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EFFECTS OF LETHAL AND NON-LETHAL MALARIA ON THE 
MONONUCLEAR PHAGOCYTE SYSTEM *

Carlos Eduardo Tosta1 , Greta Ruiz, Nina Wedderfourn

The effects ofone non-lethal species ofmalarialparasite, Plasmodium yoelii, and one 
lethal species, P. berghei, on the mononuclear phagocyte system (MPS) of BA LB/c mice 
were studied. P. yoelii caused a greater and more sustained expansion and activation o f  
the MPS, and the two major populations o f spleen phagocytic cells-red pulp and margi
nal zone macrophages — exhibited a greater increase in numbers in this infection. During 
the course o f  P. berghei mataria, the spleen was progressively occupied by haematopoietic 
tissue and, at the terminal stage o f infection, an extensive depletion of lymphocytes and 
macrophages was apparent

The possibility was suggested that the outcome o f mataria may be inftuenced by the 
particular way the parasite interacts with the MPS.

(Key-words: Mataria. Plasmodium yoelii. Plasmodium berghei. Mononuclear phagocyte 
System. Macrophages. Monocytes. BALB/c mice).

The mononuclear phagocyte system (MPS) 
represents a major site of interactions bet- 
ween malarial parasite and the host. During 
infection, macrophages perform a crucial role in 
the clearance of parasites 2, and also appear to 
play a part in the modulation of the immune 
response 21. It is therefore conceivable that 
the particular way in which this interaction 
occurs may influence the outcome of the infec
tion. This possibility was investigated in two 
murine malarias, one lethal caused by Plasmo
dium berghei, and one self-limiting caused by 
P. yoelii.

M A TER IA LS AND METHODS 

Host-parasite systems

Two to four month old female BALB/c mice 
bred in our Animal Unit were used throughout
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this study. They were infected with 105 parasi- 
tized erythrocytes i.v. of either P. yoelii strain 
17X or P. berghei A N KA  strain, which were 
maintained as frozen stabilates and passed once 
in isogenic mice before use. P yoelii 17X causes 
a self-curing infection after an acute attack last- 
ing 2-3 weeks, while P. berghei gives rise to a 
lethal infection with two peaks of mortality, on 
days 6-8 and 21-23.

Histological techniques

Livers and spleens were fixed in Carno/s 
solution and stained either with haematoxylin- 
eosin, Giemsa solution, pyronin-methyl green, 
<md silver impregnation for reticulin s . The 
first two methods were also used for staining 
the bone marrow.
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Spleen cell suspension

Spleens were minced with a scalpel into cold 
Hanks' balanced salt solution (HBSS), trans- 
ferred to siliconized vials containing a magnet 
and stirred at 4 °C  for 15 min. After sedimen- 
tation in the cold, the cells in the supernatant 
were collected, and the undissociated tissue 
subjected to two further cycles of stirring and 
sedimentation. Cells were then washed twice in 
HBSS, and viability estimated by nigrosin 
exclusion.

Characterization o f macrophages

Macrophages in cytocentrifuge preparations 
of spleen and bone marrow were characterized 
by: (a) nonspecific esterase staining, using 
alpha-naphthyl acetate as a substrate 8, and 
(b) the presence of ingested parasitized and 
non-parasitized erythrocytes or malarial pig- 
ment in Giemsa-stained preparations. In some 
experiments, macrophages were identified by 
their characteristic spreading, following the 
technique of Rabinovitch & DeStefano14. The 
spreading assay was also used for estimating 
macrophage activation.

Quantitation of macrophages

(a) Spleen: the percentage of macrophages 
in spleen cell suspensions was assessed in este- 
rase-stained cytocentrifuge preparations and 
their absolute numbers calculated from the 
number of nucleated spleen cells.

(b) Liver: hepatic sinusiodal cells were iden
tified as those localized alongside the sinu- 
soids, and by their small hyperchromatic nuclei, 
and their numbers assessed in 5/im thick sec- 
tions, in relation to 100 parenchymal ce lls11.

(c) Blood: two populations of mononuclear 
phagocytes were assessed in Giemsa-stained 
smears of peripheral blood: monocytes (12.8 ± 
1.4 ^m, homogeneous cytoplasm containing 
no ingested material), and macrophages (15.7 ± 
3.7 n  m, vacuolated cytoplasm containing in
gested malarial pigment or parasites).

Analysis o f the splenic microarchitecture

The area of the spleen predominantly 
occupied by the red pulp, marginal zone, the 
white pulp (excluding the marginal zone), and 
the haematopoietic tissue were microscopically 
evaluated using an eyepiece mounted with a

graticule divided into 100 small squares. Each 
low power microscopical field of a normal 
spleen covered the width of the cross-section, 
and comprised one-fifth of its total area. En- 
larged spleen were assessed by examining a 
superficial and a deep area to account for the 
preferential distribution of certain histological 
structures, such as the haematopoietic tissue in 
the periphery of the organ. Results expressed a 
particular area as the percentage of the total 
area of the spleen. Structures such as fibrotic 
tissue and vessels accounted for a maximum of 
2% of the total area.

R ESU LTS

The expansion of the mononuclear phagocyte 
system (MPS)

A significant increase in the number of 
spleen macrophages in P. yoelii malaria was first 
detected at day 3 of infection. The expansion 
of this population paralleled the increase in the 
number of parasitized erythrocytes, reached a 
maximum by day 10, and after recovery, the 
number of macrophages slowly returned to pre- 
infection leveis (Fig. 1). In P. berghei infection, 
macrophages were significantly increased in 
number on day 3, but three days later they 
comprised less than half of their P. yoelii coun- 
terpart, in spite of the higher parasitaemia. At 
the final stage of P berghei malaria the number 
of spleen macrophages decreased sharply.

A significant increase in the numbers of liver 
phagocytic cells was first detected at day 7 in 
P. yoelii and one week later in P. berghei infec
tion (Table 1). This population peaked at day 
15 in both infections but while in P. yoelii-\n- 
fected animais the subsequent decrease follow- 
ed recovery, the drop observed at day 21 of P. 
berghei infection occurred in spite of the ram- 
pant parasitaemia (see Fig. 1).

Macrophages containing ingested parasites or 
malarial pigment were observed in the bone 
marrow of mice infected by either species from 
the second week of infection. However, their 
numbers remained steady throughout the infec
tions.

Macrophage traffic

In P. berghei infection, the numbers of 
monocytes and macrophages in the peripheral 
blood increased progressively reaching a peak at 
day 12, when the former exhibited a 13-fold 
increase. However, as with spleen and liver
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macrophages, circulating mononuclear phagocy- 
tes fell at the end of the infection (Table 2). In 
the first two weeks of P. yoelii infection, cir
culating monocytes and macrophages under- 
went quantitative alterations comparable to 
those of P. berghei. Monocytes were the predo- 
minant circulating mononuclear phagocyte 
until day 10, but macrophages predominated 
thereafter. By day 30 of P. yoelii infection no 
macrophages were detected in the peripheral 
blood, although monocytes were still found in 
increased numbers.

The possible mígration of macrophages bet- 
ween cell compartments was investigated by 
assessing the percentage of cells containing 
malarial pigment in the peritoneal cavity of 
mice infected intravenously. ln/>. berghei infec
tion, 12% of the population of peritoneal adhe- 
rent cells contained pigment at day 6 and four 
days later pigment was observed in only 6% of 
peritoneal macrophages, in spite of the greater 
parasitaemia. In P. yoelii-infected mice, pig- 
ment-laden peritoneal macrophages (mean of 
2%) were found exclusively on the tenth day of 
infection, coincidentally with peak parasitae
mia.

Macrophages and the splenic microarchitecture

Before infection, about 34% of the total area 
of the spleen was predominantly occupied by 
the periarteriolar lymphocytic sheaths and the 
follicles, 30% by the red pulp, 19% by the mar
ginal zone and the remaining 17% by haemato
poietic tissue. However, as infection advanced 
and anaemia developed, this latter tissue under- 
went extensive expansion and by day 11 of 
infection by either species, haematopoietic cells 
were infiltrating most of the red pulp, com- 
pressing the marginal zone against the enlarged 
white pulp and, indeed, invading this latter area 
(Fig. 2). In P. yoelii-infected mice the splenic 
microarchitecture returned to normal after 
recovery, whilst in P. berghei infection the 
haematopoietic tissue expanded progressively 
and, in the final stage, it comprised most of the 
area of the spleen (Fig. 2), the spared area of 
splenic tissue showing extensive macrophage 
and lymphocyte depletion.

In a parallel study, we assessed the involve- 
ment of different populations of spleen macro
phages in the phagocytosis of parasites at 
various times after infection. Red pulp macro
phages appeared to be the most active in pha
gocytosis throughout infection by either species

(Table 3). Marginal zone macrophages were 
active phagocytic cells in P. yoelii malaria, whe- 
reas in P. berghei infection they could not be 
identified after day 7 because of the extreme 
subversion of the splenic structure. At the 
height of the infection by either species, pig- 
ment-laden macrophages were observed in the 
periphery of the white pulp, particularly in the 
mantle zone of the secondary follicles.

Macrophage activation

Activation of macrophages was assessed by 
their degree of spreading after 30min incuba- 
tion at 37°C. Spreading macrophages were 
recognized by phase contrast microscopy as 
large cells showing a prominent cytoplasmic 
apron and plasma membrane ruffling, and fre- 
quently containing ingested material including 
malarial pigment. As assessed in both Giemsa 
and in esterase-stained preparations, 23.4 ± 
6.7% of the spleen cells attached to the covers- 
lips were macrophages, 70.0 ±6.9% other mo
nonuclear cells including lymphocytes and hae
matopoietic cells, and the ramaining 6.2 ± 3.5% 
were polymorphonuclear leucocytes.

As shown in Table 4, the degree and kinetics 
of the activation of macrophages, as judged by 
the spreading assay, differed considerably in 
the two malarial infections investigated. in P. : 
yoe//'/-infected mice, a highly significant increa
se in the spreading of both spleen and perito
neal macrophages occurred between days 6 and 
30 of infection, peaking at day 10. P. berghei 
caused a earlier but more moderate, although 
significant, increase in the degree of spreading, 
with an apparent drop in the final stage of the 
infection.

To investigate the possible relationship bet
ween the capacity to spread and to phagocy- 
tose, macrophages either engaged or not-engag- 
ed in phagocytosis were collected on day 6 ôf 
infection and compared by the spreading assay. 
Fig. 3 shows that phagocytosing macrophages 
exhibited a significantly (p <  0.01) higher 
degree of spreading than their non-phagocytos- 
ing counterparts in both P. yoelii and P. berghei

infections. Non-phagocytosing macrophages in 
infected mice showed a degree of spreading 
comparable to or smaller than that of cells from 
uninfected mice (Fig. 3).
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DAYS OF INFECTION

Fig. 1 -  Variation in the number of spleen macrophages, and the number of parasitized e ry th ro c y te s /m m 3 in P. 
yoelii and P. berghei infections in groups of 5 mice.

P. yoelii: macrophages and ®------------- O parasitaemia

P. berghei: □  macrophages and Á  A parasitaemia

Shadowed area represents the number of spleen macrophages in non-infected mice ±  standard error.

DISCUSSION

Spleen, liver and bone-marrow macrophages 
constitute the main populations of the MPS to 
react during malaria 18. The increase in their 
numbers was therefore considered as an expres- 
sion of the expansion of the system. The three 
populations behaved differently. the spleen 
showed the greatest and most rapid increase in 
the number of macrophages; liver phagocytic 
cells exhibited a marked -  though delayed — 
expansion, whereas the number of bone 
marrow macrophages remained steady throu- 
ghout the infections.

Expansion of the populations of spleen and 
liver macrophages, accompanied by little or no 
modification of the bone marrow pool has also 
been shown by others 17, and probably in- 
dicates the degree of involvement of diffe- 
rent compartments of the MPS in phagocyto
sis. Although bone-marrow cells are capable of 
phagocytosing malarial parasites in vitro 6, 
they show a relative inability to ingest blood-

borne antigens in vivo 9. It is possible that the 
heightened need for macrophages in "shock 
organs" such as the spleen and the causes 
an augmented production of phagocytic cells 
by the bone marrow, which then leave the site.

The relative contribution of the populations 
of spleen and liver macrophages appeared to 
vary with the species of parasite. In P. yoelii 
malaria the number of spleen macrophages had 
increased 2.9 times three days after infection 
and, 7 days later, they averaged 23 x 106 cells/ 
spleen, corresponding to a 5.7 -  fold increase 
as compared to non-infected rr.ice. A  signif
icant expansion of liver sinusoidal calls wasonly 
noticed 6 days after infection and peaked 8 
days later, when a two-fold increase was observ
ed. Since about 80% of the liver sinusoidal cells 
are capable os phagocytosis 20, and a normal 
mouse liver contains an average of 9 x 106 ma
crophages 19, the peak numbers of liver 
phagocytic cells observed in P. yoelii malaria 
would be equivalent to 16 x 106 cells, some- 
what less than the maximum number of spleen 
macrophages.
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Fig. 2 — Atteration of the splenic microarchitecture during P. yoelii (A) and P. berghei (B) infections. Data represent 
the relative areas of the spleen prodom inantly occupied by the periarteriolar lym phocytic sheaths and 
follicles ( □  ), marginal zone ( ^  ), red pulp ), and haematopoietic tissue ( ^  ). Data are the
mean value of 10 sctions from  groups of 5 mice. Line ( ► 9 ) represents the degree of alteration of the reti-
cular fram awork, scored from  0 to 3.
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NON-PHAGOCYTOSING M0

PHAOOCVTOSINO M0

CONTROl

Fig. 3 — Spreading of phagocytosing and non-phagocytosing macrophages. Data represent results from  groups of 5 
mice. Shadowed area depicts the mean diameter of spread macrophages from  uninfected mice ±  standard 
deviation.

On a quantitative basis, liver phagocytic cells 
were more important in P. berghei — infected 
mice since they outnumbered spleen macropha
ges throughout the infection. At the height of 
the expansion of the MPS, the pool of spleen 
macrophages was estimated as 16 x 106 cells, 
whereas the 2.3 — fold increase in the number 
of liver macrophages would correspond to 19 x 
106 cells.

It has been recognized that the expansion of 
the MPS may be due either to recruitment of 
bone-marrow monocytes or to proliferation in 
situ. Although macrophage proliferation has 
been shown to occur under intense stimulation 
of phagocytosis3, this does not appear to be 
an important factor in the expansion of the 
MPS in our study. Only very occasionally were 
sinusoidal lining cells in the liver and, in no ins- 
tance, were spleen macrophages seen in mitosis 
during infection, as observed by electronmi- 
croscopy (data not shown). Therefore, the 
expansion of macrophage populations of the 
spleen and liver in our study appeared to be 
mainly due to recruitment from other sites. In 
fact, Wyler & Gallin22 have shown that accumu- 
lation of spleen macrophages in P. berghei ma
laria is associated with the production in situ 
of monocyte chemotactic factors. Our data 
showing an increased circulation of mononu
clear phagocytes suggest that tissue demand, 
production and migration of macrophages are 
associated phenomena, and that redistribution 
between different compartments may play a

part in the expansion of the system. The find- 
ing of cells containing malarial pigment in the 
peritoneal cavity of intravenously infected mice 
indicates that part of this population originat- 
ed from another site. In addition, the accumu- 
lation of liver phagocyte cells which occurred 
three or four days after the expansion of spleen 
macrophages in both P. berghei and P. yoelii 
infections suggests that the latter population 
could be a source of liver phagocytic cells.

We observed in both P. yoelii and P. berghei 
infections extensive alterations of the microar
chitecture of the spleen, mainly because of the 
expansion of the haematopoietic tissue, which 
infiltrated most of the red pulp and invaded 
the periphery of the white pulp. In P. yoelii 
malaria, the relative area occupied by the white 
pulp was generally enlarged throughout the 
infection, whereas in P. berghei — infected mice 
it remained unchanged until the last stages, 
when it underwent an extensive reduction and 
finally comprised only 2.5% of the total area of 
the spleen, in contrast with 53% before infec
tion. Furthermore, the few areas of the white 
pulp not invaded by haematopoietic tissue exhi- 
bited marked depletion of macrophages and 
lymphocytes. This could provide a causai fac
tor for the malaria-induced immunodepression. 
Spleen lymphocyte depletion has been reported 
in P. berghei infection 7, and it is probably 
associated with a Progressive loss of the capa- 
city of the organ to retain these cells 1. Since 
macrophages have been recognized to play a 
part in lymphocyte trapping and position-
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ing 4 10, it is possible that lymphocyte deple
tion represents an end-result of the reduction in 
the population of spleen macrophages.

In our study, both splenic and peritoneal 
macrophages showed enchanced spreading, 
which was more marked and more sustained in 
P. yoelii than in P. berghei-infected mice. The 
degree of spreading fluctuated in the animais 
inoculated with the latter species, despite the 
continuously increasing parasitaemia, and 
dropped in the final stages of infection. Shear 

et al 16 found that spleen macrophages from 
P. berghei-infected mice underwent a Progressi
ve increase in spreading during the infection, 
whereas peritoneal macrophages showed no 
change in their ability to spread. The discrepan- 
cy between our results and theirs may have 
several explanations. Shear and her colleagues 
used a different strain of P. berghei, a different 
criterion for assessing the spreading, and incu- 
bated the cells in medium containing serum, 
which can interfere with the phenomenon 14. 
Activation of peritoneal macrophages dur
ing the course of an intravenously-induced sys- 
temic infection, as shown in our study, has also 
been reported in mice infected with BCG or 
Listeria 13 15 and suggests that either macro
phages activated in other sites migrate to the 
peritoneal cavity and/or that some activating 
factor is released in the circulation.

On the basis of our own data and of those 
from other workers, the following sequence of 
events can be proposed to explain the multiple 
functions of macrophages in malaria. In the 
early stages of the infection, spleen macropha
ges undergo a degree of activation as a conse- 
quence of contact with parasites or their pro- 
ducts, probably through endocytosis. Activa
tion may induce macrophages to release Pro
ducts (e.g. interleukin 1) that cause lymphocyte 
proliferation and differentiation. Activated T

cells will produce lymphokines which may lead 
to the recruitment of monocytes, and to a fur- 
ther activation of macrophages. These fully 
activated macrophages, by means of their 
enhanced phagocytic capacity, or even some 
cytotoxic effect towards the parasite, could 
sometimes control the infections, but it is also 
possible that an exaggerated phagocytosis could 
lead to impairment in the accessory function of 
macrophages and to the release of mediators 
inhibitory to lymphocyte proliferation. This 
inhibition could be beneficiai for the host if 
acting on precursors of supressor cells, or on 
B cells involved in polyclonal proliferation 12. 
Another consequence of the increased phago
cytosis could be an augmented release of iron- 
products and interference with lymphocyte 
recruitment and positioning 4.

It is possible to postulate that in P. berghei 
infection of mice and in other systems in which 
the course of malaria is severe or fatal, this nor
mal sequence of events may be somewhat alter- 
ed. We have found that macrophages appearto 
recognize and ingest P. berghei at a rate compa
rable to that of P. yoelii (C.E. Tosta: unpublish- 
ed). It seems that the differences in the interac- 
tion of each species with the defence system of 
the host resides at another levei of the chain of 
events triggered by the parasite invasion, for 
example, the mobilization and activation of 
macrophages. P. berghei does not êeijf to have a 
built-in inability to mobilize and activate the 
MPS since this can be afforded if parasitaemia is 
controlled by chemotherapy. Our data indicate 
that the sequence of events occurs in a slower 
fashion in P. berghei infection, allowing for the 
relatively unchecked growth of the parasite.

It is suggested that the concept of the tempo 
of the interaction with the MPS may provide a 
useful approach to the understanding of host- 
parasite relationships.

RESUMO
Estudou-se o efeito da infecção causada por espécie letal (Plasmodium berghei) e não- 

letal (P. yoelii) de plasmódio sobre o sistema de fagócitos mononucleares de camundon- 
go BALB/c. O P. yoelii causou maior e mais prolongada expansão e ativação do sistema de 
macrófagos. As duas mais importantes populações de fagócitos esplênicos — macrófagos 
de polpa vermelha e da zona marginal — exibiam maior aumento do número de células 
nesta infecção. Durante a evolução da malária por P. berghei, o baço foi progressivamente 
ocupado por tecido hematopoiético e, na fase terminal da infecção, observou-se significa
tiva depleção dos linfócitos e macrófagos esplênicos. Os dados apresentados indicam que a 
evolução da malária depende do tipo de interação entre o plasmódio e o sistema de fagó
citos mononucleares.

(Palavras-chaves: Malária. Plasmodium yoelii. Plasmodium berghei. Sistema de fagócitos 
mononucleares. Macrófagos. Camundongos BALB/c).
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Tabela 1 — Variation in the number of liver sinusoidal cells during the course of malaria

Day
Sinusoidal cell/100 hepatocytes ± s.d.(1)

P. yoelii infection P. berghei infection

0 34 ± 6 34 ± 6
1 37 ± 5 36 ± 9
3 37 ± 5 43 ± 6
7 55 ± 16(2) 43 ± 15

11 53 ± 11(2) 43 ± 6
15 67 ± 20(2) 77 ± 20(2)
21 ND 60 ± 9(2)
60 54 ± 9(2) ND
90 35 ± 9 ND

( ')  Data represent the mean number of cells in three microscopical fields, in groups of 5 mice. 
(2) Significantly different from  day 0 (p ^  0 .05), Student's 't' test.

Tabela 2 -  Variation in the numbers of monocytes and macrophages in the peripheral blood of 
mice infected with P. berghei

Monocytes Macrophages

DaV (x103/mm3 ± s.d.) (x103/mm3 ± s.d.)

0 0.26 ± 0.07(‘ ) 0
5 0.31 ± 0.09 0.01 ± 0.01
7 0.69 t  0.34(2) 0.09 + 0.02
9 1.33 ± 0.23(2) 0.67 ± 0.38

12 3.45 ± 1.46(2) 4.25 ± 2.90
19 1.11 ± 0.54(2 1.23 ±0.94

(*) Data represent results from  groups of 5 mice injected i.v. w ith 106 P. berghei-infected erythrocytes.
( ) Significantly different from  day 0 (p <  0 .05), Student's 't' test.

Tabela 3 — Involvement of different populations of spleen macrophages in in vivo phagocytosis 
during the course of malaria

P. yoelii infection P. berghei infection
Day

Red
pulp

Marginal
zone

White 
pulp (M

Red
pulp

Marginal
zone

White
pulp

1
3 + (2)

- - - - -

7 ++ + - +++ + —

11 +++ +++ + ++ + —

15 +++ +++ — ++ + ++
21 ND ND ND +++ - < 3 ) ++
30 +++ ++ — ND ND ND

(*) Excluding the marginal zone.
( ) Data represent the results from  groups of 5 mice.

The frequency of macrophages containing malarial pigment per area of spleen was scored from  (—) to 3(+). 
( ) Splenic microarchitecture markedly disrupted by the growth of haematopoietic tissue; no marginal zone iden- 

tified.
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Tabela 4 -  Variation in the spreading of spleen and peritoneal macrophages during intravepously 
— induced malaria

P. yoelii infection P. berghei infection
Day

Spleen MO Peritoneal MO Spleen MO Peritoneal MO

0 20.0 * 1.4(‘ ) 18.6 * 1.5 20.0 5. 1.4 18.6 1 1.5
3 20.0 1 1.4 24.0 1 1.3(2) 23.4 * 1.4 (2) 31.6 * 1.3(2 )
6 31.6 I  1 -3(2 ) ND 25.7 !  1.3(2) 24.5* 1.4(2)

10 33.1 1 1.4<2) 33.1 1 1.4(2) 23.4 i  1.3(2) 31.6 5. 1.5(2)
15 29.5 í  1.5(2) 25.7 1 1.5(2) 26.9 1 1,3(2) ND
21 ND ND 22.9 i  1.3(2) ND

(*) Data represent geometric mean l ( im l  *  standard deviation of the major diameter of spreading macrophages 
from  groups of 5 mice.

(2) Significantly different (p ^  0 .001) from  day 0, Student's " t"  test.
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