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STUDIES WITH INDUCED MALARIAS IN AOTUS MONKEYS!23
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SUMMARY @ Aotus monkeys have Been shown fo be susceptible to the three most important species of

bumon malaria as well a5 fo simien, ope, and rodent molaria. The porasites natural fo man wers
maintained by serial possages uwsing trophozoite infecled blood, It wes then posible 4o fransfer fhe in-
fectians 4o, and ameng, other Mew World monkeys which previcusly were refractory. The parasites re-
tained their wiakility in the monkey, were infocfive to mosquitas, and were Frapsmitied bolween monkers
and back fe man. Excerythresyfic stages, similar to those demensfroted in man, ccourred in ihe Astus
liver, Drugs exeded similar oction ogoing the porosifes in the monkey o ogaoinsf porgsites in omon. The
human maledio-Aotus model hos made possible ather oxtonsive studies in various disciplines impertant fa
the undesstanding of the parasites it men. These included porasite biolagy, host-pargsitevector ralation-

ships, immunelogy, pothology, end physiology.
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During the middle 1960's it became ap-
parent that in widespread areas of the world,
straing of Plasmodium falciparum, a highly
pathogenic parasite, were resistant to the
best clinical drugs represented by the 4-
aminoquinoline group of compounds (1), An
intensive search for new drugs was begun,
One of the needs of such a program was a
convenient inexpensive laboratory animal in
which human malaria could be grown. None
was available. The only animal hosts were
the large apes. For a number of reasons, they
were not practical for wide scale use. As a
const{uence, a project was initiated at the
Gorgas Memorial Laboratory, with US Army
Research and Development suppart, to deter-
mine if Panamanian monkeys would serve
a3 models.

i From the Gorgas Memerial Laboratory, PO Box 2016,
Balbon Heighis, Capal Zone,

25iudies a1t Gorgas Memarial Laboraters contained lersin
were suppocted in part by U5 Army Research and Develop-
ment Comenand conteacls, current year Mo DADA 1‘.-'.72.15,
2061, Thiz paper fn Na
'l’:rng'ram on Molariza.

A Presented at the Filth Anmeal Assembly of the MNew Enp-
gland Regional Primate Rescarch Dﬂ;m_r:_ Basten, 13 May
1574,

1 Preseot addeess: College of Veterinary M-.';d_.cu:n: Box 216,
Miller Health Center, Gainesvills, FL 32810

1297 from  the Army Fesearch

Barly in the program, it was shown for
the first time that P wivax could develop and
be maintained in New World monkeys, The
initial successful host system was Aotus frivir-
gatus (2). Subsequently, this was confirmed
by several workers (3-5).

It has been found that two other species of
human plasmodia, namely P faleiparum (3)
and F malarige (6], as well as other primate
malarias, are infective for these monkeys.

In the present report, some of the results
of the wvarious investizations, especially
human malaria in dstur, will be considered,

PABASITE ADAPTATION

Most of the atlempts to infect Adofus with
P wvizax have been successful. At first we
used immuncsuppressant  drogs, with and
without splenectomy. These alterations ap-
peared to help, but later it became unneces-
sary to modify the monkeys. It appeared
that serial passage increased the infectivity
of the malarias. Also, fewer parasites were
required in the inoculum.
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There was other evidence of a change in
the parasites, In the beginning, we were not
able to establish
Saguinus when the parasites came directly
from man (Figure 1), However, alter be-
coming adapled in dofus, passage lines could
b initiated in these two genera, with trans-
fer among them and defus. As shown, Sai-

passage in Ateles and

mar: also was highly  susceptible, whereas
others, Alowette and Cebus, remained re-
fractory,

Strains of P wlvax (originating from at
least eight countrics on {our conlinents and
from widely separated areas)
readily maintained by passage of infected
blood. Oeeasionally, sporozoite transmission
has been interspersed where peossible. The

have heen

Achinte strain of Panamanian origin has
been serially passaged 136 Gmes over a 9-
yvear period.

Plasmodium  [eleiparum  shows a more
precise host specificity  (Figure 2). Many
trials were made in Panama to infect dotus
monkeys, and indeed other species of mon-
keys, with malarious blond direct from man
{71, We were able only to produce a few
transient parasitemndas, without sustaining a
passage line, using indigenous meonkeys. In
contrast, others using 2 Panamanian strain
of P faleiparum were able to obtain passage

lines in Aofus monkeys from Colombia, a
neighboring country (8). Cnce adapled to
Colombian Adoetus, the parasites were then in-
fective for Panamanian detus. Undoubtedly,
the parasite had been modified.

Also, the Asotus monkey {(from Colombia)
has been infected with P faleiparum from
diverse arcas of the Old World {for example,
Adrics and Scutheast Asia). Whether these
strains can be induced in the Panamanian
Aotus monkey directly from man is mot
known, The local Aetur can be readily in-
fected with several of these isolates as in-
dicated in Figure 2, by using infected blood
from the Colombian Aotus, Other species of
Mew World monkeys then show marginal to
good susceptibility.

O comsiderable importance s that P fal-
cifrarum strains, either sensitive or resistant
to chloroquine and pyrimethamine, can re-
produce in these svstems (87, This has aided
in evaluating the potential of new compounds
and in comparing the response to those in
FraT.

After a number of passages of the human
malarizs the parasitemias increase in den-
sity. They often will exceed by several times
the densities of the same species ococurring
i man, Pooivay infections can kill these maon-
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keys, a result seldom seen in man. The para-
sitemias of P faleiparum reach much higher
levels than in man and they are also fatal to
the monkey.

Few attempts have been made to infect
Astus monkeys with P malariae and P ovale,
and thus far parasiternias (which also reach
lethal densities) have been produced only
with the former species (10).

VEcTor INrEcTIONS

Many natural mosquito vectors have been
tried with these hosts, and great differences in
rates of infection have been observed (11-
13}. Anopheles albimanus is the best of the
Panamanian mosquitoes for P pfvar malaria
in-Aotus, but comparatively it was not con-
sistent and the infections were often of a
low grade. Among other mosguitoes tested,
A freeborni from the TUSA was the most ef-
ficient. Additional species that have shown
good utility are 4 balabacensis from South-
east Asia (3] and A stephensi from India
(14},

The period of infectivity of the zameto.
cytes may be erratic. Often, they will infect
mosquiloes for only | day, or on a few wide-
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ly separated days during the pasent period.
Plasmodiurm vivax infections in man are more
predictable. Usually a human patient could
infect mosquitoes for a number of consecu-
live days.

It is more difficult to infect mosquitoes
from the monkey than from man with the
same strain, However, it appears that the
vector infectivity of P sivax lines may be im-
proving in our laboratory. Recently, some
excellent infections have been obtained. In-
fectivity of the gametocytes to mosquitoes
has remained aller many blood induced pas-
saged in monkeys. At the 105th monkey pas-
sage, 1oosquitoes that were Infected could
trangmit the infection to man. This swas
in contrast to the failure of the first attempt
to transmit.a P sivay infection from monkey
to monkey, although transmission to man
was accomplished (2), Perhaps this indi-
cates @ better adjustments of the P vivax
strain to the monkey and insect hosts.

There are striking variations in the in-
fectivity of P faeleiparum malaria in Adotus
monkeys to both exotic and indigenous
strains of  mosquitoes.  Plasmodium  falei-
parum in Panamanian monkeys has been
poorly infective for Panamanian mesquitoes
7). A Cambodian strain rarely infected th.
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co-indigenous A balabacensts and the Cali-
fornia A freeborni (153), while the Malavan
IV strain of P [alciparum infected the co-
indigenous A balabacensis and, more heavily,
A freeborni (160, This 15 an interesting ex-
ample of malaria from the opposite side of
the world {Malaysia) growing in the' dofus
monkey from South America and infecting
healthy mosquitoes (A freeborni] from Cali-
fornia. It scems unlikely that this combina-
tion has ever been associated in nature, but
when all were put together, an ellective com-
bination resulted,

This is in contrast to some of the carlier
findings on the infectivity of P faleiparum in
man to vectors, Working with P faleiparum
from Panama and the southeastern United
States, it was shown that co-indigenous A
albimanus mosquitoes became better infectad
with a co-indigenous strain of malaria than
with strains originating at a distance (17,
These differences in host-parasite-vector re-
']aLi'ﬂmhips for P faleiparum offer interesting
possibilities for research.
 Plasmodium malarize in Aotus was infee-
tive to [ive species of maosquitoes (10).
Anopheles [reeborni was very susceptible, be-
coming infected from early parasite patency
to the 108th day of patency. Transmission to
four men occurred.

Nonausan MaLaria

Although the Aotus monkey has never
been found with a natural infection of simian
malaria, it is susceptible to the two monkey
malarias from South America, that 15 P
brasilianum (10, 18) and P simium (19), as
presented in Table 1. Serial passages have
heen demonstrated with both species, yield-
ing especially high parasitemias for P simiwm.
‘I'ransmission of both parasites was accom-
plished, but the tissue stages in detus have
heen reported only for Posimium (20).
Whereas A freeborni were infected with P
gimiumn in Aotus, it appeared that this host
represented o “dead end” for P obresilianum
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TABLE |

Exppriments) plassroaial infeetions
it the owd monkey, Antus tovirgatus

i Infective  Exoeryth -
Flasrmadivm

Patent Serial for rocytic
SPECies mfgction  passage mesguaito sLages

w")ax i + L +
falciparum + i v +
rralarize E + |

ouale -

BT + + 3 +
brasilianue - 4

knovdess - i

fragife =

Fylobar -
i thect 2

Borglhiel +

because of absence of vector infectivity.

Aotur was shown 1o be suseeptible to Old
World macaque lorms, the blood phase of
P kngwlest (217, and more recently P fragile
(22}, by transmission. Attempts to produce
patent infections using other primate mala-
rias, P athecy (10} of the orangutan and
P fylgbats (23 of the gibbon, have [ailed.
In the latler instance, apparently normal
exoerythrocylic stages were found. An in-
leresling  observation was the development
of a rodent malaria, P berghel (24), in
Aotus, which [urther attested to the Tow im-
munclogic response of this host,

MNeEw AREAS oF INVESTIGATION

It has now been wverified that a similar
exoerythrooytic evele to that in man occurs
in the liver of Adotus when incculated with
spororoites of the human malarias, P oivax
(237 and P falciparium (26). In some cases,
exoerythrocytic bodies were shown in the
liver without ensuing parasitemia.

The exoerythrocytic bodies were less num-
erous i Aotus than in the natural host. Also,
the prepatent periods were more irregular
and often much longer than in man. It would
be more helpful when studving the cffects
of suppressive and curative drugs if these de-
velopmental  periods could be made more
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uniferm ‘and similar to those in man. Per-
haps with additional adaptation of these
parasites to the monkey, a more predictable
result can be obtained.

Malaria infections in the Aotus monkeys
tended to react to certain standard drugs in
a manner similar to the response in man.
Using trophesoite induced infections, it has
been shown that the response of strains of
P vivax are similar to the response in man
to the same drugs (97, We have confirmed
findings that chloroquine cures P owax
trophozoite induced infections in dodus (37,
Furthermore, we have shown that 25 mg/ke
of chlorogquine base will not consistently cure
sporozeite induced infections, Adding prima-
qume, 1 mg/ky of base daily for 14 days,
vured the only case tried. Since the tropho-
zoite stagres are eliminated by chloroquine at
the dosage used, our findings were the first
chemotherapeutic evidence for the persis-
tence of excerythrocylic stages of P wivax in
Mew World monkeys,

Plasmodium falelparum in Aotus monkeys
is now being used as a pilot model for the
identification of a number of new compounds
with activity against this malaria (9,28).
The availability of human malaria parasites
in this systern makes possible in-depth studics
that were previously hindered by wvarious
limitations, More precise work i3 now in
progress on the moede of action of drugs and
the evolution of Using
Aotus, the hypothesis of chloroquine binding
to high affinity drug receptor sites has been
further explored [29}.

drug  resistance.

A comparison of antigens of P falciparam
i Aotus monkeys showed them to be the
sarne as those In Gamblan children (307,
Furthermore, 1t was suggested that P fal-
cipgrum strains may have some S-antigens
that are strain specific and thus can serve as
markers [31), Strains of P (elelparum from
different parts of Africa, as well as Malaysia,
provided varying degrees of homologous and
(32,33). Human
immunoglobulin G from Africa gave incom-

heterologous  immunity
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plete protection against an Asian P falei-
parum o Aotus (34, Irradiated or for-
malized erythrocytes parasitized by P fale-
parum, when injected into Aotus monkeys
conferred some immunity by increasing the
survival rate (4,301 or by developing more
slowly upon rechallenge {36).

Pathophysiological  investigations  hawve
produced very important findings related to
P feleiparum (37407, Biochemical studies
are of interest, especially the high level of
glueose-6-phosphate dehydrogenase in Aotus,
which may be significant in this monkey's
susceptibility  to P falciparum (41,42,
Other studies with this model have con-
firmed the need for p-aminobenzoic acid for
parasite development (43). The disposition
of the parasitized erythrocytes in the internal
organs has been correlated to the function-
ing of these systemns [44). Ultrastructure
examination of the infected ervthrocytes and
host tissue, revealed abnormalities in the
former that may be related to their entrap-
ment in the capillaries [45-47).

Information has developed on the nephro-
tic syndromme associated with P omalarige and
P braglionum, its simian counterpart (48,
4. Certain aspects of the glomerular patho-
logy in the infected animals showed close
similarities to those seen in human cases of
P malariae,

It is anticipated that the above studies,
using the deturs model, will continue and
that new projects will be initiated, Other
New World monkeys, which are being eval-
uated, may also serve as companion or sub-
stitute  systems,  Iowever, significant ad-
vances have been made possible only by the
discovery of the utility of Aetus as a hest
lor huran malaria,
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