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During the past few years there has been a con-
siderable revival of interest in the serology of
malaria and in the simian malaria parasites, which
have been found in many cases to offer excellent
model systems often closely paralleling those in
man. Tobie & Coatney (1961) showed the feasibility
of the application of the fluorescent antibody test to
Plasmodium cynomolgi bastianeiii infections in man.
A similar qualitative study was carried out with the
same parasite in rhesus monkeys by Ingram et al.
(1961), and Voller (1962) extended the observations
to deal with cross-reactions between various primate
malaria parasites. An important advance was made
by Kuvin et al. (1962), who modified the test so that
a quantitation of malarial antibody was possible.
They were able to follow the evolution of malarial
antibody in man infected with the human parasite
P. vivax or the simian parasite P. cynomolgi bastia-
nellii. Many further such applications to these and
to other different malaria parasite-host systems have
followed.

In contrast, complement-fixation has received
relatively little attention of late. A firm foundation
for studies using this test in simian infections was laid
by Coggeshall & Eaton (1938), who worked with
P. knowlesi in monkeys. Only very recently a further
quantitative study with some simian and human
infections has appeared (d'Antonio et al., 1966).

It seemed to us an opportune moment to compare
the complement-fixation and fluorescent antibody
methods, especially since Tobie (1964) suggested
that in his view these methods showed great promise.

Materials and methods
The strain of Plasmodium cynomolgi bastianellii

was kindly provided by Professor P. C. C. Garnham
of the London School of Hygiene and Tropical
Medicine.
A group of 5 Macaca mulatta monkeys (Group 1)

was infected by intravenous injection of the blood
from a donor monkey with a heavy infection of

* This study received financial support from the World
Health Organization, the Medical Research Council of
Great Britain and the Deutsche Forschungsgemeinschaft.

P. c. bastianelli. An inoculation of 1 x 109 parasi-
tized cells was given to each monkey. A second
group of 5 M. mulatta (Group 2) was infected by the
bite of Anopheles stephensi heavily infected with P. c.
bastianellii.

Every monkey developed a patent infection. Thin
blood films were made at frequent intervals in the
acute stage of infection and subsequently weekly,
and were stained with Giemsa. The parasitaemia
was expressed as follows:

+ + + = 5 %-20% of erythrocytes infected
+ + = 0.5 %-5% of erythrocytes infected
+ = 0.005 Y6-0.5% of erythrocytes infected
- = <0.005% of erythrocytes infected

Particular note was made of the presence or absence
of gametocytes and their presence is indicated by "G"
in Table 1.

Tests were made for infectivity for mosquitos on
monkey No. 26 of Group 2. Batches of 50 A. ste-
phensi were fed on this monkey at the intervals given
in Table 2. The mosquitos were subsequently dis-
sected and examined for oocysts.
As a further test for infectivity to mosquitos a

group of 50 A. stephensi was fed 200 days after
infection on monkeys 16, 17, 19 and 22. At the same
time 1 ml of blood was withdrawn from each of
these monkeys and given intravenously to uninfected
monkeys. Serum was collected at weekly intervals
for the first 2 months, then at monthly intervals
until the conclusion of the experiment 9 months
later.

Complement-fixation test. The method followed
was in general similar to that adopted by Schindler &
Mehlitz (1965) in their studies on complement fixa-
tion in P. berghei infections.
Monkeys were bled by heart puncture at the height

of infection. Each 300 ml of blood was mixed with
100 ml normal saline containing 800 units of heparin.
The plasma was removed by centrifugation for
15 minutes at 3000 rev/min. The packed cells were
suspended in normal saline and were washed 3 times.
As much of the buffy coat as possible was removed
by pipetting.
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Haemolysis was effected by saponin (Stauber &
Walker, 1946). One volume of erythrocytes was
mixed with 1 volume of saline and incubated with
2 volumes of 0.3 % saponin in saline for 5-8 minutes
at 37°C in a water-bath. The residue was centrifuged
down at 3000 rev/min and the supernatant discarded.
The sediment was twice washed with saline and then
was made up to the original blood volume in saline.
The suspension was frozen for 18 hours at -20°C,
then thawed and frozen twice by means of an
alcohol-CO2 bath at -70°C. The residue was cen-
trifuged down at 3000 rev/min for 30 minutes and
the supernatant was the antigen which was then

stored at - 70°C and was diluted as required, usually
1: 10 or 1: 20 with saline.
The complement fixation was carried out in

tubes. 0.1-ml amounts of inactivated antiserum or
antiserum dilution were mixed with 0.1 ml comple-
ment (1.5 units) + 0.1 ml antigen. The mixture was
incubated for 20 hours at +4°C. 0.1 ml haemolysin
(4 units) was added together with 0.1 ml 3% sheep
erythrocytes in saline. Incubation was allowed to
proceed for 15-30 minutes at 370C, the length
of time depending on the haemolysis of the
control. The end-point was that resulting in 50%
haemolysis.

TABLE 1
PARASITAEMIA a IN MONKEYS WITH BLOOD-INDUCED (GROUP 1) AND

SPOROZOITE-INDUCED (GROUP 2) P. C. BASTIANELLII INFECTIONS

Days after -
infection

7

10

14

18

25

32

39

46

53

60

88

116

144

176

200

228

260

302

330

Parasitaemia a in Group 1

Monkey No.

10 12

++G

+G

+G

++G

+G

+

+

13

+G

+G

18

+G

++G

+G

+G

+G

+

+G

+

Parasitaemia a in Group 2

22

++G

+

++

++

14

++

+++G

++G

+G

Monkey No.

26 16

+++G

++G

+G

+G

+++G

+G

++G

17

+++G

++G

+G

a +++ = 5 %-20 % of erythrocytes infected.

++ = 0.5 %-5 % of erythrocytes infected.
+ = 0.005 %-0.5 % of erythrocytes infected.
- = <0.005 % of erythrocytes infected.
G = presence of gametocytes.

19

+

++

++G

++G
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Positive and negative controls were always set up.
Control antigen was prepared by the method des-
cribed above from non-infected monkey erythrocytes.

Fluorescent antibody test. The indirect fluorescent
antibody test which was used has been described in
detail by Voller (1964). In the present study P. c.
bastianellii slide antigen was used. It was stored at
-70°C until the tests were performed.

Results
Table 1 shows the parasitaemia in the blood-

induced infections of monkeys of Group 1 and in the
monkeys of Group 2, infected by mosquito bite.
Fig. 1 and 2 give the geometric mean reciprocal
titres for complement-fixation reaction and fluores-
cent antibody reaction for the two groups.

It can be seen that the group with blood-induced
infections developed high parasitaemia very quickly.
Complement-fixing antibodies were detectable on the
seventh day after infection and reached a peak at
10 days. This level was maintained for about a
week, after which a slow decline occurred until all

these animals gave negative tests 260 days after
infection.

Fluorescent antibody titres were very high in
Group 1 monkeys when the first samples were taken
10 days after infection, and this level was maintained
for a week. After this there was a marked fall to
lower titres, which had declined only slightly by the
end of the experiment.

In the Group 2 monkeys, infected by sporozoites,
the serological picture was very similar to that of
the blood-induced infections. There was a delay in
antibody production, and the complement-fixation
reaction did not become positive until the fourteenth
to eighteenth day after infection and the fluorescent
antibody reaction did not become positive until the
tenth to eighteenth day. Peak levels in both tests
were reached after a corresponding delay when com-
pared with the blood-induced infections and the
complement-fixation titre declined only slowly from
peak levels. The fluorescent antibody titres remained
high until about 6 weeks after infection, when a fall
occurred. At the conclusion of the experiment all

FIG. 1
GEOMETRIC MEAN COMPLEMENT-FIXATION AND FLUORESCENT ANTIBODY TITRES a IN SERA OF MONKEYS

WITH BLOOD-INDUCED P. C. BASTIANELLII INFECTIONS
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X a Titres shown as " Negative " are less than the starting dilution (1 :20 and 1: 5 in FA and CF testsl respectively). The titres
shown above the break between " Negative " and " 20 " or " 5 " but below those figures represent means arrived at owing to the
fact that,some monkeys had titrable sera before infection but were not immune.
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FIG. 2
GEOMETRIC MEAN COMPLEMENT-FIXATION AND FLUORESCENT ANTIBODY TITRES a INiSERA OF MONKEYS

WITH SPOROZOITE-INDUCED P. C. BASTIANELLII INFECTIONS
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a Titres shown as " Negative " are less than the starting dilution (1 :20 and 1 :5 in FA and CF tests respectively). The titres
shown above the break between " Negative " and "20 " or "5 " but below those figures represent means arrived at owing to the fact
that some monkeys had titrable sera before infection but were not immune.

the 4 monkeys then tested (monkey 26 was not tested
at days 302 or 330) still had positive fluorescent anti-
body titres, and only 1 out of 4 had a negative com-
plement-fixation reaction.
From the parasitological findings given in Table 1

it will be seen that, as expected, the sporozoite-
induced infections were delayed for a time corres-

ponding to the prepatent period, compared with the
blood-induced infections which showed highest para-
sitaemia 7 to 10 days after infection. Scanty parasites
were detected in the Group 1 blood-induced infec-
tions up to the conclusion ofthe experiment. Gameto-
cytes were seen in this group from immediately
(1 day) after infection to 25 days thereafter and in
2 animals at 45 and 46 days respectively. The
Group 2 animals with sporozoite-induced infections
showed parasites in blood films up to 176 days after
infection. (Subinoculation of blood from each of
these animals at 200 days into uninfected animals
resulted in patent infections in the recipients in every
case, thus indicating that all the Group 2 animals
were still infected.) None of 5 groups of 50 A. ste-

phensi fed on the monkeys 200 days after infection
became infected. One monkey of this group, No. 26,
was checked by Dr M. Omar at intervals for its
infectivity for A. stephensi, and the results are given
in Table 2. Gametocytes were detected from 15 to
35 days after infection and in 2 cases at 59 and 87
days.

Discussion
After a slight delay in the sporozoite-induced

infections, which can be equated with the prepatent
period, the evolution of antibody response appears
to be similar in sporozoite- and blood-induced
infections. Neither detectable complement-fixing
nor immunofluorescent antibodies are produced
during the prepatent period, but they quickly follow
the appearance of parasites in the blood. Our
results confirm those of Kuvin et al. (1962), Tobie &
Coatney (1964) and Tobie et al. (1966a, 1966b), all
ofwhom worked with the fluorescent antibody test on
parasites closely related to the species used in the
present study. Similar results have been obtained
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TABLE 2
RESULTS OF FEEDING GROUPS OF ANOPHELES STEPHENSI

ON MONKEY 26 AT VARIOUS INTERVALS
AFTER INFECTION OF THE MONKEY WITH

P. C. BASTIANELLII

Days after No. I No. Infection
infection dissected infected rate

21 a 11 a 3 27

22 16 2 12

24 27 18 67

32 21 6 28

38 22 0 0

45 50 11 22

53 17 0 0

59 36 0 0

87 23 8 35

101 a 16a 0 0

145 45 0 0

178 18 0 0

200 60 0 0
G Anophelessaccharovi used~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

a Anopheles saccharovi used
A. stephensi.

using immunofluorescent

days 21 and 101 instead of

techniques with other
human malaria infections (Collins et al., 1964a,
1964b), with rodent malaria infections (Voller, 1965)
and in 4n avian malaria infection (El-Nahal, 1966).
Less previous work has been done with complement
fixation in longitudinal studies, but Coggeshall &
Eaton (1939), working with a simian infection, and
Rein et al. (1949) with human infections found a

rather similar time-sequence for initial and peak com-
plement fixation.

These results must not be interpreted to mean that
the sporozoites and exo-erythrocytic stages are not
antigenic. Ingram & Carver (1963) were able to
stimulate antibody production in rabbits with sporo-
zoites of P. gallinaceum and they showed that this
antibody would react with the erythrocytic forms of
the parasite in an imKnunofluorescent test. Voller &
Taffs (1963), who studied that same parasite, found
that the exo-erythrocytic forms reacted with serum

from chickens that had recovered from the infection
and with antisera produced in rabbits by sporozoite
inoculation. El-Nahal (1966) has now extended
these observations to certain of the mammalian

malaria parasites. Thus it would appear that the
sporozoites are potentially capable of eliciting an
antibody response, but their failure to do so in
susceptible animals may be due to the small size of
the inoculum or to the speed with which they are
removed from the peripheral circulation. Richards
(1966) has also shown that inactivated sporozoites
of P. gallinaceum injected into chickens can protect
against subsequent challenge with viable sporozoites.
The exo-erythrocytic forms are clearly anti-

genically reactive and their failure to elicit anti-
body response or to be affected by it may be
attributed to their isolation from immunological
attack in the liver parenchyma cells. It is not clear
whether the differences in peak titres recorded by
complement fixation and fluorescent antibody re-
present somewhat different immunological systems
or whether these are merely reflections of the different
technical procedures, particularly with regard to the
treatment of the antigen. The fact that the ratio of
immunofluorescent to complement-fixation titres is
very high at the peak, then drops at a later stage,
could mean that the immunofluorescent technique
is measuring the same antibody response as in com-
plement fixation as well as an additional component
which may be particularly evident during and follow-
ing the acute phase of the infection. The different
sensitivity of the two tests to the various immuno-
globulins may be involved, particularly as Abele et
al. (1965) have already shown that most of the early
malarial antibody is IgM in contrast to the later
predominance of IgG antibody. Schindler et al.
(1966) have also recorded a time difference in the
peak complement-fixing and immunofluorescent
activity in anaplasmosis.
Few comparative studies with different serological

tests have yet been carried out on malaria. However,
Bray (1965) and Voller (1965) noted that the evolu-
tion of haemagglutinating and immunofluorescent
antibodies in P. berghei infections in rats was
broadly similar. If they are related, it is not so
surprising that our complement-fixation results do
not always agree with the fluorescent antibody
titres, as Mahoney et al. (1966) discovered that the
highest haemagglutinating activity and complement-
fixation activity were in different antigenic fractions.
The present work again emphasizes the long

persistence by immunofluorescence-detectable anti-
body which has been a notable'feature of other such
studies (Kuvin et al., 1962; Khvin & Voller, 1963;
Collins et al., 1964a, 1964b; Lupascu et al., 1966;
Tobie et al., 1966a). After the high initial peak the
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immunofluorescent antibody levels in both groups
of monkeys tended to fluctuate around a lower
titre. We may have not detected the short-lived high
antibody responses following relapses or recrudes-
cences (Tobie et al., 1966a) because the intervals
between later serum samplings were too great in the
present study.
The results of the complement-fixation tests

indicate a somewhat earlier return to a non-reactive
state by the monkeys with blood-induced infections
than in those with sporozoite-induced infections. It
was not possible to correlate the fluctuations in
antibody level with parasite recrudescences or
relapses, although Coggeshall & Eaton (1938) were
in some cases able to do this in P. knowlesi infections.
Again our failure to obtain similar results might be
because the later test samples were taken so in-
frequently. Alternatively the level of parasitaemia
in the recrudescences or relapses of P. c. bastianellii
might not have been sufficient to provide immuno-
logical stimulation detectable by complement
fixation.
A most important point is that some monkeys

whose serum yielded a negative complement-
fixation test still had parasitaemia detectable by

subinoculation or blood films, and they still had a
positive immunofluorescent reaction. This finding,
if confirmed in human infections, would clearly
limit the usefulness of the complement-fixation
method in the field, although it might have some
value in indicating recent infections.

It must not be assumed that the serological
activity discussed above can be equated with actual
functional immunity. Monkeys were still immune to
challenge with homologous parasites even when their
serum complement fixation was negative and
immunofluorescent titres were low. Targett & Voller
(1965) indicated the dangers inherent in this assump-
tion when they showed that there was no difference
in immunofluorescent titres between immunized
monkeys which succumbed to challenge and those
which were subsequently found to be immune. The
reverse situation was encountered by one of us
(Schindler, unpublished), who found that some dogs
were immune to challenge with Babesia canis fol-
lowing a first infection, although they no longer had
antibody detectable by complement fixation. Thus
it can be concluded that detectable antibody does not
imply immunity and that immunity can exist in the
absence of detectable antibody.
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