wells (as described~~reviously (6~)

and to attachment. The attachment between trypsin (1 mg/mI) treated Duffy

negative RBCs and cytochalasin—treated merozoites was studied by electron

microscopy. Trypsin (Worthington, TR(3 BA)) , soybean trypsin inhibitor

(Worthington , SI 5611570), chymotrypsin (Worthington , CDS 553 402X) and

pbenylmethylsulfonyl fluoride (Sigma , Lot 64C—0335) were incubated with the
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RBCs .is described previously (6) . - 

-

Electron Microscopy. RBCs and attached cytochalasin B—treated mero—

- zoites were added to glutaraldehyde fixative (2% glutarai.dehyde, 0.05 H

phosphate pH 7.4 and 0.116 M sucrose). The samples were stained with

uranyl acetate and lead nitrate and were examined with- Siemens Elmiskop

101 electron microscope. -

To visualize the filamentous attachment between uierozoites and Duffy.

negative RBCs photographic enhancement of the filaments was accomplished by

masking the merozoite and RBC and by proj ecting only the filament on the

[ - 

photographic paper. The mask was removed and the whole image was reproject—

- ed onto the same sheet of paper. The net result was a lx exposure for the

merozoite and RBC and a 2x exposure for the filament. -

In a few experiments, the merozoite—RBC preparation after fixation in

glutaraldehyde and postfixation in 1% osmium tetroxide was suspended in

• 0.4 ml 10% albumin in an attempt to stablilize the attachment to Duffy nega-

tive BEGs. 50 ~il of 8% glutaraldehyde was added- and the sample was centri-

fuged before the albumin polyinerized. The peUet was dehydrated in alcohol

and prepared for thin section electron microscopy as described previously (2).

- Results

In order to study the complicated series of events leading to invasion,

we developed a method for selectively blocking invasion at the attachment

phase. Cytochalasin B—treated P. knowlesi ‘nierozoites attach to but do not

invade rhesus RECs (Table I, Fig. 1). Since it is known that cytochalasin B

affects microfilaments (9), glucose transport (10), and possibly other func-

tions and has a low and high affinity binding site on the RBC (11), we did

not attempt to define the mechanism of action of cytochalasin in this system.

Instead , we used it operationally to separate the early steps in the inter—

action between merozoitcs and RBCs. Because 10 iag/ml of cytochalasin B gave

the most marked reduction in invasion, this concentration was used for all
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.‘ subseq~enP experiments. -

L Tc!~~rature dependence of attachment. Cytochalasin B— 1re~tcd merozoites

were mixed with rhesus RBCs at 4°C, 25°C and 37°C for 4 m m .  The cells were

fixed with g,l.utaraldehyde and the number of attached merozoltea were counted.

The highest rate of attachment was at 37°C; few attached at 4°c (Table II).

In order to Increase the attachment rate, the mixture of ml~!rc,zojtes and RBCs

were centrifuged at l000g for 2 mm after a 4 mm incubation at 37°C (See

methods for details). centrifuged samples had as much as 10 (old increase

In attachment to rhesus and human BEGs as the uncentrifuged nwnples.

Specificity of attachment. The assay for attachment w~mg BpeCific in

that merozoites (with or without centrifugation), did not attach to guinea

pig or avian RBCs. These animals are resistant to infection by P. knowlesi

and the merozoites do not interact with or invade the RBCs on direct

observation by interference microscopy. In addition to SpeCificity, the

assay detects differences in attachment aff ini ty.  Attachmen t to rhesus
- RBCs was consistently greater than to human RBCs (Table III).

Attachment to Duffy blood group positive and negative httn~~~ RBCs.

P. knowlesi merozoites invade all human RECs except DuCfy blood group

negative RBCs (5,6). Without cytochalasin B in the merozoiti~—nuffy positive

- RBC suspension, merozoites in glutaraldehyde—fixed preparatt~~0 were in all

stages of invasion. Without cytochalasin in the merozoite—l~ufry negative

RBC suspension, few merozoites in glutaraldehyde—fixed prepar~itjon of the

suspension (with or without 0.1% DM50) were attached to RBC:i : ii td none was

invading. With cytochalasin, it was observed for the first time that the

attachment rate of P. knowlesi merozoites to Duffy positive nud negative
- RBCs was the same (Table III), despite the resistance of Dully negative

RBCs to invasion. That the Duffy associated event in the !nv~n ( o n nequence
- - was not related to the attachment was further tested by tre~~tiiit ’n t of

-~ - -  - - -



- , •~ Duf fy  positive RECs (~~a), with anti—Fy5, a treatment that markedly

reduces invasion (5). The attachment rate to antibody—coated RBCs was

the same as to untreated RECs.

• chymotrypsin treatment of Duffy positive or negative RBCs eliminates

all interaction with merozoites as observed by interference microscopy (12).

Cytochalasin—treated merozoites also cannot attach to these chymotrypsin—

treated cells. These cells are comparable to RBCs from refractory sub— 
-

primates in that there is no interaction or attachment to them.

Observations on attachment by interference microscopy . Rhoptries are

specialized organefles at the apical end of the merozoite and appear as

a single or double teardrop—shaped structure. During invasion, the apical

end containing the rhoptries are oriented toward the RBC before RBC defortna—

tion begins (1). lu the present study, cytochalasin—treated merozoites

remained attached to RBCs and did not invade them. We determined the -

( orientation of these merozoites relative to the REC, i.e., the position of

the rhoptries in merozoites that were attached to the convex edge of

RBC (Fig. 1, Table IV). Those merozoites that were in the concave portions

of the RBC (where the merozoite orientation to the RBC could not be

determined) or those that had no visible rhoptries were excluded from

• • the analysis. In the majority of cases, the end of the merozoite containing

rhoptries (apical. orientation) was in apposition to the RBC (Fig. 1,

Table IV). The percentage of merozoites with apical orientation was

similar for rhesus RBCs, human Duffy positive RBCs and human Duffy negative

RBCs (Table IV) , although, in any experiment, more merozoites attached

to rhesus than human RBCs (Table III).

Electron microscopy. When rhesus RECs and cytochalasin B—treated

aerozoites were incubated together, the apical end of the merozoite attached 

- -~~~ -- -~~~~~~~ - - - -,-- ~~~~~~~-5-~~~- - -—-- . -  ~~~~~~~~~~~ - ---
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t . a a

to th~ rhesus REC membrane (Figs. 2 and 3) in a manner identical to tha t

of meroz~ttes without cytochalasin B treatment (2). The RBC membrane to

which the cytochalasin—treated merozoite was attached became thickened

and formed a junction with the plasmalenmia of the apical portion of the

merozoite and invaginated slightly to cover the apical end. However, the

Invasion processes did not advance further and no movement of the junction

between the RBC and merozoite occurred. In some sections, vacuoles sur—

rounded by a unit membrane appeared in the RBC cytoplasm near the attach-

ment site (Fig. 3). The vacuoles varied in size. Some resembled pinocytotic

vesicles that appeared to be in contact with the REC membrane; others were

- elongated and large measuring about 0.8 iii in length and 0.1 iii in width.

The contents of these vacuoles were electron translucent, although a few

contained fine granular material.

Attachment of the treated merozoites to human Duffy positive RBCs was

similar to that described for rhesus BEGs. The apical end of the inerozoite

attached to the RBC formed a junction with the thickened RBC membrane

(Fig. 4), but no further steps in the invasion process took place. Also,

vacuoles were observed in the RBC cytoplasm near the site of the merozoite

attachment. 
- - -

In contrast to what was observed with rhesus and fluffy positive human

RBCs, we observed attachment but no junction formation between fluffy

negative RBCs and cytochalasin—treated merozoites. This despite the fact

that we studied four thin sections from each sample of eight experiments.

The total number of BEGs and merozoites examined was about 12,000 and

6,000, respectively. The apical ends of many merozoites were orientated

towards the RBCs, but instead of a junction, the RBC was about 120 to

/ 

~~~~~~ --
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• • 160 r~s away from the RBC, connected by thin filaments measuring 3 to 5 urn

‘
p.-...- (Fig.-5 ) . The filaments originated from the edge of the truncated , cone—

shaped apical end, such that two distinct filaments could be seen in thin

sectioas. This suggests that these filaments are arranged in a cylindrical

fashion in three dimensions. Such filamentous attachments between

cytochalasin—treated merozoites and RBCs were not observed In the

experiments with normal rhesus or human fluffy positive RECs, but they

were observed with schizont—infected rhesus RBCs.

Inasmuch as a junction was not observed between the uterozoite and the

Duffy negative RBC, it seemed possible that merozoites which were In

Contact with the R.BC membrane became separated from this membrane during

specimen preparation. In order to attempt to avoid such detachment during

specimen preparation, 10% albumin was added to the glutaraldehyde—osmium

fixed specimens before dehydration (See methods). Still, merozoites from

• this preparation did not form a junction with the RBCs. Merozoites were

connected to the RBCs by thin filaments which became more prominent after

albumin treatment (Fig. 5, inset).

Previously we demonstrated that trypsin treatmen t àf Duffy negative

RBCs made them more susceptible to invasion by P. knowlesi merozoites (6).

It was of interest, therefore , to see whether a junction forms between

these RECs and cytochalasin—trea ted merozoites . The results from these

experiments were similar to those obtained, in studies with rhesus and

fluffy positive RBCs. There was junction formation between merozoites and

RBC (Fig. 6). The connection of rhoptries with RBC membrane was also

observed (Fig. 6, inset). -

Discussion

It was observed that cytochalasin B—treated merozoites attach to
H -

rhesus RECs but cannot enter within these RBCs (i.e., they are not interiorized

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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• • an invaginated RBC membrane). Because cytochalasin has multiple

effects on cells (9,10) , we made no attempt to relate altered invasion

to its known effects. Rather , it was used operationally to further study

the early phase of invasion , i.e., attachment of merozoites to the REC

membrane. - 
- - -

Attachment of cytochalasin—treated P. knowlesi merozoites to RBCs

from susceptible hosts (rhesus monkeys and man) is specific in that these

merozoites will not attach to RBCs from nonsusceptible species (guinea

pi~ and chickens). Furthermore, the assay is not only species specific

but also can detect difference in attachment affinity. There was a signi-

ficantly greater percentage attachment to rhesus RBCs than to human

RBCs , correspondin g to the higher invasion of rhesus RBCs. In addition

to specificity, the process is temperature sensitive with the greatest

attachment at 37sC and little attachment at 4°C.

As in normal invasion (1—4), the majority of attached cytochalasin—

treated merozoites were oriented such that the apical region (the region

with the rhoptries) was in apposition to the RBC, although a few attached

In other orientations. The mechanism of apical orientation is unknown

and could relate to receptor density, receptor distribution on the merozoite

or the contraction of the inerozoite towards the apical region. By thin

section electron microscopy, we observed junction formation between the.

apical region of cytochalasin—treated inerozoites and the REC membrane. As

in normal invasion (2) , the BEG membrane attached to the merozoite appears

thickened. Although movement of the junction around the merozoite (the

normal invas ion sequence (2)) does not occur after cytochalasin treatment,

invaginated vacuoles, probably of the REC membrane origin , are present in

_ _



F :  - 
~~~~~~~~~~~~~~~~~ -‘~~~~~~~~~- ----- -~ --- -- - -~~~~~~

the apical region. We speculate that the substance released by the rhoptries

induces the EEC membrane to flow past the point of the junction forming

the observed invaginated vacuole around the apical region. The parasite

might have moved within the space formed by the invaginated vacuole

except that cytochalasin inhibited movement of the junction around the

merozoite. One possible mechanism for the formation of invaginated

vacuoles in the EEC might be similar to that proposed for bleb formation

after the addition of basic proteins to EEC ghosts (13). These blebs

• 
contained little protein and had no intramembrane particles by freeze

fracture. It was thus proposed that precipitation of spectrin by basic

proteins would compress the intramembrane particles and force the phospho—

lipids to form protein—free lipid vesicle blebs. In the case of invagination

of the EEC membrane in malaria, Kilejian has isolated a polyhistidine

granule from P. lophurae that may be related to the rhoptry secretion

(14,15) , and McLaren et al have presented preliminary evidence that the

vacuolar membrane is devoid of intramembrane particles (16). We speculate

that the rhoptry secretion causes movement of the EEC membrane past the

junction to form the vacuolar membrane into which the parasite moves.

The moving junction on the parasite brings it into the vacuole.

In addItion to the study of normal invasion, the isolation of the

attachment phase of cytochalasin—treated merozoites procrided a tool f-or

exploring the defect in invasion of Duffy negative RBCs. P. knowlesi

merozoites invade all human RBCs except fluffy blood group negative RECs

(5,6). Study of this exception to general susceptibility of human RBCs

has helped In the understanding of normal invasion. It appears that a

Duffy associated antigen is involved in invasion of human RBCs , and removal

r or blockage of this antigen reduces invasion (5) . Untreated inerozoites
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• deforn fluff y ~cgativc RBCs on contact , but the merozoites are unable to

— enter withtn the invaginated EEC membrane . Instead , after initial interaction

(widespread deformation of the EEC membrane), the merozoite detaches from

the EEC and can interact with other RBCs (5) . However , the relative affinity

of merozoites for attachment to Duffy positive and negative RBCs and the

nature of the attachment was unknown.

Because of the difference in the interaction with Duffy positive and

negative RBCs, we were surprised to find that cytochalasin—treated

merozoites attached equally well to Duufy positive and negative RECs

(Table III). In addition, the apical orientation for attachment was the

same for Duffy positive and negative RBCs (Table IV) . It appears that

P. knowlesi merozoites do not attach initially to fluffy associated deter-

minants. Support for this came from the observation that anti—F? coated

~~a (Duffy blood group a positive) RECs had normal rates of attachment,

• even though anti_Fya markedly reduced invasion of Fy5 RBCs (5).

Although the attachment of cytochalasin B—treated merozoites to

fluffy positive and negative RBCs appears the same by light microscopy,

ultrastructural studies identified an important difference in the basis

for attachment. No junction was observed between cytochalasin—treated

merozoites and Duffy negative RBCs. Instead, filaments arranged in a

cylindrical fashion extended from the edge of the apical ~nd of merozoites

to the EEC. Trypsinization of fluff y negative RBCs , a treatment that makes

these cells susceptible to invasion by P. knowlesi, permits j unction

formation with cytochalasin—treated merozoites. The data on attachment

and junction formation with various EEC preparations are summarized in

Table V, and the association of these events with merozoite induced

r - - 
- 

-
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deform~t i ~~nd invasion is shown. Whenever there is deformation of

RBCs on. contact with merozoites (see (1) for description of the event),

cytochalasin—treated merozoites attach to RBCs . Invasion is only observed~

after junction formation takes place. 
-

Prom our results, it appears that attachment and apical orientation is

independent of the Duffy associated antigen. The nature of this EEC

receptor is unknown , although we have shown that it is destroyed by - 
-

chymotrypsin treatment of the EEC. The qualities of the parasite that

determine apical orientation are also unknown . The absence of junction

formation with Duffy negative cells may indicate that the Duffy associated

antigen acts as a second receptor for junction formation or , alternatively,

a determinant on Duffy negative RJ3Cs blocks junction formation. Chemical

characterization of the EEC and merozoite determinants involved in the

early steps in invasion should facilitate an understanding of these
- 

events and suggest methods for blocking them, thus interfering with the

asexual malaria cycle and clinical disease. -

Summary

We h- ’ - ~. previously demonstrated that invasion of RBCS by malaria

merozoites f~~lows a sequence: recognition and attachment in an apical

orientation associated with widespread deformation of the EEC, junction

formation, movement of the junction around the merozoite that brings the

merozoite into the invaginated EEC membrane, and sealing of the membrane.

In the present paper , we describe a method for blocking invasion at an

early stage in the sequence. Cytochalasin—treated merozoites attach

- 

specifically to host RBCs , most frequently the apical region that contains

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -,--— ——--—------
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- • speci~.iize4 organd ies (rhoptries) associated with invasion. The parasite then

r forms a junction between the apical region and the EEC . Cytochalas in blocks

movemeat of this junction, a later step in invasion.

Cytochalasin—treated (P. knoviesi) merozoites attach to fluffy negative

human R.BCs, although these RBCs are resistant to invasion by the parasite.

The attachment with these RBCs , however, differs from susceptible RBCs in

that there is no junction formatIon. Therefore the Duffy associated antigen

appears to be involved in junction formation, not initial attachment.
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Table l

The effect of cytochalasth ( cyto) B treatment of merozoites on invasion
- 

- - of rhesus red cells

Treatment Percent Invasion

- . 
- Exp. I. Exp. 2 Exp-. 3

- None 
- 

15.1 2.7 3.8

- 
rn.iso (o.i%) - 

7.5 i.4 i.B

- Cyto B (10 p g/mi) 0.8 0 0

( 1 pg/mi) 1.5 0 0.3

(0.1 p g/mi) 22.5 ~I. 14 0.9
p.

.

- 

-

- i i

7 ...- - - 

- 
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- Tablel l

The effect of temperature on attachment of cytochajasjn B—treated merozojtesto rhesus red cells. (Data are presented as per cent of RECs with inerozoitesattached.) - -

Exp.l Exp . 2 Exp.3

37°C 
- 8.9 1.3 2.5

- 23—25°c 1.5 1.4 0.4 
- - -• 

- 

4°C 0.2 0.1 0.3

C- 
‘- 

-

• 

-

-

-H 
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Table III - 
-

The effect of red cell type on attachment by cytochalasun B treated

aerozoites. (Data are presented as per cent of RBCs with merozoites attached.)

- Exp . 1 Exp . 2 Exp . 3 Exp . 4 Exp . 5

Rhesus RBCs - 7.3 33 4.7 17.6

Human RBCs* -

a. Duffy positive 
- 

1.3 8.6 0.8 14.1 1.5

- 
- 

- 
1.3 5.2 0.8 4.3

b. Duffy negative 0.5 10.6 1.5 2.9 1.2

0.7 8.2 1.5 -

* Multiple samples run in a particular experiment are from different

individuals. -

- 

— 

.
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- TABLE IV

The orientation of cytocha].ns in-treated merozoites attached to RBCs

Type of RBC Centri~* Orientation of Attachment (%)t - Numb
fugation Apical Not Apical Indeterminate Coun

Rhesus No 52.1 J4 .2 1s3.7 71

- Yes . 70.2 3.5 26.3 57

Human fluffy Positive No 
- 149.2 13.6 37.3 - 59

- 
No 26.3 5.3 6B.~ 19

Yea 72.9 li.7 22.11 85

- Yes 50.0 0 - 50.0 52

Human fluffy Negative No 1414.8 6.0 - - 149.3 67
-. 

No 50.0 1.9 1i8.i 52
- 

- 
Yes 46.2 0.9 52.8 io6

- 
Yes 1414•14 1.4 54.2 72

* Half of the RBC-merozoite mixture was centrifuged before fixation ; the other half ~~

fixed without centrifugation. .

t The orientation is determined on merozoites attached to the convex surface of the

RBC (apical , rhoptries next to the RBC; not apical, rhoptries in any other orientatti

(See Fig. i). Indeterminate means that the merozoite is attached to the concave sur-

face of the RBC or the rhoptrles are not visualized . -

The total number of attached merozoites that were counted. 
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1ç Attachment dnd invasion of red cells (RUCs) by Plasinodium knowlesi merozoites

I
- Attachment Deformation* Junction Invasion

- Cytochai.asin Formation
B - - 

-

Rhesus kBCs + + + +

Duffy Positive + + - + +
~ (human RBCs) - . 

-

• fluf fy Negative _ + + — -

. 
—

(human RBCs) -

Duffy Negat~.ve + + - 
- 

+ +
Trypsin Treatment - - 

-

- Human RBCs — - 
- 

— —

Chyino trypsin Treatment

Guinea Pig RBCs — — — —

+ present; — absent

* Contact between the apical end of v~ab1e P. knowlesi merozoites and RBCs fromman or monkeys results in a rapid and marked deformation of the RBC (1).
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- . Figure Legends

Figure 1 interference microscopy photograph showing the attachment
- between cytochalasin B—treated merozoites and erythrocytes

(RBCs) . The apical end of the merozoite can be identif ied by

the presence of the rhoptry (arrow). A) Attachment between the

apical end of a inerozoite and a rhesus RBC. B) Attachment between

the side of a iaerozoite and a rhesus RBC. Note a rhoptry is

present in the center of the merozoite. C) Attachment between

- a merozoite and a fluffy blood group positive human RBC. D)

Attachment between a merozoite and a Duffy negative human RBC.

X2,500.

Figure 2 Electron micrograph showing the attachmen t between the apical end

of a cytochalasin B—treated merozoite (M) and rhesus ery th rocyte

(E). The erythrocyte membrane is thickened (double arrow) at

the attachment site. A few vacuoles CV) are seen in the erythrocyte

cytoplasm and some of them are in contact with the invagunated

erythrocyte membrane (arrow) . X5O ,000.

Figure 3 Electron tnicrograph showing the attachment between a cytochalasun

B—treated merozoite CM) and a rhesus erythrocyte CE). Note

several vacuoles (V) in the erythrocyte cytoplasm. X57,000.

Figure 4 Electron micrograph showing the attachment betwe~n the apical

end of a cytochalasin B—treated merozoite (arrow) and a fluffy

positive human erythrocyte. Several elongated vacuoles (V) are

present near the attachment site. X5O ,000.

Figure 5 Electron inicrograph showing that a cytochalasun B—treated

merozoite is connected with a fluffy negative human erythrocyte

- by two fine fibrils (arrow) which are extending from the edge
4 ~~~~~~~
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of the apical end. The fibrils were photographically intensified

C’ by double exposure technique. (See methods.) X50,000.

Inset: Two fine fibrils connecting the apical end of a merozoite

and a fluffy negative human erythrocyte. This specimen - was

treated with 1OZ albumin before preparation for EM embedding

- (See methods) . X78 ,000 . -

Figure 6 Electron micrograph showing the attachment between the apical

end of a cytochalasin B—treated merozoite and a trypsin—treated

fluffy negative human erythrocyte. The erythrocyte membrane is

thickened (double arrow) at the attachmen t site. An electron

opaque pro~jection (arrow) is extending from the rhoptry through

an opening in the apical end to the erythrocyte membrane.

X5l, 000.

Inset: Higher magnification showing the projection connecting

- between the apical end and the erythrocyte. A portion of the
- rhoptry (a) is less electron dense. X79 000. -
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Synopsis

Freeze fractu -e of P. cynomolg i, P. knowlesi, and P. berghei sporo-

zoites before and alter incubation with immune serum were stud ied by electron

microscopy. There are evenly dis tributed numerous intramembranous par ticles

(IMP) on the P lace of the outer membrane. The E face of the plasma inem-

brane shows fewer IMP than the P face of the plasma membrane. The E face

of the intermediate membrane has few IMP and shows linear slightly raised

ridges along the long axis of the parasite. The P face of the intermediate

membrane shows many IMP which ar e aligned along the long axis of the sporo-

zoite. On the P face of the inner membrane, IMP are aligned in very distinct

rows conforming to the long axis of the parasite. The E face of the inner mem-

brane shows a few randomly distributed IMP.

A prominent change in the sporozoite incubated in immune serum is the

appearance of a layer of particle aggregates surrounding the parasite. The

• 

- 

P face of the plasma membrane shows several clear areas devoid of IMP as

weli as IMP aggregates. No changes are detectable in the o ther fractured

faces of the pellicie. This observation suggests that immune serum only acts

on the P face of the plasma membrane. -

C -
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Introduction

Protection against malaria infection occurs in animals immunized with

irradiated spo rozoites of malarial parasites (9). Although the mechanism

of thi s protection is still not fully understood, it appears to be in part anti-

- body mediated. Ultrastructural studies by thin sectioning on sporozoites of

P. cynomn~gi and P. berghei incubated with the respect antisera indicated a

prominent, thick coat surrounding the outer membrane of the sporozoites ,

whereas sporozoites incubated with normal sera or media 199 did not sLnw

any alterations (2). Therefore , it seems apparent that antigen-antibody

reaction occurring at the surface of the sporozoite plays an important role

in malaria immunity. However , transmission electron micro scopy on thin

sections alone cannot detect precise structural alteration of the sporozoite

membrane. The freeze fracture technique appears to be the only direct rno r-

phologic method for the study of plasma membrane alterations. Recently

Douglas (3) demonstrated the redistribution of intramembrane particles (IMP)

of pulmonary alveolar macrophages after interaction with IgG and 1gM suggesting

that there is extensive plasma membrane reorganization after specific inter-

action between immunoglobulin and the plasma membrane.

Although there are a few reports of freeze fracture studies on proto zoa

such as Toxoplasma (10), Eimeria_ (4), and Sarcoçystis (10) and the erythro-

cytic stages of Plasmodium (7 ,8),  no freeze fracture report on malaria sporo -

zoites is available. We undertook to investigate the freeze fracture of P.

cynomolgi, P. knowlesi, and P. berghei spo ro zoites before and after incubation

with immune serum and the results are compared to determine the effects of

Immune serum on IMP distribution of these spo ro zoites .

1 
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Materials and Methods -

Animals. Female A/J mice (Jackson Memorial Laboratories , Bar Flarbo r ,

Maine) of at least 8 weeks of age were used for immunization with irradiated

sporozoites of P. berghei. Juvenile rhesus monkeys (Macaca mula tta) were

Imported from northern India and conditioned by Hazelton Prime labs , Farming-

dale , New Jersey. These animals were immunized by the bite of irradiated

P. cynornolgi-infected mosquitoes or ino culated with cynorno lgi malaria and

used as a source of infective blood meal8 for mosquitoes. 
- -

Parasite strains and their propagation. Labo ratory-bred Anopheles stephensi

were infected with either the NK 65 strain of P. berghei or the B strain of P.

cynomo~gi. The former has been maintained in golden hamsters (Cricetus

auratus) by weekly blood passage, alternating with frequent cyclical trans-

mission through mo squitoes. P. berghei-infected mosquitoes were held at 21°C
f -

under conditions optimal for spo rozoite development (12). The P. cynomolgi

B strain has been maintained in rhesus monkeys by i. v. inoculation of either

sporozoites or blood stages. P. cynomol gi-infected mosquitoes were maintained

at 250C. Anopheles bababacensis infected with P. knowlesi were obtained from

Dr. Robert Gwadz , Laboratory of Parasite Diseases , National Institutes of

Health. -

Sporozoite recove ry. Sporozoites were obtained by gradient centrifugation.

Using thi s procedure , large numbers of mosquitoes can be processed and the

- sporozoite preparation contains relatively small amounts of contaminants such

as mosquito t issue , bacteria and fungi (6). Eight hundred to one thousand

mosquitoes , with an infection rate of not less than 70% were used for each 10 ml

gradient.

a
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Thoracic hemocele sporozoites were recovered 15 to 18 days after the

Infective blood meal by isolation of mosquito tho races. These parasite - 4

(- containing mosquito tissues were suspended in cold tissue culture medium

199 (TC 199) and to each milliliter of this medium were added 200 units of

penicillin and 200 g of streptomycin to minimize bacterial growth. To free

the sporozoites , tissues were triturated in a loose fitting Teflo n tissue grinder ,

and then centrifuged at 18 g for 5 minutes, to eliminate the heavier fragments

of mosquito tissue. - This sediment was discarded after being twice washed

at the same speed , and the combined supernatants were centrifuged at 1320 g

for 30 minutes. The parasites, now concentrated in the sediment, were re-

suspended in 1 ml of TC 199 and layered on the surface of a 10 ml linear bovine

serum albumin (BSA ) renografin gradient. Details concerning the preparation

of the gradient and the subsequent processing of the spo rozoites have been

published elsewhere (6).

Sporozoite irradiation and immunization schedule. Sporozoite suspensions of

P. berghei were placed in serum vials and irradiated at 15 K rads in a Gammator

(Radiation International, Inc. ) by a 137Cs source giving a uniform dose rate of

463 rads/min. P. cynomolgi-infected mosquitoes were exposed to 20 K rads

of irradiation,

Mice were immunized by the i. v. injection of a primary dose of 7. 5 x

irradiated P. berg hei spo rozoites fo llowed at weekly intervals by 4 additional

i.v. injections of 2.0 x l0~ irradiated parasites. The rhesus whose serum was

used in the present experiments , had been immunized by the repeated bites of

irradiated P. cynornol gi-infected mosquitoes over a period of 16 months. This

animal did not develo p a sterile immunity but did show an extended prepatent

period when challenged with viable P. cynomolgi sporozoites.
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To obtain Immun e serum mice wer e bled from the retro-orbital venous

plexus one week following the last immunizing dose. The rhesus was bled

from the femoral vein. All sera were stored at -80°C prior to use.

Antispo rozoite activity of immune sera. Antisera were selected following

determination of their circumsporozoite precipitate (CS?) activity. The CSP

titer , defined as the highest serum dilution producing a thread-like precipitate

visible under phase microscopy at one end of the sporozoites, was determined

according to a previously described technique (13). Mouse anti-P. berghei

serum with a CS? titer of 1:40 and rhesus anti-P. cynomolgi serum with a

CSP titer of 1:20 were used in the present experiments.

Immune serum incubation of spo rozoites. Gradient recovered washed spo ro-

zoites of both P. berghei and P. cynomolgi were incubated within .their respective

immune sera for either 30 minutes at 37°C, 30 minutes at 4°C or 18 hours at 4°C.

Control sporozoites, of P. berghei, and P. cynomolgi were incubated in their

respective no rmal sera or TC 199 for 30 minutes at 37°C. Sporozoites of P.

knowlesi were maintained only in TC 199. Following these procedures , the

sporo zoites preparations were three times washed in TC 199 at 4°C.

Electron microscopy. After washing, the parasites were fixed in 1. 25% glutaral-

dehyde, 0.1 M cacodylate buffer, (pH 7. 3), and 0. 116 M sucrose. They were post

fixed in 1% osmium tetroxide for 1 hour , dehydrated and then embedded in Epon

812. Sections were cut with a Po rter-Blurn MT-2 ultramicrotome with a Dupont

diamond knife , mounted on copper grids and stained with 1% uranyl acetate and

lead citrate. These sections were examined ;ith a Siemens Elmiskop 101 electron

microscope.

For freeze-fracturing,  the glutaraldehyde-fixed samples were washed several

- 4
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times lii 0.1 M cacod ylate buffer and soaked for seve ral hours in the same

— buffe r containing 20% glyceral as an antifreeze agent. Freeze-fracturing

1’---- was performed according to the methods of Steer- c (11) in a Denton freeze-

etching device. Fracturing was carried out at -100 C under vacuum of l0~~

torrs , and the surface obtained was replicated with carbon and platinum.

Replicas were cleaned in 1% sodium hydro chlorite to remove adherent organic

material and rinsed in distilled water , These replicas were examined with

a Siemens Elmiskop 101 electron microscope.

Results 
-

a) Thin section transmission electron microscopy.

Since the fine structure of plasmodial spo ro zoites by thin section trans -

mission electron microscopy has been reported by several investigators (2),

only a brief description of the parasite is presented here. The pellicle of the

spo rozoite is composed of a plasma membrane, a doubled inner membrane

and a row of subpellicular microtubules (Fig. 1). The spo ro zoite ’s pellicle

appears to be covered with a very thin surface coat of uibrillar material

loosely surro unding the outer membrane. The apical end is a truncated

cone-shaped projection demarcated by polar rings. Electron-dense rhoptries

- 
and rnicronernes ar e pr esent in the anterior portion and ductules extend to

the tip of the apical end. The nucleus is situated in the mid-portion and the

posterior portion is occupied by mitochondria and occasional electron-dense

inclusions. - -

Light microscopy reveals tha t antisera induce the lo rmation of a thread-

like preci pitate , the “circum- spO rozoite precipitate reaction (CSP reaction)”
-I 

-

at one end of the parasite (13). Further studies , using both trans mission

5
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surrounding the outer membrane of sporozoites incubated in immune serum

(Fig. 2) and that the thread-like preci pitate (CS?) reaction is located at the

posterior end of the spo rozoite (2). The inner structure of these parasites

appears to be relatively unaltered. The surface coat is absent or minimal

on parasites incubated in normal serum. 
-

b) Freeze fracture of the spo rozoites of P. cynomolgi, P. knowlesi, and

P. berghei treated with normal sera or medium 199.

- The terminology used for this paper fo llows the nomenclature of B ranton 
—

et al. (1) (Table 1). Both the distribution and size of intramembranous particles

(IMP) on the P face of the outer- plasma membrane of the spo rozoites of P.

cynomolgi, P. knowles I, and P. berghei appear similar. There are numerous

IMP on the P face of the outer membrane and they are evenly distributed (Figs.

3,4). No reticulate pattern as described by McLaren et al. (8) on the P face

of the outer membrane of the P. knowlesi trophozoite is noted. Each IMP

measures about 90 A. The E face of the outer plasma membrane shows fewer

IMP (Figs. 6, 7) as compared to the P face of the plasma membrane and they

are unevenly distributed with occasional clumping. The E face of the inter--

mediate pellicular membrane (Fig. 4) has few IMP and shows linear , slightly

raised ridges along the long axis of the parasite. The P face of the intermediate

pellicular membrane (Figs. 6,10) shows many IMP on the fractured surface , al-

though their number is fewer than those on the P face of the plasma membrane.

They are aligned along the long axis of the sporozoite with regular inte rline

spacing. On the P face of the inner pellicular membrane (Fig. 5), the intramem-

branous particles are aligned in very distinct rows conforming to the long axis

- 
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of the cell. The E face of the inner pellicular membrane shows a few randomly

distributed IMP.

c) Freeze fracture of the spo rozoites of P. cynomolgi and P. berghei afte r

treatment with antisera.

A prominent change seen in freeze fractured spoxozoites after treatment

with anti-sera is the appearance of an outer layer of particle aggregates sur-

rounding the parasites (Figs. 9, 10,11). The layer of these particle aggregates

measures 200 urn in thickness and appears to correspond to the surface coat

seen in thin section transmission electron microscopy.

The P face of the outer plasma membrane shows randomly distributed

clear areas (Fig. 8) and aggregations of IMP (Fig. 9). These changes are

not detected in sporozoites incubated with no rmal serum or TC 199. No

changes are detectable in the other fractured faces of the pellicle. As is

observed by the thin sectioning technique, deformed spo rozoites with a large

bulge in the midportion of the parasite are also noted (Fig. U).

Discussion -

Although there have been reports on freeze fracture studies of malarial

parasites in the past (7), these studies dealt mainly with the structure of the

intracellular organelles of the erythrocyti c parasites. Recently McLaren et

al. (8) using the freeze fracture technique described the pellicula r membrane

of erythrocytic P. knowlesi pa rasites as well as the membrane of the parasito-

phorous vacuole. The density of the IMP on each fracture surface of the peill-

cular membranes of the merozoite appears to be similar to that of the spo ro-

zoltes reported in thi s -current study. On the other nand , they failed to observe

aligned IMP along the long axis on the P faces of the intermediate and inner

- 
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F pelllcuhr mem~ raaes, Thts ol s.r-v~~io~ may be ~ue te dit4erences in +lio pr~~

paration of the specimcn. - 
-

Both the distribution and arrangement of the IMP in the pellicular mern-

brane s of the spo rozoites of malarial parasites are similar to those of Eimerian

sporozoites as reported by Dubremetz and Torpier (4). The aligned IMP along

the long axis of the spo ro zoites appear to correspond to the underlying sub-

pellicular microtubules. Similar arrangement of IMP is also described for

Trypanosoma brucci (5), Sareocyst is tenella (10), and Toxoplasma gondii (10).

However , the functional relationship between sub pellicular microtubu 1~ s and

aligned IMP is not known.

Of particular interest is the similarity of the IMP distribution and arrange-

ment on the P faces of both the intermediate and inner membranes. Also , the

E face of the intermediate memb rane and the E face of the inner membrane

are similar in structure. This similarity may support a contention that the

Intermediate and inner membrane ori ginated from flattened vesicles under -

the plasma membrane (4). - - -

- Freeze fracture replica of the spo rozoites afte r treatment with antisera

demonstrated the redistribution of intrameinb ranous particles on the P face

of the plasma membrane. On the other hand , the IMP of the intermediate

and inner pellicular membranes did not show any detect~b1e alteration in -

their distribution and number. Therefore , it appears that the immunog lobulins

alter only the structural arrangement of the plasma membrane. Specific

antibodies have been demonstrated to induce membrane surface reorganization.

Douglas (3) reported similar IMP reorganizations on both th~ P and E faces

of the plasma membrane of rabbit pulmonary alveola r macrop hages af ter  in-

cubation with immunoprotein . Ho gan and Patton (5) demonstrated aggregates 
-
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of IMP on the P and E faces of the plasma membrane of T. brucei which were

obtained from intact rats , while parasites from immunosuppressed rats did

IC)  not show such aggregates. They suggested that antigen-specific antibody

I brings about this aggregation. Our results , however, indicate IMP aggre-

gates are only found on the P face of the plasma membrane.

The IMP-like particles surrounding sporozoites incubated in immune

1 serum appear to correspond to the electron dense surface coat seen by the

thin sectioning. The fact that this electron-dense surface coat has been

demonstrated to be an immune complex by imxnuno-electron microscopy (2)

suggests aggregates of the particles to be the immune complex. The aggre-

gates of IMP on the P face of the plasma membrane and surface coat fo rmation

may be related phenomena. Reorganization of IMP in the plasma membrane

may lead to the eventual fo rmation of the surface coat.

C) 
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Diagram: Schematic diagram showing the fracture faces of a malarial

sporozoite.
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I Figure Legends -

t I 
-- 

Fig 1. Electron micrograph of a P. cynomolgi sporozoite incubated in T 199.
(
I The spo rozoite surface is covered by a small amo unt of fibrilla r

material (arrow). 56, 000X

I - 
-

Fig 2. Electron micrograph of P. cynomolgi sporozoite incubated in immune

I serum for 30 minutes at 370 C. The surface is covered by a prominent

I surface coat (arrow). 56 , 000X

I FIg 3. Electron micrograph of a freeze fractured P. cy-no molgi sporozoite.

The P face (P1) of the plasma membrane is uniformly covered by

intramernbranous particles. 61, 000X

Fig 4. Electron micrograph of a freeze fractured P. cynomolgi spo ro zoite.

IMP are numerous on the P face (P1) of the plasma membrane, whereas

- they are fewer on the E face (E 2) of the intermediate membrane. 45 , 000X

Fig 5. Electron micrograph of a freeze fractured P. knowlesi spo ro zite showing

IMP aligned to the long axis of the spo rozoite on the P face (P 3) of the

- inner pellicui.ar membrane. 60, 000X

Fig 6. Electron rnicrograph of a fr eeze fractur ed P. knowitsi spo rozoite

showing the P (P1) and E (E1) faces of the plasma membrane, the P

-.  (P2) and E (E 2) faces of the inte rmediate pellicular membrane and the

P (P3) face of the inner membrane. The P (P1) face of the plasma mem-

brane shows numerous IMP , while the E (E1) face of the plasma mem-

brane show fewer IMP. The E (E 2) face of the intermediate pellicular

membrane shows hardly any IMP and the P (
~~~~~~~

) face shows few smaller 
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particles. The iMP on the P (P 3) face of the inner membrane appears

to be aligned to the long axis of the spo rozoite. 5l, 000X

Fig 7. Electron micrograph of a freeze fractured P. berghei sporozoite

showing fewer IMP on the E face (E 1) of the plasma membrane than

on the P face (P1) of the plasma membrane. - 80, 000X

Fig 8. Electron micrograph of a freeze fractured P. cynomolgi sporozoite

incubated in immune serum for 30 minutes at 37°C. IMP cover the

P face (P1) of the plasma membrane unevenly and the P face shows

areas (arrow) without IMP. 45 , 000X

Fig 9. Electron rnicrograph of a freeze fractured P. cynomolgi spo rozoite

incubated in immune serum showing clumped IMP (arrow). The out-

line of the sporozoite is covered with a layer of particles (double

arrow). 51, 000X 
-

Fig 10. Freeze fractured P. cynomolgi spo rozoite incubated in immun e serum.

- The parti cles (arrow) along the outline of the sporozoite is seen. IMP

on the E face (E1) of the plasma membrane, P face (P2.) of the inter-

mediate pellicular membrane and the E face (E 3) of the inne r pellicular

membrane appear not altered. The P face (P2) of the intermediate

membrane shows IMPs aligned along the long axis. 60 , 000X

Fig 11. Freeze fractured P. cypomolgi spo ro zoite incubated in immune serum.

The spo rozoite is deformed with a layer bulge in the midportiori. C1umpin~ ;

of IMP on the P face (P1) of the plasma membrane is evident. A layer

of particles (arrow) cover the spo ro zoite surface (arrow). 47 , 000X
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