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Assessment of causal prophylactic activity
in Plasmodium berghei yoelii and its value
for the development of new antimalarial drugs*
E. FINK1

The causal prophylactic activity of several reference and experimental antimalarial
compounds was assessed in sporozoite-induced infections ofNMRI mice with Plasmodium
berghei yoelii (strain 17X). The animals were inoculated with 10 000 sporozoites per
mouse and treated once 2-4 hours later. The test system has proved to be very suitable in
experiments involving more than 3 000 mice. The infection rate in 448 untreated controls
was 97.3 %. Lowering the sporozoite content of the inoculum to I 000 or 100 sporozoites
markedly reduced the rate (65.1 % and 32.7 %). In experiments with primaquine the causal
prophylactic activity was also influenced by the time of drug administration before or after
sporozoite inoculation. No causal prophylactic effect was demonstrable with quinine,
chloroquine, amodiaquine, amopyroquine, RC-12, or B 505. Primaquine was active, but
pamaquine and pentaquine were only sporadically active. The pre-erythrocytic stages of
P. b. yoelii were only slightly sensitive to dapsone, sulfadiazine, and sulformethoxine ; they
were 10-100 times more susceptible to proguanil, cycloguanil, and pyrimethamine. The
experimental 6-aminoquinolines NI 147/36, NI 187/82, and BA 138/111 and the 7-chloro-
lincomycin derivative U 24729 were also studied. Experiments in which curative activity
against blood-induced infections of P. b. yoelii was evaluated showed that the causal pro-
phylactics act more specifically against the pre-erythrocytic than against the erythrocytic
forms. This specificity was most pronounced among the DHFR-inhibitors, whose outstand-
ing activity may be explained by the fact that the rate of multiplication of the pre-erythro-
cytic forms of P. b. yoelii is greater than that of other plasmodia used hitherto; it is also
greater than the rate shown by the malaria parasites of man and that of the erythrocytic
forms of P. b. yoelii itself. We believe that this feature will render P. b. yoelii very useful
for determination of the causal prophylactic activity of new compounds, but it may also
overrate the potency of drugs that interfere with nucleic acid biosynthesis.

Causal prophylaxis of malaria implies the com-
plete prevention of erythrocytic infection through
the destruction of the pre-erythrocytic forms of the
parasite directly deriving from sporozoites (1).
There is no doubt that new and better causal pro-
phylactics are still needed, especially against vivax
malaria, since, as pointed out by Peters (2), none of
the antimalarials currently in clinical use exerts a
consistent causal prophylactic effect, despite the fact
that more than 200 000 compounds have passed
through the screening programmes of the US Army
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and other organizations during the past decade (3).
Rodent malaria, with its various drug-resistant
parasite strains, was the most widely used model in
these programmes, whose primary objective was the
development of alternative drugs against drug-
resistant parasites (4). As a model, however, rodent
malaria has been limited by the irregular and disap-
pointing results with sporozoite-induced infections
in mice and rats (5), with the result that screening
has been confined to the assay of schizontocidal
activity against blood forms, avian malaria parasites
remaining necessary for the assessment of causal
prophylactic activity.

In 1967, soon after the sporogonic cycle of P. ber-
ghei had been finally established in the laboratory,
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Most and his co-workers reported the effects of some
antimalarials in sporozoite-induced infections of
A/J mice (6), and in the following year Berberian
and his co-workers (7) used this system to determine
the causal prophylactic effect of the new compound
menoctone, and even calculated a mean prophylactic
dose (PD50) for menoctone and primaquine using a
logarithmic-probit method. Qualitative data on the
action of antimalarial drugs on the pre-erythrocytic
stages of P. berghei came from Vincke (8) and from
Gregory & Peters (9), and more recently King et al.
reported some data for P. berghei yoelii (10).
The first quantitative baseline data for the drug

sensitivity of the pre-erythrocytic stages of a rodent
malaria parasite were elaborated in our laboratories
(11, 12). Since 1967 we have made great efforts to
obtain regular infections in mice inoculated with
sporozoites of P. berghei yoelii, and to establish a
proper screening system for testing the causal pro-
phylactic action of potential antimalarials. In the
meantime this subspecies has proved to be a suitable
model for this purpose. Drug tests have been carried
out in more than 3 000 sporozoite-infected mice, and
the reliability of the method is proved by the fact
that 436 (97.3 %) of 448 untreated controls developed
an infection in these experiments.

This paper reviews the sensitivity of the pre-
erythrocytic stages of this parasite to antimalarial
drugs in general use and to some well studied experi-
mental compounds, and we shall attempt to ap-
praise the value of P. b. yoelii as a model for the
evaluation of new antimalarial drugs in the future.

MATERIALS AND METHODS

The procedure for testing causal prophylactic
activity has been described in detail elsewhere (11).
P. berghei yoelii (17X strain) readily infects A. ste-
phensi and has now undergone more than 100 direct
consecutive passages from mouse to mosquito to
mouse in our laboratory. In contrast to P. b. berghei,
its preferred temperature for sporogony is around
23°C, and its sporogonic development is less affected
by increasing temperatures (13). Mosquitos were
infected by allowing them to feed on a gametocyte-
carrying mouse. Subsequently they were fed on 5 %
glucose solution only and were maintained at a
temperature of 22-24°C and a relative humidity of
75-85 %. The mice were random bred NMRI Kiss-
legg mice and were kept at a temperature of 23-25°C.
The virulence of P. b. yoelii for NMRI mice is rather
low: parasitaemia seldom exceeds 10% and the
animals usually survive the infection.

All drug tests were carried out in NMRI mice
inoculated intravenously with 10 000 sporozoites per
animal via a tail vein. The animals were treated once
intraperitoneally 2-4 hours after inoculation in
groups of 5-8 mice. Altogether, 40-50 animals were
inoculated in each experiment, and one group
remained untreated as a control. The drugs were
administered in normal saline, 0.1 ml of solution
being given per 10 g of body weight. For compounds
that are salts, all dosages mentioned refer to the
active base.

Assessment of causal prophylactic effect
The activity of drugs against the pre-erythrocytic

stages of malaria parasites of mammals can be
assessed either by histological examination of liver
specimens, taken during the pre-erythrocytic period,
or by the examination of the peripheral blood during
the ensuing parasitaemia. The first method is not
practicable for routine testing purposes, because of
the large number of sporozoites required and of the
work and time involved; furthermore, it precludes
a statistical analysis of the results, since only a few
animals can be infected at the same time. The
second method is based on the assumption that a
certain degree of parasitaemia after a definite period
correlates quantitatively with the number of sporo-
zoites injected or the deriving pre-erythrocytic schi-
zonts. In fact, such a correlation could be demon-
strated in sporozoite-induced infections of canaries
with P. cathemerium and of NMRI mice with
P. b. yoelii (14). In contrast to P. cathemerium in
canaries, however, reduction of the inoculum to
fewer than 10 000 sporozoites per mouse in P. b.
yoelii infections not only extended the prepatent
period, but also markedly reduced the rate of infec-
tion (Table 1).

It is therefore sufficient to determine only the
number of animals in a given group of treated
animals that develop an infection, on the assumption
that the effect of an active drug is comparable
to an arbitrary reduction in the number of sporo-
zoites in the inoculum.

Determination of mean causal prophylactic dose

Untreated animals usually developed parasitaemia
4-5 days after inoculation. In all groups the para-
sitaemia was followed by the examination of blood
films up to the 12th day. Treated animals that did
not develop parasitaemia by this date were con-
sidered to be " protected ". About 100 such animals
were subsequently splenectomized, but parasites
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Table 1. Infection rate in NMRI mice following intra-
venous inoculation with different numbers of sporo-
zoites of P. b. yoelii

Inoculum No. of animals Infection
(sporozoites infected a / no. ratectio
per mouse) inoculated

10 000 152/162 92.6 b

1 000 71/109 65.1

100 32/98 32.7

a Patent parasitaemia until the 12th day after inoculation.
b The only experiments counted here were those in which

different groups of mice were inoculated, in the same set of experi-
ments, with different dilutions (10 000, 1 000, and 100 sporozoites
per mouse) prepared from the same sporozoite pool. The overall
infection rate in controls inoculated with 10 000 sporozoites per
mouse during the drug tests was 436/448 (97.3 %).

were never demonstrable and splenectomy was sub-
sequently abandoned. The proportion of protected
animals was plotted against the dose on logarithmic-
probability paper, and from the resulting dose-
response curve a mean causal prophylactic dose
(CPD50) could be evaluated. The confidence limits of
the CPD5o were calculated according to the method
of Lichtfield & Wilcoxon (15).

Standardization of number of sporozoites in inoculum
The sporozoites were harvested by dissecting out

the salivary glands in INSECT T.C. medium (Grand
Island Biological Company) and grinding about 100
together in a tissue grinder. In order to maintain the
desired regular relationship between the number of
sporozoites inoculated and the ensuing prepatent
period or the infection rate, and to obtain repro-
ducible results from all experiments, it was necessary
to standardize the sporozoite content of the inocu-
lum. For this purpose we used the method described
in connexion with our experiments with P. cathe-
merium (16)-i.e., counting of the sporozoites in a
haemocytometer and subsequent dilution of the sus-
pension to the sporozoite concentration required.
Any loss of viability and infectivity of the sporozoites
during dissection of mosquitos, counting, and in-
oculation was avoided by the use of INSECT T.C.
medium, by keeping the sporozoite suspension
chilled during the entire procedure, and by thorough
training of the staff. In most experiments the animals
were inoculated intravenously with 10000 sporo-
zoites per mouse to ensure an infection rate of almost
100 % in some hundreds of infected control animals.

In fact, 436 (97.3 %) of 448 untreated animals be-
came infected.
The number of sporozoites could not be reduced

by the use of other strains of mice (e.g., DBA,
C57B1, AKR, C3H, and Balb/c); similarly, A/J mice,
which were found to be especially susceptible to
P. berghei in the experiments of Most et al. (17), did
not make it possible to reduce the inoculum size in
our experiments (11).

Exclusion of long-lasting effects on blood forms
According to the studies of Landau & Killick-

Kendrick (18) the pre-erythrocytic schizogony of
P. b. yoelii lasts about 48 hours. Late or secondary
tissue forms are not believed to persist, and thus
P. b. yoelii resembles P. falciparum in this respect.
Owing to the short pre-erythrocytic period, special
precautions are necessary to prevent drugs with
long-lasting effects exerting a suppressive effect on
the early blood forms and thus appearing to have
causal prophylactic activity. Specially designed
experiments were carried out separately in such cases
in order to avoid confusion. Mice were treated with
the drugs at the maximum tolerated dose and were
infected with 10 000 parasitized erythrocytes 48 hours
later, a period corresponding to the duration of the
pre-erythrocytic schizogony in sporozoite-induced
infections. None of the drugs under study showed
any effect under these conditions.

FACTORS INFLUENCING DRUG ACTIVITY

Influence of inoculum size on causal prophylactic
activity
From the correlation between the number of

sporozoites inoculated and the resulting infection
rate, it would be expected that the former would also
have some effect on the rate of protection exerted by
a given drug. This was in fact observed by Greenberg
et al. with pyrimethamine in sporozoite-induced
P. gallinaceum infections (19), and we have made
similar observations with respect to primaquine in
P. b. yoelii infections (Table 2). These results demon-
strate rather impressively the importance of a stan-
dardized inoculum throughout a series of experi-
ments and justify the counting of the sporozoites
before inoculation.

Influence of time of drug administration on causal
prophylactic activity
The studies of Greenberg et al. (20) furnished

certain indications that the time of drug administra-
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Table 2. Influence of the sporozoite content of the
inoculum on the causal prophylactic activity of prima-
quine against P. b. yoelii in NMRI mice

Inoculum (Dose of No. of animals
(sporooites primaquine protected/no.(sporozoites (mg base per kg inoculated ratect%)peos) body weight) iouae

10 000 0 (controls) 0/15 0

10 3/14 21.4 a

5 1/14 7.1 a

1 000 0 (controls) 1/14 (7.1)

10 8/14 57.1

5 4/14 28.6

a In these experiments the sporozoites were harvested in a
modified calf serum instead of Insect T.C. medium in order to obtain
a sufficient infection rate with only 1 000 sporozoites per mouse.
The increased viability of sporozoites in this natural medium may
explain why primaquine was less active than in mice inoculated with
10 000 sporozoites harvested in Insect T.C. medium.

tion after the inoculation of sporozoites may have
some influence on the effect of pyrimethamine on the
pre-erythrocytic stages of P. gallinaceum. The pre-
erythrocytic stages of P. berghei, in contrast to the
erythrocytic forms, show a marked synchronism in
that they start development simultaneously after the
inoculation of the sporozoites (18). It can be expected,
therefore, that the moment of drug application dur-
ing tissue schizogony will have some influence on the
causal prophylactic effect of a given drug. Such an
influence is particularly to be expected with drugs
that persist for only a very short time in the host's
tissue and that affect only a certain developmental
stage of the parasite.
We have carried out some experiments to de-

termine whether the effect of primaquine is subject
to such an influence. It is evident from the results
(Table 3) that the time of drug administration has an
important effect on drug activity-e.g., primaquine
in doses of 10 and 30 mg per kg of body weight has
little or no effect when given 2 or 3 hours before or
18 hours after sporozoite inoculation, whereas it has
a pronounced effect when given 3 hours after sporo-
zoite inoculation (i.e., during the early stage of
parasite development). For the routine testing of
compounds of unknown activity, therefore, it may be
advisable to administer them repeatedly during
pre-erythrocytic schizogony.

Table 3. Influence of the time of drug administration
on the causal prophylactic activity of primaquine
against P. b. yoelii in NMRI mice

Dose (mg base Time of administration No. of animals
per kg body (u bfore protected/no.

weigt) a.i. orafter [p.i.] inclttdweight) ~~inoculation) iouae

O (controls) - 0/9

10 2 a.i. 0/8

2 p.i. 4/8

18 p.i. 0/8

0 (controls) - 0/7

30 3 a.i. 0/7

3 p.i. 7/7

18 p.i. 3/7

CAUSAL PROPHYLACTIC ACTIVITY OF SELECTED

ANTIMALARIAL DRUGS

The pre-erythrocytic stages of malaria parasites of
rodents merit special attention because, with their
development inside liver cells, they resemble those
of man much more closely than do those of birds. It
would be expected, therefore, that their susceptibility
to drugs would show greater similarity to the former
than to the latter. This would also be expected from
the fact that the rodent host is more closely related
to man than is the avian host.
The main objects of our studies were, therefore, to

investigate (a) the degree of sensitivity of the pre-
erythrocytic stages of P. b. yoelii to known anti-
malarial drugs, and (b) the extent to which this new
model is representative of the malaria parasites of
man. The answers to these questions would also
indicate the value of this test system for the develop-
ment of new antimalarial drugs.

Drugs in general use

Quinine, mepacrine, 4- and 8-aminoquinolines. Qui-
nine, mepacrine, and the 4-aminoquinolines chloro-
quine and amodiaquine were investigated (Table 4)
as representatives of drugs that have no effect on the
tissue forms of the malaria parasites of man. None
of these drugs showed any effect on the pre-erythro-
cytic stages of P. b. yoelii, even when administered
at the maximum tolerated dose (MTD), showing
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Table 4. Causal prophylactic activity of quinine, me-
pacrine, 4-aminoquinolines, and 8-aminoquinolines
against P. b. yoelii

No. cPDao MTDGaor
Drug animals (mg base per kg fiducial limits

used body weight)

quinineb 8 inactive (50)

mepacrine b 9 inactive (50)

chloroquine c 26 inactive (20)

amodiaquine b 15 inactive (100)

pamaquine d 64 inactive (10)

pentaquine c 20 inactive (20)

primaquine c 84 6.6 4.5-9.0 e

a The maximum tolerated dose (mg/kg) at which the drugs were
inactive is given within parentheses.

b Hydrochloride.
c Diphosphate.

d Diphosphate, iodide, and 1,5-naphthalenedisulfonate.
e Fiducial limits (95 % confidence level).

these stages to be just as resistant to these drugs as

are the pre-erythrocytic stages of the malaria
parasites of man. Of the 8-aminoquinolines,which
possess some potency against the pre-erythrocytic
stages of malaria parasites of man, we tested pama-
quine, pentaquine, and primaquine. Primaquine was

active with a CPD,0 of 6.6 mg per kg of body weight,
but pamaquine and pentaquine showed only occa-

sional activity even at the MTD of 10 and 20 mg/kg,
respectively. However, this failure does not compro-
mise our test system, since both drugs have less than
half the activity of primaquine as causal prophylac-
tics against P. cynomolgi (L. H. Schmidt, personal
communication, 1973), and are active only in almost
toxic doses against P. falciparum and P. vivax (21).
Toxicity prevented our increasing the dosage to
more active levels.

Sulfones, sulfonamides, and DHFR-inhibitors.
These drugs are known to be active against both the
pre-erythrocytic and the erythrocytic stages of the
malaria parasites of man, at least in combination
(2, 21). The pre-erythrocytic stages of P. b. yoelii
were only slightly sensitive to dapsone (CPD50,
50 mg/kg), sulfadiazine (CPD50, 30 mg/kg), and
sulformethoxine (CPD50, 84 mg/kg). These drugs
were poor causal prophylactics in comparison with
the DHFR-inhibitors proguanil, cycloguanil, and
pyrimethamine, which showed CPD50 values of

Table 5. Causal prophylactic activity of sulfones,
sulfonamides, and DHFR-inhibitors against P. b. yoelii

No. CPD6o FiducialDrug animals (mg base per kg limits a
used body weight)

dapsone 108 20 13-32

sulfadiazine 87 30 15-60

sulformethoxine 103 84 60-118

proguanil b 122 1.6 1.0-2.5

cycloguanil b 101 0.3 0.2-0.4

pyrimethamine 100 0.1 0.07-0.14

a At the 95 % confidence level.
b Hydrochloride.

1.6, 0.3, and 0.1 mg/kg, respectively (Table 5). In
general, the susceptibility of the pre-crythrocytic
stages of P. b. yoelii to the latter drugs was 10-100
times that of their susceptibility to the sulfonamides
that were tested.

Experimental compounds.
Of the experimental compounds a listed in Table 6

all but amopyroquine had shown some activity
against the pre-erythrocytic forms of the malaria
parasites of birds or monkeys (2, 22-24). The re-
sistance of the pre-erythrocytic stages of P. b. yoelii
to amopyroquine corresponds to their resistance to
the two other 4-aminoquinolines. It is rather interest-
ing, however, that RC 12, which is considerably active
against P. cynomolgi (22), showed no activity even at
the MTD of 200 mg/kg against P. b. yoelii and also
failed against P. vivax, as Canfield (25) recently
reported.
The 6-aminoquinolines B 505, NI 147/36, NI

187/82, and BA 138/111 (the last 3 of which were
synthesized in our laboratories) have proved rather
active against the pre-erythrocytic stages of P. cathe-
merium (24) and active to some extent against those
of P. cynomolgi (L. H. Schmidt, personal communica-
tion, 1971). The failure of B 505 may be explained by
its high toxicity for mice. The susceptibility of the
pre-erythrocytic forms of P. b. yoelii to the other
6-aminoquinolines was similar to that of the pre-
erythrocytic forms of P. cathemerium; and, apart

a The chemical names of those of these compounds that
do not have international nonproprietary names are listed
in Table 7.
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Table 6. Causal prophylactic activity of selected
experimental compounds against P. b. yoelii

No. CPD5o Fiducial
Compound animals mg base per kg limits a

used body weight or MTD b

U-24729A 72 2.0 1.4-2.8

RC 12 13 inactive (200)

amopyroquine c 8 inactive (100)

B 505 d 8 inactive (3)

Ni 147/36 d 68 4.0 2.4-6.8

Ni 187/82 d 63 3.9 2.9-5.1

Ba 138/111 d 64 23 16-32

a At the 95 % confidence level.
b The maximum tolerated dose (mg per kg of body weight) at

which the drugs were inactive is given within parentheses.
c Hydrochloride.
d 1,5-naphthalenedisulfonate (1: 1).

from BA 138/111, which is less active, the potency
of these compounds is of the same order as that of
primaquine.
The susceptibility of the pre-erythrocytic forms to

the 7-chlorolincomycin derivative U-24729A (CPDte,
2.0 mg/kg) seems to be comparable with that of the
pre-erythrocytic forms of P. cynomolgi demonstrated
in the experiments of Schmidt et al. (23).

Comparison of drug sensitivity
For the purpose of comparison, the causal pro-

phylactic activities of common drugs against the
malaria parasites of rodents, birds, and primates are
listed in Table 8. I am aware of the arguments that

can be made against such an attempt, but wish to
give only a rough idea of the degree of correspon-

dence in the drug sensitivity of the pre-erythrocytic
forms of these parasites. It should be borne in mind
that (a) the mean causal prophylactic dose is given
for P. b. yoelii, and comparable values such as those
for " some cures " have been selected for P. galli-
naceum; however, only values for full protection are

given for the plasmodia of primates; and (b) where
drugs were administered over periods of several
days, the daily dose in mg per kg of body weight is
given; where only data on total doses were available,
these were calculated for an individual of 50 kg body
weight. If the data in Table 8 are compared with the
results given above, it can be seen that the drug
response of the pre-erythrocytic forms of P. b.
yoelii shows a fairly close degree of similarity to that
of the pre-erythrocytic stages of the malaria para-
sites of man.

As far as quinine, mepacrine, and the 4-amino-
quinolines are concerned, there is complete accord-
ance with the well-known resistance to these drugs of
the pre-erythrocytic stages of all the other species of
Plasmodium hitherto investigated. With respect to
susceptibility to the sulfonamides, P. b. yoelii shows
differences from the malaria parasites of primates.
With their sensitivity to these drugs the pre-erythro-
cytic stages of P. b. yoelii seem to show a closer
resemblance to P. gallinaceum than to P. catheme-
rium, and to P. falciparum than to P. vivax or

P. cynomolgi. On the other hand, the experimental
compound RC 12 is inactive against the pre-erythro-
cytic stages of P. b. yoelii and P. gallinaceum
(W. Schulemann, personal communication, 1966),
but is active against P. cathemerium in canaries and
P. cynomolgi in monkeys (23). Obviously the in

Table 7. Chemical names of experimental compounds used in the trials a

Code no. Chemical name

B 505 N4-(5,8-dimethoxy-2-methyl-6-quinolinyl)-N',N'-diethyl-1,4-pentanediamine

Ba 138/111 N4- (4,5,8-trimethoxy-2-methyl-6-quinolinyl) -N',N' -diethyl-1 ,4-pentanediamine
Ni 147/36 N4- (5,8-dimethoxy-2,4-dimethyl-6-quinolinyl) -NN',N-diethyl-1 ,4-pentanediamine
Ni 187/82 N4- (5,8-dimethoxy-2,4-dimethyl-6-quinolinyl) -1 ,4-pentanediamine
RC 12 N-(2-bromo-4,5-dimethoxyphenyl)-N- [2-(diethylamino)ethyl]-N',N' -diethyl-1 ,2-ethanediamine
U -24729A methyl-7-chloro-6,7,8-trideoxy-6- [[(4-pentyl-2-pyrrolidinyl)carbonyl]amino-1 -thio-L-threo-a-D-ga/acto-octopyranoside,

(2S-trans)-

a The first four compounds listed were used in the form of the 1,5-naphthalenedi "Ifonate (1: 1).
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Table 8. Causal prophylactic activity of selected antimalarials against malaria parasites
of rodents, birds, and primates

Causal prophylactic dose (mg per kg of body weight per day) against the
following species

Drug
P. b. yoelii P. gallinaceum P. cynomolgi P. falciparum(CPD50)

primaquine 6.5 a inactive b 1 c 0.3 d

pamaquine inactive at 10 e inactive b 3f 1.6-3.2 9

pyrimethamine o.1 a 4.0 h 20i 0.07-0.14 d

proguanil 1.6 e 68.6 b inactive i 2-4 d

sulfadiazine 30 a 500 b inactive at 60 k

RC 12 inactive at 200 e inactive 1 6.25 c inactive at 1Iom

a Ref. 11. b Ref- 27. c Ref. 22. d Ref. 31. e Ref. 26. f L H. Schmidt, personal communication
(1973). 0 Ref. 21. A Ref. 28. i Ref. 29. 1 Ref. 30. k Ref. 32. 1W. Schulemann, personal communi-
cation (1966). m Ref. 25.

fluence of the site of localization of the pre-erythro-
cytic stages on their susceptibility to drugs is not as
decisive as one would expect. It may, however, be
mentioned that on the basis of the CPD99 of sulfa-
diazine for P. b. yoelii (1 200 mg/kg), almost 60 g of
this compound per day would be necessary to confer
full protection against P. vivax or P. falciparum-an
amount that of course could not be administered.
The outstanding activity of the DHFR-inhibitors

pyrimethamine, cycloguanil, and proguanil has
already been mentioned. Where these drugs have
been tested for causal prophylactic activity, no
essential differences have been found between the
response of P. b. yoelii and that of other plasmodia.
The pre-erythrocytic forms of P. b. yoelii are cer-
tainly more susceptible to these drugs than are the
pre-erythrocytic forms of P. cynomolgi or (to an even
greater degree) P. gallinaceum. An ex4lanation for
this phenomenon may be the greater rate of multi-
plication of the pre-erythrocytic stages of the malaria
parasites of rodents. We may gain some evidence for
this theory if we compare the causal prophylactic
and curative activities of these drugs against
P. b. yoelii.

CAUSAL PROPHYLACTIC AND CURATIVE ACTION OF
SELECTED ANTIMALARIALS

The curative effect of compounds with causal pro-
phylactic activity was assessed under almost identical
conditions: NMRI mice were inoculated with
1 000 parasitized erythrocytes each on day 0 and

drugs were administered intraperitoneally 2-4 hours
later, as in the experiments with sporozoite-induced
infections. The inoculum produced the same degree
of parasitaemia in untreated controls as in sporozoite-
induced infections on day 5. The curative action was
determined and a mean curative dose (CD,e) cal-
culated as described above. The results are shown in
Table 9. In general, the potency of drugs that act as
causal prophylactics is greater against the tissue
forms than against the blood forms, implying that
they act more specifically against the former than
against the latter. This specificity is most pronounced
in the DHFR-inhibitors, which are thought to inter-
fere with nucleic acid biosynthesis (2).

According to the studies of Landau and Killick-
Kendrick (18) P. b. yoelii grows, in less than 50 hours
during pre-erythrocytic schizogony, from a mono-
nuclear sporozoite to a mature schizont with more
than 8 000 merozoites. During the same time one
trophozoite can give rise to only 200 merozoites
(i.e., in two periods of erythrocytic schizogony).
Thus the pre-erythrocytic schizont has to synthesize
nearly 40 times as much nuclear material as the
erythrocytic schizont. This obviously renders the
former especially susceptible to the DHFR-inhibitors
cycloguanil and pyrimethamine, and susceptible to a
smaller degree to all other causal prophylactic drugs.

It can be seen from Table 10 that the pre-erythro-
cytic forms of P. b. yoelii have the highest growth
rate of the plasmodia normally used for drug screen-
ing, and all these species grow more rapidly than the
malaria parasites of man. If other effects on drug

6
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Table 9. Causal prophylactic and curative activity of
selected antimalarials against P. b. yoelii in NMRI mice

Pre- Eyhoyi
erythrocytic stages:

stages: stg:
Compound CPDso a CD50 b CD0o/CPDso

(mg base per (mg base per
kg kg

body weight) body weight)

pyrimethamine 0.1 4.5 45

cycloguanil 0.3 18 60

proguanil 1.6 18 11

U-24729A 2.0 5 2.5

Ni 147/36 4.0 >20 >5

Ni 187/82 3.9 >20 >5

primaquine 6.5 57 8.8

Ba 138/111 23 >20 >1

dapsone 20 100 5

sulfadiazine 30 250 8.3

sulformethoxine 84 200 2.3

a Mean causal prophylactic dose (inoculum: 10 000 sporozoites
per mouse; treatment: 1 dose intraperitoneally on day 0).

b Mean curative dose (inoculum: 1 000 parasitized erythrocytes;
treatment: 1 dose intraperitoneally on day 0).

action, such as differences in pharmacokinetics and
metabolism in the different host species, are neglected,
it may be that this speed of growth will render P. b.
yoelii a very sensitive organism for testing the causal
prophylactic activity of new compounds.

CONCLUSIONS AND OUTLOOK

It may be concluded that sporozoite-induced in-
fections with P. b. yoelii in mice are a suitable model
for assaying the causal prophylactic activity of anti-
malarial drugs. It has the usual advantages of rodent
malaria over avian malaria and can certainly replace
the use of P. gallinaceum for the evaluation of tissue
schizontocidal action. It is a simple model with the
unique feature of extremely rapid development of the

Table 10. Rate of growth of the pre-erythrocytic
schizonts of different malaria parasites

Duration of
pre-erythro- Approximate Approximate

Species cytic no. of growth rate
schizogony merozoites a (l/z) b
(hours) a

P. b. yoelii 48 8000 1/12

P. gallinaceum 36 100-200 1/17

P. cathemerium 32 32 1/21

P. falciparum 132 30 000 1/30

P. cynomolgi 172 10000 1/43

a All values from Garnham (33) with the exception of those for
P. berghei yoelii, which are from Landau & Killick-Kendrick (18).

b z = time for tenfold increase in the number of merozoites of the
pre-erythrocytic schizont (hours).

pre-erythrocytic stages, rendering it rather sensitive
for the detection of tissue schizontocidal activity, but
it may overrate, in comparison with malaria para-
sites of man, the potency of drugs that interfere with
nucleic acid synthesis.

Since the time of Roehl (27) the primary screening
of potential antimalarials has been confined almost
exclusively to the assay of schizontocidal activity
against blood forms. This may be the main reason
why not one really satisfactory causal prophylactic
drug has been developed. I am convinced that the use
of this model will lead to the detection of new com-
pounds with higher causal prophylactic potency,
which could be missed by the usual screening methods
with blood-induced infections. The results presented
here would even justify the reexamination of com-
pounds of different chemical classes that have
attracted little interest because of their poor activity
in the usual tests.
A further hope is that another target of malaria

chemotherapy could now be envisaged: the develop-
ment of a " sporozoitocide ", which would act spe-
cifically against sporozoites and hence could be of
very low toxicity to the host cell.
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RtSUME

tVALUATION DE L'ACTIVITE PROPHYLACTIQUE CAUSALE CHEZ PLASMODIUM BERGHEI YOELII
ET SON INTERST POUR LA MISE AU POINT DE NOUVEAUX MEDICAMENTS ANTIPALUDIQUES

L'activite prophylactique causale d'antipaludiques de
reference et de certains composes experimentaux a et
evalu&e chez des souris infectees par des sporozoites de
Plasmodium berghei yoelii. Le but de cette recherche etait
d'obtenir des donnees de base sur la sensibilit6 aux medi-
caments des formes pre-erythrocytaires du parasite et
d'apprecier la valeur de ce systeme d'epreuve.

Les souris ont recu par voie intraveineuse 10 000 sporo-
zoites par animal puis ont e traitees par groupes de 5 A
8 par une seule dose intraperitoneale de medicament
2 A 4 heures plus tard. Dans chaque essai, un groupe non
traite a servi de temoin. Chez les souris temoins, une
parasitemie patente a e decelee 4-5 jours apres l'inocu-
lation. Pour les souris traitees, on a considere que le
developpement des stades pre-erythrocytaires etait
inhibe si aucun parasite n'etait decelable jusqu'au
boe jour. Chez une centaine d'entre elles, splenectomisees
ulterieurement, on n'a pas decouvert de parasites. Les
doses prophylactiques causales moyennes (DPC50) ont e
calculees par representation graphique des courbes
dose-reponse. Les effets suppressifs sur les formes ery-
throcytaires precoces ont pu etre exclus, dans des essais
distincts, par l'administration des medicaments A dose
unique elevee 48 heures avant l'inoculation de 10 000
erythrocytes parasites.
Le systeme d'epreuve s'est revele parfaitement adapte

lorsque les experiences portaient sur plus de 3000 animaux.
Le taux d'infection, chez 448 souris temoins non traitees
ayant requ 10 000 sporozoites, a atteint 97,3 %. En redui-
sant l'inoculum a 1000 ou 100 sporozoltes, on a not6 un
allongement de la periode de prepatence et une reduction
marquee du taux d'infection (65,1 et 32,7 %). L'activite
prophylactique causale a e egalement influencee par le
nombre de sporozoites inocules et par le moment de
l'administration du medicament avant ou apres l'inocu-
lation. En abaissant la teneur de l'inoculum a 1000 sporo-
zoites par animal, on a observe une augmentation de
l'activite prophylactique de la primaquine. Il est recom-

mande d'utiliser un inoculum standard et d'administrer
les nouveaux composes a plusieurs reprises pendant la
phase pre-6rythrocytaire dans les essais de premiere
evaluation.
La quinine, la chloroquine, l'amodiaquine, l'amopyro-

quine, le RC-12 et le B 505 n'ont fait preuve d'aucune
activite prophylactique causale a la dose maximale
tolerable. La primaquine s'est montree active, mais la
pamaquine et la pentaquine n'ont eu qu'une action spora-
dique. Les stades pre-erythrocytaires de P. b. yoelii n'ont
e que peu sensibles A la dapsone, a la sulfadiazine et a la
sulformethoxine, mais 10 a 100 fois plus sensibles au pro-
guanil, au cycloguanil et a la pyrimethamine. On a aussi
recherche l'activite des amino-6 quinoleines NI 147/36,
NI 187/82 et BA 138/111 et d'un derive de la chloro-7
lincomycine.
On peut conclure de ces resultats que la reponse aux

medicaments des formes pre-erythrocytaires de ce parasite
du paludisme des rongeurs correspond etroitement a celle
des formes pre-erythrocytaires des parasites du paludisme
humain. Des experiences au cours desquelles on a evalue
l'activite curative contre des infections a P. b. yoelii par
inoculation de sang ont montre que la prophylaxie causale
s'exerce de maniere plus specifique contre les formes pre-
erythrocytaires que contre les formes erythrocytaires. La
speeificite est surtout apparente dans le cas des inhibiteurs
de la dihydrofolate reductase. La superiorite de ces der-
niers peut s'expliquer par le fait que le taux de multiplica-
tion des formes pre--rythrocytaires de P. b. yoelii est plus
eleve que celui des formes similaires d'autres plasmo-
diums utilises jusqu'ici, que celui des parasites du palu-
disme humain et que celui des formes erythrocytaires de
P. b. yoelii lui-meme.

Ces particularites font de P. b. yoelii un modele tres
utile pour l'evaluation de l'activite prophylactique causale
de nouveaux composes, malgre le risque de surestimer
l'activite des medicaments qui modifient la biosynthese
de l'acide nucleique.
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DISCUSSION

FINK: The rodent malaria system has not yet been
used to assess the causal prophylactic action of
potentiating combinations of sulfonamides with
dihydrofolate reductase.

SCHMIDT: The system is potentially more useful in

the assessment of compounds for radical curative
activity than for prophylactic activity. The research
effort of the US Army Malaria Program is currently
being reoriented towards the search for compounds
for use as radical curative agents.


