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Antibody Levels Detected by the Fluorescent
Antibody Technique in Mice infected with

Plasmodium vinckei and P. chabaudi*
F. E. G. COX, CATHERINE A. CRANDALL I & SHEILA A. TURNER

The malaria parasites ofmice are convenient models for immunological studies. Plasmo-
dium vinckei and P. chabaudi are similar parasites which behave differently in mice, the
former invariably being fatal whereas the latter seldom kills the host. The experiments
described in this paper were performed in order to compare the antibody levels in the Ig,
IgM and IgG serum fractions in mice cured of P. vinckei infections and naturally recovered
from P. chabaudi. The technique involved using specific labelled antimouse-Ig, -IgM and
-IgG sera and had not previously been applied to malaria infections. The results showed that
the patterns ofantibody production were similar in cured and naturally recovered mice. IgG
antibodies were involvedfrom an early stage of the infection and IgM antibodies persisted
throughout the period of experiment and even after challenge. These results are significant
in that they indicate a pattern of immune response different from the classically accepted
one and draw attention to the fact that even in highly immune animals considerable amounts
ofIgM may be present.

The fluorescent antibody technique has three
important applications in the study of malaria. It can
be used for the detection and, to some extent,
identification of parasites or immune sera, for the
determination of antigenic similarities or differences
and for the measurement of antibody levels during an
infection (see, for example, Tobie, 1964; Voller, 1964;
Schindler & Voller, 1967). This paper is concerned
with the last of these three applications. Most of the
observations which have been carried out so far have
been on malaria in man but, although it is desirable
to use man or a primate substitute, there are a number
of limitations imposed on such studies. According to
the WHO Scientific Group on the Immunology of
Malaria (1968) " it is obvious that certain common
processes underlie immunity to malaria in all host
species" and malaria infections in mice provide
useful and variable models for malaria infections in
general. The experiments described in this paper
were performed in order to trace the levels ofantibody
in the immunoglobulins of mice throughout the
course of Plasmodium vinckei and P. chabaudi
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infections and subsequent convalescence, these
2 species constituting convenient models since they
are similar rodent parasites, the former of which is
invariably fatal whereas the latter seldom is.

MATERIALS AND METHODS

Parasite strains
The strains used were the Katanga 52 strain of

P. vinckei and the 54X strain of P. chabaudi. Both
were maintained by serial passage in mice every 7
days. The mice used were outbred female TO Swiss.
All mice were free from Eperythrozoon.

Experiments conducted
In the first experiment, 87 mice were infected

intraperitoneally with between I05 and 106 P. vinc-
kei-parasitized red blood cells. The infected mice
were treated with a single intraperitoneal injection of
chloroquine phosphate B.P. (Imperial Chemical
Industries Ltd) at a dose level of 10 mg of the
compound per 100 g body-weight onihe fifth day
after infection. Treated mice recovered, while un-
treated controls died on day 8± 1. Batches of 20
mice were killed 11, 20 and 32 days after infection and
the blood was pooled. Eleven infected but untreated
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mice were bled on day 5. Serum was removed after
centrifugation of blood, which had been allowed to
clot for 18 hours, and stored at - 20°C until used.

In the second experiment, 9 mice were infected
with P. vinckei and treated with chloroquine as
described above. Small samples of blood were
removed from each mouse 5, 7, 12, 18, 25, 31 and
39 days after infection. On day 40 the mice were
challenged and bled again 5 or 8 days later. The sera
obtained from these samples were stored at -20°C
until used and processed individually.

In the third experiment, 80 mice were infected
with 105_106 P. chabaudi-parasitized red blood cells.
Nine mice died and the remainder were killed in
batches of 15-20 at 5, 11, 20 -and 32 days after
infection. Sera were collected, pooled, and stored at
-200C.
In the fourth experiment, 12 mice were infected

with P. chabaudi and 3 in which the parasitaemia
failed to reach a level of 2% until day 3.5 after
infection were selected for further study (see War-
hurst, 1966, for further details of the use of the 2%
level). These mice constituted a " low-level parasi-
taemia" group. Serum samples were collected at
intervals over 39 days after infection. On day 40 the
mice were challenged and 2 mice were bled 8 days
later and 1 other 12 days later. The sera obtained
were stored at -20°C and processed individually.

In the fifth experiment, 12 mice were infected and
3 which had what was regarded as a "normal
parasitaemia" (2% between days 3 and 3.5) were
selected for further study. Serum samples were
collected at intervals over a period of 39 days. On
day 40 the mice were challenged and 1 was bled
8 days later and 2 others 14 days later. The sera were
stored at - 200C and processed individually.

Preparation ofantisera to mouse immunoglobulins
Antisera to mouse immunoglobulins were prepared

in rabbits. The antigens were suspended in Freund's
complete adjuvant and injected subcutaneously at
multiple sites. The rabbits were bled 1 month after
immunization and the sera tested for antibodies
against mouse serum proteins by immunoelectro-
phoresis. A detailed description of these antisera is
presented elsewhere (Crandall & Crandall, 1967).1
The antisera used in this study were prepared as

follows:

1 Also Crandall, C. A. & Crandall, R. B. Macroglobulin
antibody responses to Ascaris suum infection. Detection of
a second macroglobulin component in mice (manuscript in
preparation).

Antimouse immunoglobulin (A-Ig). This antiserum was
prepared with a washed antigen-antibody precipitate
made at equivalence in 0.01M disodium ethylene diamine-
tetraacetate from pooled sera of mice infected with Ascaris
suum and Ascaris antigen. This antiserum recognized
mouse IgM, IgG and possibly IgA.

Antimouse IgM (A-IgM). This antiserum was pre-
pared as above except that ascites fluid from mice infected
with Ascaris suum was used instead of serum to prepare
the precipitate. This antiserum reacted only with mouse
IgM.

Antimouse IgG (A-IgG). This antiserum was prepared
with the 7S fraction of mouse serum obtained by Sepha-
dex G-200 gel filtration followed by fractionation on
DEAE cellulose. Although 3 precipitin bands were
produced against mouse serum, mouse IgM was not
detected. At least one of the precipitin bands had the
electrophoretic mobility ofIgG and this antiserum reacted
with IgA.

Reduction of mouse serum with 2-mercaptoethanol
(2-ME)
Sera were diluted with equal volumes of 0.2M

2-ME in a dialysis bag and dialysed against O.1M
2-ME for 2 hours at 370C and then overnight against
phosphate-buffered saline (PBS), pH 7.5, at 4°C.
Control sera were treated identically except that
PBS was substituted for the 2-ME.

Labelling the antiglobulin
The globulin fraction was prepared by ammonium

sulfate precipitation according to the method
described by Stelos (1967) and labelled according to
the method of Holborow & Johnson (1967), except
that 0.025 mg fluorescein isothiocyanate (B.D.H.
celite-dispersed) per mg protein was added. Excess
fluorescein was removed by passing the conjugate
through a column containing Sephadex G-25
(Pharmacia Ltd.). The conjugate was sterilized by
filtration and stored on ice. The fluorescein: protein
ratios of the conjugates were between 1: 1.5 and
1: 1.7 (Wood, Thompson & Goldstein, 1965).

Fluorescent antibody technique
The method used was based on that described by

Voller (1964). Thin blood smears from mice infected
with P. vinckei, 10% parasitaemia, were fixed in
0.3N HCI for 5 minutes, then washed in running tap
water for 15 minutes and in PBS at pH 7.5 for 15 min-
utes. Test sera were applied for 30 minutes at 20°C.
The parasites were stained with fluorescein-labelled
immunoglobulin for 30 minutes at 20°C, counter-
stained with 0.1 % Evans blue, to reduce non-specific
fluorescence (El-Nahal & Bray, 1966) and mounted
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in 90% glycerol in PBS. Before use, block titrations
of the 3 labelled antimouse immunoglobulins were

done with parasites exposed to non-immune mouse

sera. The dilution of the antisera used in subsequent
experiments was the one at which no fluorescence was
detected at a dilution of 1/10 of the normal serum.
The titres of the immune sera were determined by
serial double dilutions until no fluorescence was
visible.

Microscopy
A Zeiss microscope equipped with an Osram

HBO-200W mercury-vapour bulb was used. Combi-
nations of BG3 UV and No. 51 and No. 40 barrier
filters were used in conjunction with a darkfield
condenser.

Preliminary investigation
In order to investigate the possibility that large

amounts of IgG might interfere with the detection of
IgM, the following experiment was performed. Sera
taken from P. chabaudi-infected mice on day 32
(experiment 3), when there was a relatively large
amount of IgG present, were treated with 2-ME in
order to reduce any IgM. These sera, with high levels
of IgG, were used instead of PBS to dilute day 32 sera

which were then tested for IgM.

RESULTS

FIG. I

CHARACTERIZATION OF THE ANTISERA USED IN THIS
STUDY BY ELECTROPHORESIS

IgG
I A

IgM

IgG

IgM l B

IgG

IA: Rabbit antimouse gammaglobulin (A-1g) in the top
trough and rabbit antimouse IgM (A-IgM) in'the bottom
trough. Normal mouse serum In the contre well. The
outer arc indicates IgG and the inner IgM.

1B: Rabbit antimouse gammaglobulin (A-lg) in the top
trough and rabbit antimouse IgG (A-IgG) in the bottom
trough. Normal mouse serum in the centre well. The
outer arc indicates lgG and the inner IgM.

Specificity of reagents
The immunoelectrophoretic patterns, presented

in Fig. IA, showed that the A-Ig detected both IgM
and IgG and that the A-IgM apparently detected
only IgM. A-IgG apparently did not detect IgM
although multiple precipitin arcs were formed (Fig.
iB). Reduction of the mouse malaria serum with
2-ME eliminated the IgM antibody titre (Table 1).
Absorption of the A-IgM with the 7S fraction of
mouse serum following Sephadex G-200 gel filtration
and absorption of the A-IgG with the 19S fraction
did not alter the antibody titre of the serum, thus
providing further evidence of the specificity of the
reagents used in this study.

Fluorescent antibody levels in mice infected with
P. vinckei

The results obtained from the groups of mice
examined on days 5, 11, 20 and 32 after infection
(experiment 1) are shown in Table 1 and Fig. 2.
The results obtained from the mice examined on

days 5, 7, 12, 18, 25, 31, 39 and 45 (or 48) after

TABLE I
FLUORESCENT ANTIBODY LEVELS IN MICE FOLLOWING

INFECTION WITH PLASMODIUM VINCKEI AND
SUBSEQUENT CONVALESCENCE: EXPERIMENT I a

Unreduced sera 2-ME reduced sera

Day lg IgM IgG Ig IgM

5 20 20

11 320 80 320 160 Neg.

20 640 80 160 160 Neg.

32 640 40 160 160 Neg.

a Each figure represents the reciprocal of the antibody titre for
the pooled sera from 20 mice.

infection (experiment 2) are shown in Table 2 and
Fig. 3 and 4.
The results obtained from both experiments showed

that total antibody levels rose with the passage of
time after infection and into convalescence. During
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the first 8-12 days there was a rapid rise, and
thereafter the antibody titre remained elevated and
no significant increase occurred after challenge. The
results of experiments 1 and 2 are comparable, as can
be seen by reference to Fig. 2 and Fig. 3.
The antibodies in both the IgM and IgG fractions

increased with the total antibody and behaved
similarly in that, having reached a peak, they re-
mained at an elevated level. There was,some indica-
tion in the first experiment that the IgM antibody
level fell between the 20th and 30th days, but this was
not confirmed by the second experiment which sug-
gested that, if there was any fall, it occurred between

FIG. 2
FLUORESCENT ANTIBODY LEVELS IN POOLED SERA OF

MICE FROM EXPERIMENT I (P. VINCKEI)
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FIG. 3
FLUORESCENT ANTIBODY LEVELS IN MICE

FROM EXPERIMENT 2 (P. VINCKEI) a
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a Each point represents the calculated average of the log of
the individual titres.
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FIG. 4

FLUORESCENT ANTIBODY LEVELS IN 3 INDIVIDUAL
MICE (No. 1, 5 and 6) FROM EXPERIMENT 2

(P VINCKEI)
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the 30th and 40th days. In those cases where the
antibody level rose after challenge, the increase was
confined to the IgG. There was no evidence to
suggest any significant replacement of IgM by IgG.
The results for IgG antibody obtained by the use of
specific anti-IgG serum and after 2-ME reduction
were similar (Table 1).
A detailed examination of Table 2, which shows

the titres for individual mice, and Fig. 4 reveals con-
siderable variation between the responses. In order
to obtain the maximum possible information from
these data it would be necessary to perform a regres-
sion analysis. However, there are insufficient figures
to make such an analysis meaningful and it suffices to
say that the general trends are apparent from the
tables and graphs.

Fluorescent antibody levels in mice infected with
P. chabaudi
The results obtained from groups of mice examined

on days 5, 11, 20 and 32 after infection with P. cha-
baudi (experiment 3) are shown in Table 3 and Fig. 5.
The results obtained in the fourth and fifth experi-

ments are shown in Tables 4 and 5 and Fig. 6 and 7.
The parasitaemia caused by P. chabaudi varied in

the 3 separate experiments. In the third and fifth
experiments the parasitaemias were those normally
produced by P. chabaudi under our experimental
conditions-namely, a rapid rise to a parasitaemia of
about 40% on the 7th day of infection followed by a
crisis and decline with an occasional low-level
recrudescence beginning during the third or fourth
week after infection. By the 40th day after infection
the parasites had usually disappeared altogether. In
a few cases a fleeting parasitaemia appeared after
challenge but usually no patent infection resulted. In

TABLE 3

FLUORESCENT ANTIBODY LEVELS IN MICE FOLLOWING INFECTION WITH
PLASMODIUM CHABAUDI AND SUBSEQUENT CONVALESCENCE: EXPERIMENT 3 a

Unreduced sera 2-ME reduced sera
Day Parasitaemia -gG-I_ g_ _ _

gg|g1G g19 gM

5

11

20

32

20.7%

5.0%

<1.0%

Neg.

320

640

320

2 560

80

320

160

320

40

160

160

320

40

320

160

640

Neg.

Neg.

Neg.

Neg.

a Each figure represents the reciprocal of the antibody titre for the pooled sera from 15-20 mice.
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TABLE 4

FLUORESCENT ANTIBODY LEVELS IN MICE FOLLOWING INFECTION WITH
PLASMODIUM CHABAUDI AND SUBSEQUENT CONVALESCENCE AND CHALLENGE:

EXPERIMENT 4 a

Mouse 10 Mouse 11 Mouse 12
Day

Ig!g IgM IgG g IgM IgG Ig IgM IgG

4 40 20 20

6 160 80 40 320 80

11 320 160 160 80 40 80

14 160 80 160

18 2 560 160 640 320 160 160

21 640 160 320

25 2560 320 1 280 1280 160 640

32 640 80 640

33

39 2560 160 2560 640 160 320 640 160 640

40 Challenged

48 1 280 160 640 2 560 320 1 280

52 2 560 160 2 560

54

a Each figure represents the reciprocal of the antibody titre for an individual mouse.

TABLE 5

FLUORESCENT ANTIBODY LEVELS IN MICE FOLLOWING INFECTION WITH
PLASMODIUM CHABAUDI AND SUBSEQUENT CONVALESCENCE AND CHALLENGE:

EXPERIMENT 5 a

Mouse 13 Mouse 14 Mouse 15

Daly Ig IgM IgG Ig IgM IgG Ig IgM IgG

4 160 80 20 20 20 10

6

11 640 160 320 640 160 160

14 640 160 640 1 280 160 640

18 1 280 160 640

21 1 280 160 640 1 280 320 640

25 2 560 640 1 280

33 1280 160 640 2 560 320 2 560

39 2560 320 1 280 2560 640 1 280 1 280 160 1 280

40 Challenged

48 2 560 320 2 560

54 2560 320 1 280 640 80 640

a Each figure represents the reciprocal of the antibody titre for an individual mouse.
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FIG. 5
FLUORESCENT ANTIBODY LEVELS IN POOLED SERA

OF MICE FROM EXPERIMENT 3
(P. CHABAUDI)
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FIG. 7
FLUORESCENT ANTIBODY LEVELS IN 3 INDIVIDUAL MICE

(No. 13, 14 and 15) FROM EXPERIMENT 5
(P. CHABAUDI)
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FIG. 6
FLUORESCENT ANTIBODY LEVELS IN 3 INDIVIDUAL MICE

(No. 10, 11 AND 12) FROM EXPERIMENT 4
(P. CHABAUDI)
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the fourth experiment the peak parasitaemia was
reached later and was lower than in the normal
infections.
The patterns of antibody production were basi-

cally similar in all 3 experiments. The total antibody
levels rose during the initial stages of the infection
and remained at an elevated level throughout the
period of 39 days over which observations were made.
Both IgM and IgG antibody levels followed the
gentral pattern of the total immunoglobulins, but it
was obvious in all the experiments with individual
mice that the IgG level followed the total immuno-
globulins more closely than did IgM. During the
early stages of the infections IgM antibody levels
were higher than those of IgG but the relative posi-
tions soon reversed and throughout the remainder of
the experiment the IgM levels remained lower relative
to IgG. There was no evidence of any significant
decline in IgM level during the progress of the infec-
tion into convalescence. No significant increase in
antibody levels occurred after challenge.
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When antibody levels and parasitaemias are
compared (see Fig. 6 and 7), the results are interesting
for there is no correlation between the intensity of the
infection and the degree of antibody response except
possibly an inverse relationship (compare mouse 10
(Fig. 6) and mouse 13 (Fig. 7)). In experiments 4 and
5 the antibody levels continued to rise after the crisis
and did not reach a peak until the parasitaemias had
disappeared. Recrudescences could not be correlated
with a decline in antibody levels. In 2 cases out of
4 there was a rise in antibody level associated with the
recrudescence and in the other 2 no change occurred.
After challenge, there was an increase in antibody
levels in mice in which there had been no recrudes-
cense (mice 11 and 12) but in the remaining mice the
levels remained constant (mice 13 and 14) or actually
fell (mice 10 and 15).
The results from the experiments in which immune

sera were tested for IgM in the presence of consider-
able amounts of IgG showed that the IgM titres were
not affected by this treatment, thus indicating that in
P. chabaudi infections high levels of IgG do not
affect the detection of IgM.

DISCUSSION

Mice which have been infected with P. vinckei and
treated with chloroquine in the manner described in
this paper are immune to challenge with the homo-
logous, and in some cases heterologous, species (Cox,
1966; Cox & Voller, 1966). The mice in the second
experiment all proved to be immune on challenge.
This immunity is a sterile one by about the 20th day
after infection (Cox, 1966). It remains to be shown
experimentally that antibody changes which occur
during the course of infection and convalescence may
be associated with the acquisition of immunity.
The results obtained from the experiments with

P. vinckei are comparable with those described by
Cox & Turner (1969) using an identical model! Cox
& Turner found that the total gammaglobulin level
rose steadily through the period of infection and
convalescence lasting 28 days, but, although both
7S and 19S levels rose rapidly during the first 10 days,
they diverged considerably thereafter, the 19S level
falling while the 7S level paralleled that of the total
gammaglobulin. These results, when compared with
those obtained in the present study, indicate that
immunoglobulin levels, although obviously related
to antibody, do not necessarily reflect antibody
changes. It is not known for any malaria infection

how much immunoglobulin is actually functional
antibody.
The results obtained from experiments with

P. chabaudi were similar to those obtained with
P. vinckei except that the actual antibody levels were
somewhat higher and the peak antibody level was
reached slightly later than in the case of P. vinckei.
There was no correlation between the parasitaemias
and antibody levels and even very low-level infections
induced good antibody responses. In mice in which
recrudescences occurred the antibody levels were no
lower than in mice in which there had been no
recrudescences. It is therefore impossible to correlate
protection with any particular level of antibody or
with the presence of a particular immunoglobulin.

In both P. vinckei and P. chabaudi infections the
significant features of the antibody response were the
early involvement of IgG, the persistence of IgM and
the absence of any antibody increase following
challenge.

In the present study the antibody levels detected
were relatively low even in highly immune animals.
The titres obtained compare directly with those
quoted for P. vinckei in rats (El-Nahal, 1967) and the
pattern of antibody production can be compared
with that described by Voller (1965) for P. berghei
in rats. In Voller's experiments the fluorescent anti-
body level rose sharply over the first 12 days, reached
a plateau and then began to fall after day 18. We did
not observe a significant decline in antibody during
our period of observation.

In general, in malaria infections in man the anti-
body level rises with the infection and then reaches a
plateau and gradually declines. In general, also, the
fluorescent antibody levels are comparatively low
and comparable with those obtained in our experi-
ments. It is not necessary to quote all the experiments
on humans but the sharp rise can be seen in the
cases quoted by Collins, Jeffery & Skinner (1964a,
1964b).
Abele et al. (1965) showed that fluorescent antibody

activity resided in both the 19S and 7S gamma-
globulin fractions, being detected first in 19S, later
in both the 19S and 7S and after 40 days in the 7S
only. The method used by Abele and his colleagues
differed from ours in that they detected antibody in
various fractions of immune serum after Sephadex
filtration whereas we used specific anti-IgM and
anti-IgG sera. Collins & Skinner (1968) reported
that they had used specific antihuman IgM and IgG
and found a rapid rise in the levels of both as the
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infections progressed and that the IgG level remained
constant and the IgM fell to a low level within a
matter of months.
Although the experiments described in this paper

gave clear-cut results, there are certain qualifications
which must be placed on their interpretation. Firstly,
the infections were blood- and not sporozoite-
induced. It is unlikely that this would affect antibody

production, save to delay its onset by a few days, but
this is something which must be examined at some
time. Finally, antibody levels need not necessarily be
correlated with protection and, although the mice
used in the experiments described in this paper had
raised antibody titres when they had acquired
immunity, the evidence that the antibodies detected
are protective remains circumstantial.
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RI-SUME

TITRES D'ANTICORPS DICELES PAR LA TECHNIQUE DES ANTICORPS FLUORESCENTS CHEZ LA SOURIS
INFECTEE PAR PLASMODIUM VINCKEI ET P. CHABAUDI

Les infections de la souris par Plasmodium vinckei et
P. chabaudi - la premiere 6tant ineluctablement fatale
en I'absence de traitement, tandis que la seconde est
rarement mortelle - constituent d'excellents modeles
experimentaux pour I'etude immunologique du palu-
disme en general. Ces modeles ont et6 mis 'a profit pour
comparer les titres d'anticorps des fractions immuno-
globuliniques Ig, IgM et IgG dans le serum de souris
apres traitement d'une infection a P. vinckei ou guerison
spontanee d'une infection a P. chabaudi. On a eu recours
a cet effet a la reaction d'immunofluorescence pratiqu6e
a l'aide de s6rums de lapin anti-immunoglobuline,
anti-IgM et anti-IgG de souris.
Chez la souris infectee par P. vinckei, les titres d'anti-

corps totaux ont augmente progressivement pendant
l'infection et au cours de la convalescence. Cette hausse
a e rapide pendant les 8-12 premiers jours, puis les

titres sont rest6s a un niveau 6leve. La reinfection n'a
pas provoque de nouvel accroissement notable des titres.
Les titres d'anticorps IgM et IgG ont suivi une evolution
parallele. Chez la souris infectee par P. chabaudi, on a
egalement assiste a une hausse rapide des titres d'anti-
corps totaux aux premiers stades de l'infection, avec
maintien de titres eleves pendant les 39 jours d'observa-
tion. Les anticorps IgM et surtout les anticorps IgG
ont evolue de la meme fagon que les immunoglobulines
totales. On n'a pas observe de chute importante des
titres d'anticorps IgM lors du passage a la convalescence
et les titres n'ont pas ete; modifies apres reinfection.

Les faits saillants de cette etude, aussi bien dans
l'infection A P. vinckei que dans l'infection a P. chabaudi,.
sont l'apparition rapide des anticorps IgG, la persistance
des anticorps IgM et l'absence de toute nouvelle hausse
des titres d'anticorps apres reinfection.
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